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Abstract

It is proposed a study for a prelimiyamvestigation aimed to the experimental and
numerical characterization of the force that involves the realization of rock perforations by
means of an innovative micdriller device.

Numerical simulations are essential study the Dual Reciprocating ibing (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 specifisatidne 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 alesign campaign is the implementation of a modelling
environment able tgsimulate 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 theexperimental tests: the Pietd&rena. Berea Sandstone and Pietra Serena have got
analogous mechanical properties so it is possible to @gplgral parameters of the first

one in the numerical analysasd use theecond one for the experimental testxéssary

to validate the method). The failure criteria used to model the behaviour of the rock are the
Mohr-Coulomb and the Druckd®rager criterionwhich gve a reliable and efficient
representation of the rock behaviour under the investigated statess; shoreover, they
areavailable orthe 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 triaxibcompression test and tipeinch penetration testhe triaxial test is used to
validate the material model used at different confinement conditions, tigl@unch
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-n quasi
static conditions, at different penetration depths, at different directions of perforation and
with different geometries of thgenetratorTwo different modelling techniges 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 Euleriabagrangian adaptive (ALE) mesh algorithm toyaet 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 alsarged out. The percussion breaks the rock creating a mass of small
fragments of rock that is called chip.

Numerical models have been implemented to simulatepémetration forceafter the
percussion proces§he first step of these analgsis the defiition of the properties of the
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chip material, which are different from the ones of the untouched Tdekcriterion used

to model the behaviour of the chip is the M&wulomb. The data necessary for the
definition of this material have been taken fronpexmental tests found in literature. All

the analyses regarding the percussive drilling use an axysimmetric configuration and an
EulerianLagrangian adaptive (ALE) mesh algorithm to prevent excessive distortion.
Afterwards different geometries and propestof the chip have been considered to study
their influence on the modeds well as the influence of the geometry of the penetrator.

The results of the studygn the percusse drilling highlight a reduction of one order of
magnitude of the force needddr the perforation, with respect to the qusisitic
perforation.

Keywords: sandstone, FE method, quagatic penetration, percussive penetration.
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Sommario
Viene presentato uno studigperimentale e numericeulla valutazione della forza

necessaria pda realizzazionel i perforazioni su roccia nell o
gas. Le simulazioni numeriche sono necessarie per studiare il Dual Reciprocating Drilling

(DRD) system, il quale & un sistema innovativo-bis pi r at o al | 6dovoposito
Megar hyssa, gi " sviluppato in ambito aerosp

necessita la riprogettazione del sistema DRD per soddisfare diverse specifiche. Una di
gueste variabili di progettazione e la geometria della punta e per la suzzasiione test
sperimentali e simulazioni numeriche possono essere utilizzate. Il primo passo per la
progettazione del sistema DRD ~ | 6i mpl ement
simulare il comportamento meccanico della roccia, scegliendo come iateater
riferimento Berea Sandstone, che é il tipico materiale utilizatpuestoambito.Per le

prove sperimentali  stata utilizzata Pietra Serena, poiché Berea Sandstone non é facilmente
reperibile in ltalia. | due materiali hanno proprieta meccanghgli e sono considerati
entrambi in questo studio. Il criterio di rottura usato per modellare il comportamento della
roccia e il criterio di MohCoulomb, esso rappresenta in maniera veritiera ed efficiente il
comportamento della roccia sottoposta aliato di stress preso in esame, ed é oltretutto
presente nel software Abaqus. Una campagna sperimentale, che utilizza Pietra Serena, e
stata effettuata per la calibrazione e validazione dei modelli numerici di penetrazione: i test
effettuati sono test diaenpressione triassiale e di penetrazione confinata. | test triassiali
sono stati usati per calibrare il modello di materiale quando esso é 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. | modelli numerici sono stati
implementati per valutare la forza di penetrazione per diverse condizioni di esercizio, quali:
la profondita di penetrazione, la direzione di penetrazione e la geonhetpanetratore.

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

prima considera | oO6uso di model | i 3d con | a ¢
risultati delle simulazioni piu precisi, mentre la secotaiasidera modelli assialsimmetrici
e un EuleriarfLangrangian (ALE) meshalgorithm p e r prevenire unoe

deformazione degli elementi del moedllo durante la perforazione. Per ottenere una
riduzione della forza di perforazione, la quale é troppo eleamtsiderando le dimensioni

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

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

di roccia, questo nuovo materiale viene chaganchip. Dei modelli numerici sono stati
implementati per valutare la forza necessaria per la perforazione una volta che é stata
effettuata | a percussione. [ 1 primo step p
definizione delle proprieta del chip,d@ali sono differenti da quelle della roccia intatta. Il

criterio usato per modellare il comportamento del chip e il M&dumlomb.l dati necessari

per per definer il chip sono stati ricavati da test sperimentali trovati in letteratuita.le
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nalisi riguardanti la perforazione con percussione sono state eseguite con modelli
assialsimmetrici e corun EulerianLagrangian adaptive (ALE) mesh algorithper
prevenire unodoeccessiva deformazione degl:i
geometrie e mprieta del chip sono state considerate per valutare la loro influenza sul
processo di perforazione. Il noltre anche |
valutata. | 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 gsikasica,
penetrazione con percussione.
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Introduction

It is proposed a study for the experimental and numerical diimngaof 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:

1 Quaststatic penetration
1 Percussive penetration

In this study it has not beenrgidered 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 consideigthe choice of a reference material on which base
theresearchThis decision must take into account several factors. First of all, the material
selected should be representative of the matethalswill be encountered in the future
applications of the DRPDual Reciprocating Drilling) Secondly, availabtly and cost of

the material are important aspects to take into consideration when performing the
experimental tests. Thirdly, it must be commouased in the field of interest so that data

and previously obtained results can be found in literature. Bereds®ne satisfies the

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

similar properties to Berea Sandstone but is more easily available, has been selected as the
reference material for the experimental te$tas evaluation is discussed @hapter 1:
flntroduction b Rock Perforations

To obtain a good simulation of the two penetration strategies the mechanical behaviour of
rocks and the possible methoddready developed, for numerical simulations in rock
mechanicsneed 6 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 thisusly, 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 2i Numer i c al Model | mp| esmagcnt at i on
penetration, while for the percussive penetrHr
Drillingo.

The second phase is focused on the determination of the mechanical properties of the
material of ineérest and on the calibration and validation of the numerical models. This
phase is described in Chapter 3: AExperi ment
The final phase of the study has as its object the implementation of the numerical models

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

out on both the quasitatic 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 perfred, the geometry of the penetrator and the properties of the rock. The

second type of analysis, performed only for the gs&gic penetration, considers the
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influence of different modelling strategies, more specifically the difference between 3d and
axysi mmetric models. The third phase is desc
of Penetr at i axysimmetrc ISanpldtienrof Penetratibrand Chapter 7:
fiSimulations of Chip Penetration
A briefly description of each chapter is now preeen
Chapter 1:il nt r oducti on to Rock Perforamdkonso |
perforations in the oil and gas field and it is divided in three sectioribelfirst section,
there isa general overview of reservoir rodket justifies the choicef Berea Sandstone
as reference material. In the second section, the state of theneithaire construction is
presentedin the third section, the DRD system is described. The role of this introductory
chapter is to introduce the readerthe field of this study providing explanations ahe
more importantopics some of themmat strictly related to the subject of this study but
useful to its understanding
Chapter 2iNu mer i c a l Model | mpl ement ati ond descr
that havebeen 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 seftwar
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 @goetlhe 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 Lagrangigalerian Adaptive Mesh (ALE).
Chapter 3.fEx per i ment al Testso describes the ex
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 Britkger criterion has
been introduced and calibrated to allow the use of the equation of state for the material, an
option not available with the Mol€oulomb criterion in Abaqus. In addition a punch
penetration test is used to simulate the behaviotihveofock in confinement condition and
to evaluate the accuracy of the numerical models.
Chapt er umerical BighadatioNs of Peet r at i ond presents the
models of penetration and the results of the sensitivity analyses. In carryiniesa
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 reepngc drilling), are
presented.
Chapter 5f/Ax y si mmet ri ¢ Si mul ati ons of Penetrat.i
axysimmetric models of penetration and the results of the sensitivity analyses. The attention
is focused on the influence of the penetrati@pth and of the dimensions of the rock has
been studied.
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Chapter ©6: APercussive Drillingo described t
the percussion drilling. The first sections present the state of the art of the rock cutting

process andfahe percussive drilling procesfr both of them theeal 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

chipis a material constituted by fragments of rock, that have been created by the percussive
process.

Chapter 7 ASi mul ations of Chip Perforatio
sensitivity analyses that consider the chip. The attention is focusedticulaaron 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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Chapter 1: 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-drittnag

system for theonstruction of exploratory wallin oil and gas field. This innovative miero
drilling system is based on thdultiple Reciprocating Drilling MRD) system, that has

been developed in the aerospace settas important to have a good knowledge of the
material, and its mechanical behawi, in which the drilling system will operate to take the
right decision during the design of the penetrator.

First of all,therepresentative materigshould beselected, considering the usual rocks types
present in petroleum reservaind their state adiggregation, 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 gaslfie so it has been selected as the reference material
of this study.

In the second section, the state of the arthefperforations for the construction of oil
wellbores is quickly presented. The attention is focused on the layout of the system and
themethods 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 DR[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, thais a porousand permeableock which containsthe hydrocarbonsand

the trap, thais canposed of a particular rocks ttiBution which prevents the ascension of
the hydrocarbons and holds them in the reservoir.

Traps are usually classified in three categories:

9 structural traps
9 stratigraphidraps
1 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: antcline, fault and salt dome traps.

As explained irf3], in a stratigraphic trap ¢éwariations of the rock stratsch as changes

in porosity and permeability, play an important role to the trapping of the hydrocarbons.
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The hydodynamic trap mechanism is chiaexplainedin [4] and it is described asrare
exception in which high water saturation of lepermeability sediments reduces
hydrocarbon permeability to near zero, resulting in a water ldadkan accumulation of
petroleum down the structural dip of a sedimentary bed below tlee iwdahe sedimentary
formation.

An example of petroleum reservoir (schematic representation) is shdviguire 1.1: the
hydrocarbons, ligter 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.

Anticline petroleum trap dry hole

oil-water contact

Figure 1.1: Schematic Representation of &#etroleum Reservoir

The basic properties of reservoir rocks are the porosity and the permeability. The porosity
is a static measure of the capability of storing terdicarbonsvhile the permeability is a
dynamic property that measures the capabilityetdasing fluids.

As written in[5], the porosityof a rocke is defined as the rage between the portion of void
space and the total spaoehe rockas defined by Eq.1.1)

('Y)A
|

(11)

wherev is the volume ofhepores in the total volume .
As shown inFigure 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 Resevoir Rocks at Different Depths [6]

Permeability is the property of rocks thatlicates the ability of théuids to flow through
rocks.It provides information about the degree of interconnection between the pore and the
fissures. Accordingts5] most of t he rocks obeg (it2he Darcy
, 0 Qn. (12)
1Tt

wherer is the fluid pressure, is the viscosity of the permeant, A is the creestional
area normal tay 1 is the flow rate in thevdirection and) is the grmeability.
As explained irf1] the main types of reservoir rocks are:

9 clastic rocks
i carbonate rocks
M fractured rocks

The main accumulations of hydrocarbons are in clastic rocks. They are sedimentary rocks
mainly composed by bran 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 attentin is focused on sandstone, whigla mediurrgrained clastic sedimentary

rock with sand sizéoetween 0.06and 2 mm and it can also include finer and coarser
material.

As defined irff7], a carbonate rock is composed by sedisiefncalcite 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 pdssibl

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 goodarhibiee
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investigation of mechanical behaviour of reservoir rockse compositionof Berea
Sandstone is reported Trable 1.1.

Component Quantity [%]
Quartz 75
Clay 10
Calcite 5
Feldspar 10

Table 1.1: Composition of Berea Sandstong8]

Two types of stres act on reservoir rocks: the lithostatic pressure and the pore pressure.
The ithostatic pessure is the stress resulting fromttital weight of overlying form@on.
The lithostatic pressure at a certain deptRcan be estimated considering the gittiof a
vertical column of rock with a constant densitgs defined in Eq. 1.3)

0 7 NOQ
where Qs the acceleration of gravity.
Considering an average density of 23@@m? the lithostatic pressure gradient is equal to
0.023 MPa/m.
Thepores of the rock are filled wittuid that generatesnanternal pressure in the rocs
written in [9]. As a first approximation, the pore pressure carcensidered equal to the
hydrostatic pressuraf thefluids.
The presence of the pore pressure lowers the effect of the lithostatic peessig®n the
reservoir rock As written in[9], the effective pressuis defined byEq.(1.4)

(13)

_ (14)
whereu is the pore pressure.

Sandston¢l0] Limestong[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 irFigurel.4. A compressive axidbad 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 thexperiment, the axial stress and strain are recorded: typical results
are shown irFigure1.5. The xaxis represents the axial strain, while thaxys represents

the differential stress, defined as the difference between thestress 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 confinementhe 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
Figurel.5). The ductility and the axial strength increase asdhéring pressure increases.

After reaching a critical confining pressure the behaviour becomes perfectly plastic (curve
on the right inFigure 1.5): this change is not sudden, but the material shows a transitional
region (curve n the centre ofigure 1.5). According to[12] the transitional region for
sandstone is between 35 and 130 MPa.

Piston —
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o

Pressure gage

7

L <Compressed

air
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Rubber membrane
Compressed air —11>
Plastic cylinder

a. Stresses in triaxial shear b. Triaxiol shear equipment

Figure 1.4: Schematic Representation ofhe Triaxial Test Apparatus [13]
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Figure 1.5: Typical Triaxial Test Curves [9]
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Also, the failure mode is dependent on the level of the confimegspre. 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 matefibé more the confining pressure increases
the larger is the fracture angle. After the britllectile transition the ductile flow shows
evident barrelling of the specimen.

, T™O0D® , @OV , oWOd , pPpNHOO
Figure 1.6: Rocks Failure Modes at Different Levels of Confinemen{9]

1.3Wellbore Perforations

Petroleim perforations are performed both onshore and offshore. In this section, the
perforation system for oil extraction onshore is taken into consideration as descfijed in
However, the systems for offshore dpations 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 naikeveltbore

that consists in:

fragmentation of the rock to create a hole
removalof therock fragments

stabilization of the hole

isolation of the hole from contaminants

== =4 4 A
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Figure 1.7: Schematic Representatiorof the Onshore Perforation Systenjl14]

The penetratoihas the function of breaking the rock and creating the lwimeans of
rotational motion which is provided bseries of drill string that are connected to a
turntable paced on the surface. The drill strings are connected {oethetratothrough 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 debrisfierped by the

mud which is pumped inside the strings and comes ouyighetrator 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 andlatism of the wellbore is
guaranteetby the casing, which is fixed during the perforation itself.

According to[1], threeare thfundamental mechanisfor rocks cutting'shown inFigure

1.8):

I compressin
9 shear
 abrasion

T tecss

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 rks with a plastic behavior the mechanism of shear is
necessary. For abrasive rodkghshear and abrasion mechanssane adopted.

27



The penetratoris specifically designed to providelifferent cutting mechanism so that
works for different types of rock. Netheless, there are many kindpahetratasin order
to satisfy different drilling conditionsSome examples are shownFigure1.9.

SN
g

a4
M

Three Conefenetrator Penetratowith Natural Diamond

;\17\\_- _

Penetratowith TSP Diamond Penetratowith Synthetic Diamond Dust
Figure 1.9: Types ofPenetrator [1]

The tiree conepenetratoibreaks rock through a combined action of compression, shear
and abasion. Duringhe perforation,the axial force provided by the drill strings enforces
thetungsten insedof the cone@side the rock and the rotaticnnes imposes the relative
movement of the insertgith respect to the rodkat leads to failure dhe rockitself.

The penetratomwith natural diamonds is usedhenrock with excessive hardness makes
thethree conepenetratoto wearrapidly. It can work at higher rotational speedince it
does not have moving paftbe cones) and it breaks the roekyby shear mechanism.

The mprovement othe natural dianondspenetratoiis represented by the TSkFamond
penetratorwhich has got the advantage of a greater depth of cut and is thermally more
stable.

The penetratomwith synthetic diamonds dust is usedcase ofocks particularlyhardand
abrasive where all the other typespeietratomear too rapidly The grain sizeliamond
dust i s | owkauts théreckby abbadion&md has got a lower depth of cut.
Apart from the debris removal, the mids other functions: the mydessure balancéise
pressure of fluids already presenttie rock and prevents theontamination of the oil
wellbore The fuid pressuralso preventthecollapse of the holky partiallyreintroducing

the state of stresxisting before the penetratiohe mudcools and lubricates the drills

bit and the drilstrings: these effects are necessary because the drill strings could come into
contact with the wall of the wellbore.

The perforation introduces mechanical and hylrainstabilities in the surrounding
regions. Tle equilibrium is restored by caing of the hole, as shown Figure 1.10,
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composed by a steel tubaich is fixed with cemenfThis structure stabilizes the hole and
prevents migragon of fluid from high pressure to low pressure areas.

cement casing

Figure 1.10: Schematic Representation of the Casinfi5]

1.4 Dual Reciprocating Drilling System

The new drilling system takes inspiration from the behaviour of the wood wasp, which uses
the ovipositor shown ifigurel.11to 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 showfRigure1.12 and have a reciprocating
motion. The two valves are providesith teeth that play a crucial role during the
penetration. More specifically, as written[i8], the first teéh 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 makbdw 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 po$khe insect on its ovipositarhichis limitedby the critical
buckling force of the ovipgitor. To generatéhe extra push, the insect uses teasile
forces generated by its proximally facing teeth that are engaged in the wood cellrwalls
Figurel.13a schematic representation of the eigaliproa@ting drill principal is presented.

Cutting teeth

Figure 1.12: Ovipositor [17]

'
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Figure 1.13: Schematic of DuatReciprocating Drill Principle Used by Wood Wasp from[18]

As described if19], there are quite a few advantages in the ovipositor drilling, since once
the teeth are engaged, the tensile force that can be resisted, tendinghe grill 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. Andtiteresting 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 RecipingaDrilling 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 partasly 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 ofthe actuator: in the first application, the drive source is on the surface, while in
the second it is integrated in the drilling system.

Pin & Crank

Mechanism - Sample Collection

/ Chamber

Piezoelectric

Motor _ Metal Strip

" Reel-Housing

Casing

Spring-loaded
Metal Strip

Drill Bits

Figure 1.14: DRD SystemConcept with Drive Source on the Surfac§l7]

In [17] the concept of the DRD system showrigure1.14, with the drive source on the
surface, is develope@he penetratos aredesigned in a way thatimics the cutting teeth

of theovipositor drill andare attached to spriigaded metal stripd’hese 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 intdimear motion by means of a pin and crank
mechanism.
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Figure 1.15: Scheme of the DRD004 Prototyp§20]

In [20] the DRDO004 prototype shown Kigurel.15is 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 valueof 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 dtive tha
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 pec®whéthe DRD
system. hdustrial felt gasketare used in order teeduce contamination of fine regolith
particles entering into the drive mechanidrhey are traditionally useas bearing seals on
rotating shafts that require a good boundary withatrbducing 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 & 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 gaplecations. 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 movementef/tives

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)

= =4 -4

In conclusion, if all the dificulties 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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Chapter 2: Numerical Model Implementation

2.1 Introduction

The softvare Abaqus has been chogenthe implementation of humerical mod&wo

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

study only the Kplicit solver can be used, because the SPH method cannot be used in
Abaqus/standd and the ALE remeshing techniquia this solver has a different meanjng
which is not of interestfor the penetration simulation¥he only disadvantage of the
Explicit solver is the greater computational time than the Standard analyses.

Two differentmodellingtechniques have been considertbe first use8d bodies for the
simulation,while the secondses an axysimmetric strategy.

The 3d models give a very good representation of the reality, because they recreate the
exact shape of the elements tbé 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 thatill occur during the penetration.

The second strateggthe axysimmetric one; it is possible to use this type of muetuse

all the aspects of the simulations are symmetric with respect to an axis of the geometry.
The computational time necessarystive 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 Euleriabagrangian remeshing 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 rocKkn this chapter, alhe general modelling solutiotisat have been
chosen arpresented 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 ca
found during penetration gfetroleum 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 cgiéte

In order to characterize the rock the first properties that need to be defined are: density,
el astic modulus and Poissonds ratio. Since t
due to the high penetration forces, a plasticity model must lieedefThese 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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1 vyield function
1 flow rule
1 hardening rule

The yield function identifies the condition at which the material starts to be deformed
plastically. The criteria able to correctly evaludte 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 thigimit surface to guarantee the immediate return to

the elastic domain in case of unloading.

With referene to Eq.(2.1)

O 1 (21)

the elastidomain is identified by a negative value of the yield funci@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 streses to the strain in the plastic domain. The plastic flow rule relates the increment
of the plastic strains to the state of stress. Tdwe fule is defined in terms dow potential,

that is the relation between the increment of plastic strains asthtieeof stress is tired

by Eq. (2.2)

: T Q

Q T—CD _ 22)
where"Ois the flow potential and is the plastic multiplier.
When"O "Othe flow rule is associated, which means that the plastic strain increment is
normal to the yikel 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 surfacenduthe plastic flow maintaining
unaltered the position of the centre of the surface. Kinematic hardemirige other hand,
involves the translation of the limit surface without changes in the dimension and the shape.
A failure criterion determines treress 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
usuallydefined 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. Consequehty, 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 softwarefgréng 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 MGbulomb one, because it achieves
good representation of the experimental test and it is also available in the Abaqus software.
The MohrCoulomb 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 the Eq.(2.3):

sts @ , 20 M 2.3)
where ¢ andeoare two material parameters called respectively cohesion and friction angle;
T and{ are respectively the shear stress and the normal stress at a certain lattwhsond
The yield function is represented by a straight line, inithke  p Ilwhasesinclination 6o
as shown irFigure2.1.
The criterion can be reformulated in terms of principal stresses by constructinghine M
circle tangent to the failure line at the failure point. Using trigonometric relations, the yield
function can be writteby Eq.(2.4).

” ” ” ” m 90% c(‘:):ﬁ .I. O@ (2.4)

T Op

/T

failure envelope

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

The yieldsurface can be defined by Hg.5), Eq.(2.6) and Eq.(2.7) which represent the
edges of a hexagonal pyramid in the principal stress space asisheguare?2.2.

&) w (2.5)

e
€

(2.6)
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@2.7)

where®d —— ® — & — Y and® are respectively the theoretical Mehr

Coulomb uniaxial tension strength and the theoretical uniaxial compressingtbtr

O3 1

Figure 2.2: Mohr -Coulomb Yield Surface in the Principal Stress Spacé¢23]

A modified MohrCoulomb crierion can be considered to prevém overestimation of
the mateml strength in the tensile region of the Mohr plangth this modification, the
Eq.(2.3) is valid when EQq(2.8) is satisfied

. 6 a’y ,° 2.8)

where"Yis the experimetal uniaxial tension strength.

[ 4

—7

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

When Eq(2.8) is not satisfied a tension eaff is introduced; in this case, the yield function
is described by E(2.9).

” "Y
(2.9)
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In the principal stress plandbe tension cubff introduces a second pyramid, composed
by three planes perpendicular to the principal stress évegsnterceptthe MohrCoulomb
pyramid as lsownin Figure2.4.

d3

ds LR A

—e

TC{I-

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

2.2.3 Formulation in Abaqus

The MohrCoulomb criterion is expressed in the Abaqus software by three stress invariants,
as said irf25].
The equivalent pressure stress is defimed.(2.10)
. 0
n P (210
whereu is the first invariant of the stress deviatensor3.
The Mises equivalent stress is defirgdEq(2.11)

(6)
hoog ] (2.11)

The third invariant of the stress deviator tensor is défineEq.(2.12)

e e12

The MohrCoulomb yield function is defirteby Eq.(2.13)

Y B MDA & 213
whereYy gis the MohrCoulomb deviatoric streskefined by Eq.(2.14)
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whereg is the deviatoric polar angle definey Bq. (2.15)

a®

(e

Al 2.15)
The friction angle%ocan vary between 0° and 90°; wh#sn w 1tthe MohrCoulomb
model becomes the tension-ait Rankine modelOtherwise, wheféo 1T Jt becomes the
Tresca model. The limit case ®%§ o 1id 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 thé¥ 1-n plane is represented by a line whose inclination is equal
to the friction angle and its intercept with tife n-axis corresponds to the cohesion.
The MohrCoulomb yield function in th& 1-r) lane isshown inFigure2.5.

Tension cutoff

_____a-"'

="

Mohr-Coulomb

7

-

= |

Meridional plane

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

A tension cuoff can be optinally defined and it is modelled by the Rankine yield function
as defined irEq. (2.16)

O Y g f of (2.16)
whereo is the tension cubff defined as a function of the tensile equivalent plastic strain
T andY g ¢joAigd
The fow potential for the Moh€Coulomb vyield surface is a hyperbolic function in the
meridional stress plargefined by Eq(2.17).
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where[ is the dilation angle measured in th€Y 1 plane at high confining pressure
and] is an eccentricity parametdrhe eccentricity parametdefines the rate at which the
function approaches the asymptadiae flow potential tends to a straight line (dashed line
in Figure2.6) as the eccentricity tends to zedd is defined byEqg. (2.18)

Tp Q AT H® cQ p I¥Y “jofk

Y gfiQ
° ¢p Q Aig ¢ po2tp Q AT H va 10 (219
whereQis the deviatoric eccentricity, by default defined as indEmp
o OB
o OBk (219

This potential flow is continuous and smooth in the meridional stress plane and intersects
perpendicularly the hydrostatic pressure axis. In teddional stress plane, the flow can

be associated when the friction andieand the dilation angle are equal and the
eccentricity] is very small. As shown ifigure 2.6 the flow potential extend®llowing

the yield function as a result of the material hardening.

e I': o 4]
Figure 2.6: Mohr -Coulomb Hyperbolic Flow Potential in the Meridional Plane[25]
The flow potential for the Rankineefd function isdefined by Eq(2.20)
O RS YN 0 (2.20)

where'Y is defired by Eq(2.21)
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The parameteis andQ have the same meaning cdAndQand have the values of 0.1 and

0.6respectively

2.2.4 Parameters of the material

The material selected to represent the rock is Berea Sandstone. As said in Chapter 1, this
type ofrock has been chosen because it is a good representation of the possitiéé mate
that the driltbit could find duringthe penetration. Berea Sandstone cannot be easily found

on the market and its cost is very high, so, to carry out the experimerggiresstnted in

the next chapter, Pietra Serena has been used. Pietra Semnereghasical propertiegery

similar to Berea Sandstone, but it can be easily purchased at relatively low cost, and data
as well agpreviously obtained results are available in literature.

The first propertieshat have to be definddr the MohrCoulomb criteriorare thedensity

and theelastic properties of the Berea Sandstditneir values are reported in Table 2.1

Elastic Modulus 4 |4 [Poi ssono:

Density

2100 16700 0.28

Table 2.1: Berea Sandstone Elastic Properties

Afterward the plastiproperties of the material netmlbe defined. IMTable 2.2hevalues
of thedilation angle and the friction angle of the Berea Sandstone are presented.

Friction Angle J Dilation Angle J

40.55 20.225

Table 2.2: Friction Angle and Dilation Angle of Berea Sandstae

The last properties that netmbe specified are the cohesion and the termitoff. They

are defined asunctiors of the plastic deformation to model the possible hardening and
softening during plastic deformatiom Figure2.7 and Figure 2.8 the two curve®f the
cohesion and of the tension @ft are represented. In Abaqus they are defined point by
point.
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Cohesion Hardening Curve
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Figure 2.7:Berea Sandstone Cohesion Hardening

Tension Cutoff Curve
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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 swvfach,
providesd o mi nant | y s he ar,iwhid interseotsmhe eguivalent presucea p 0

stress axis (p).

42



Transiicn
osurface, F,

Shaar failure, F, |

b

~x wid+p,ianf

d+p, tsni

I-- —-p fi

* Rig+p,tanil I
Figure 2.9: Cap Model Yield Surface from[25]

In Figure2.9 it is possible to see the cap model yield surf8stween theshear failure

sur f ace aisittrodudedatrafistian pegion 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 dileancywhen 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
associatedlow in the shear failure and transition regions.

To analyse this modificatiom, linear strain rate decomposition is assumed:

A AR AR 2.22)

WhereQTis the total strain raté) - is the elastic strain ard - is the plastic strain rate.
The elasticbehaviar can be modeled as linear elastic, while the plastic behaviour is
defined by the three streswariants, that are:

1 the equivalent pressure stres® -O0AMA A 229
1 the Mises equivalent stress: N - QO (2.24)
g the third invariant of deviatoric stressO -GG (2.25)

whereS is the stress gi@tor, defined as the sum of the stress tensor and of the equivalent
stress (p). IfFigure2.10 a typicalyield surface in the deviatoric plane is presented for this
criterion.
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Figure 2.10: Typical Yield/Flow Surfaces in theDeviatoric Plane from[25]

With this expression for the deviatoric stress measure, the failure surface is written as:
& O POAT A = (2.26)

In EQ.(2.26)b is the friction angle and c the cohesion of the material.

In the case of a triaxial compression test arily(i2 and(3 are different from zerf26],

as itis possible teee inFigure2.11, sothe equivalent pressure (or mean effective pressure)
p and the differential stress t can be rewritten as

n —— (2.27)

N (2.28)

Figure 2.11: Example of Triaxial CompressionTest from [26]

In Figure2.12 (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) ther&af the specimen

has a brittle behaviour, while for values of p greater than 25000 psi (175 MPa) the failure
has a ductile behaviour
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Figure 2.12: Mean Effective PressureDifferential Stress Curve for Sandstone from[26]

It is possible to normalize all the values of the deviatoric strasd bf the mean effective
pressure p by the corresponding critical pressure, obtaining the pneisentedn Figure
2.13(from [26]). The axes of the new graph are:

A o — (2.29
A o — (2.30)

For the Berea Sandstone, the criticedgsure is equal to 380 MPis value is derived
from [27].

e DBeres o B4
1 ® Saitwash * Al
I ¥ E; o AR
! + ® AR
x A Ad
curva-fit

0 D2 0.4 08 0.8 1 12
ik} Hormalized Mean EMective Pressure, a /P,

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

The cre#éion of the hole, that represernke penetration, is obtained the application of a
load to thepenetratowith a displacement control system. Tenetratorand the rock
interact by hard contact, hence the necessity to daffrietion coefficient. firee options
are available in the software Abaqus: no friction, fivisdued friction coefficient and
infinite friction coefficient. The first and the lagptionare pure idealizations of the real
behaviour of interaction, while the use of a finite valuethie friction coefficient is closer
to the reality. Valugsof the friction coefficient for different condition are found[28] as
reported inTable2.3. Hereinthe effect of these vaés will be analysed.

SteelSandstone (dry condition][ 0.39

SteelSandstone (wet conditiorny)] [ 0.34

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

Thecontact 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 fohisf models.

How the displacement is applied is atgdigh importance fothe 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 reducedhgutational 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 thahe inertial effects of the model are not significant and the problem is solved
guaststatically. 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 decssdde po
undesirable inertia effects, all the imposed displacements follow the law of a smooth step
as defined irEq. (2.31).

w

where, 0Ofo, 0 is the time,0 is the time interval is the quantity (for example
displacement) an@ is the maximum quantity. The lasf 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 shawrkigure 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 alonenst recommended for the simulation of fracture and
fragmentation of rock. Consequently, SmoothediBle Hydrodynamics (SPH) hagen
introduced to simulate the penetration in 3d models. Smoothed Particle Hydrodynamics
(SPH) is a computational method whidiscretizes 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 o$ituations As written in[30], SPH method has been used to detl 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 strongénen 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 sseof 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
convergon 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 thalysis 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 @ff than the SPH method alone. The conditions allowed
in Abaqus/CAE to determine when the conversion is activated are:

1 Time
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M Strain
 Stress

Using the option Time the user defines a time at which each elesnsmvertednto a
SPH partite, but his optionseems to have no particular utility the field of rock
mechanics because the precise time at which the rock will break is unkdsimg the
option Strain the user can define the maximum absolute principal strain threshold. When
the maximum principal tal strain is greater than the threshold, the element is converted
into an SPH patrticle (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 wéh larg
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 subroutinghebu
implementation of a subrouting out of the scope of this study.
The other optionavailableto define the SPH conversion are the number of particles that
are generated for each element and the type of kernel function. The kernel function
availableare:

91 cubic spline

1 quadratic interpolator
1 quantic interpolator
The main limitations of the use of the SPH conversion in the software Abaqus are:
1 the possibility to use only reducé&ategration continuum elements (in the case of
this study, only C3D8R)
1 the mpossibility 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 pexdmeaid occur:

1 the SPH cago in instability, in particulain tensile orcompressive instability

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

When SPH are used with a cubiesBline cubic kemel function, an instability couldrise
in a tensile or in @ompressive regime, as saiddi].
In Figure2.15 an example of cubic kernel function is presented.
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Figure 2.15: Cubic Spline Kernd 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 instaiby 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 dfective stess act amplifying, rather than redugipgrturbations in the strain.

The unstable behaviour can be explained in terms dbtheof the SPH equations, using
mathematical modelhatcan irdicate possible ways to remotres instability.

In ore dimensions, conservation of the momentum is expresséd.l{2.32)

0w — (2.32)

where viscous stresses, that are stresses duertigbé&change of deformation over time,
have been ignored, so thatistpossible to consider T &. In the discretization process
associated with standard finitifference methods, the partial derivatives are replaced by
differences, so

w y— - (2.33)
y
However,” Y&is just the mass, so the finitéfference equation of motion has the form
o L8 y, (2.34)
This equation can be rewritten as
0w Y o (2.35)
where W is the Kernel Function and the difference operpisra result of the sum over

particles.The comparison between the two previousatigms shows that in SPH the
effective stress is proportional 10 W6 .
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Figure 2.16: Stale and Unstable Stres$train Curve from [31]

Figure 2.16 shows that when a normal monotonically increasing ss&as relation is
multiplied by a function like-Wo , which eventually goes
particles are separated, the resulting SPH effective sttess relation will cotain regions
where the effective stress decreases anthcreasing strain, producing a negative modulus
and instability.

In Figure2.17 an example of compression instability is presented.
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Figure 2.17: Example of Tension or Compressionnstability from [31]

The other problem that coudtise, 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 in34]: a layer of bound particles mde placed between the SPH particled a
the other parts of the model, $®tcontact between these particles and the SPH patrticles is
always definedandthe splitting is deleted.
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2.5 Arbitrary Lagrangian -Eulerian Adaptive Meshing

With the axysimmetric mdels 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 ithe software as said [@5]:

1 arbitrary Lagrangiaftulerian (ALE) adaptive meshing

1 varying topology adaptive remeshing
1 meshto-mesh solution mapping

They are classified according tieeir applicability to achievepecificgoak (for example
accuracy or control of mesh distortion), their impacttibmesh definitions and when
adaptivityoccurs with respect to ayais steps.

For the axysimmetric analysis thebitrary Lagrangiastulerian (ALE) adaptive meshing

has been selectetb 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;is used to maintain high quality mesirdughout an
analysis, even ifarge 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).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 todal large deformation problemshile in the
second it is used in acoustic domains and fodelimg the effects of ablatioor thewea

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 appliedht® éntire 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 tHetumber of times

the remeshing is repeated inegneshing stemeedto be defined.

ALE adaptive meshing does not alter the topology (elements and connectivity) of the mesh,
implying thatsome limitations on the ability of this method to maintain a-gjgality mesh

upon extreme deformaticare present.

In Figure2.18 an exampl®f ALE adaptive meshinffom [25] is presented.
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Figure 2.18 Example of ALE Adaptive Meshing from [25]
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Chapter 3: 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 unders the behaviour of the rock, hence
allowing the calibration of the numerical models at differmnfinement conditions, and
correctly defirng its equation of tate. Some perforation tests hdaenpreviowsly 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 witbaietgpthe diameter of

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

rock, which creats 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
much biggerthan the one othe rock and thesolume 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 Iftineatests is Pietra
Serena, whicthas vey similar properties to Bea Sandstonbut, differently from the
secondijt 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 pressurés calibrate the numerical models and to correctly define
the equation of state of the specimen[38] four different compression processes are
describedthey cover the determination of the stréngf 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 measurgradtmethod B, that explains elastic moduli
of undrained rock core specimens in triaxial compression without pore pressure
measurements taketmaccount triaxial compressio®n the other hand, the methods C,
that definesheunconfined compressive strength of intact rock core specimens and method
D, that considers the definition of elastic moduli of intact rock specimens in uniaxial
compression, coider unconfined compression.
In this study the methodonsidered is th& one The main apparatus needed for this test,
as it is possible teee inFigure3.1, includes

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

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

subjected to a constant lateral fluiccgsure
1 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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1 Pressure maintaining device: it can be a hydraulic pump or pressure intensifier, and
shall have suffi@nt capacity to maintain constant the desired lateral pressure

1 Confiningpressure fluid

1 Platens: two steel platens are used to transmit the axial load to the end of the
specimen.

Platen of Compression Testing Machine
RN RSN

Pressure
Vessel

Strain

) Confining
Meter =

o
Pressure

Load Cell—

Figure 3.1: Schematic Repesentation 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 reporte(B&. When the machinery
processs are terminated, it is possible to place the specimen into the triaxial machine. As
said in the standar85], the specimemhall be placed on the lower platen that must be
cleaned. Then the insulating membrane shall be fitted the specimen artde platens to

seal the specimen from the confining fluMbw it is possible to place the specimen on the
test chamber, ensng proper seal with the baaad connection to the confining pressure
line. Then, the chamber shall beddl 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 prase 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 axdaldhall be applied continuously
andwithout shock untiit becomes constary is reducedor a predetermined amount of
strain is achieved. The load shall be applied in sutla@ner as to produ@ther a stress

rate or a strain rate as constant as feasible throughout the test. At thieteadest 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 péait 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 lovgerThe first step of the triaxial

tests is the sampling of the specimen, becausestigegrovided with a cube shape, but for
these tests the shape of the specimen has to be cylinfheaprocess is carried out with

a boringmachineusing a cordlrill, as inFigure3.2.

Figure 3.2: Boring Machine

As previously saidthe upper and lower surface of the cylindeedgo be milled because

they must be parallelmong each other, perpendicular to the lateral surface and the right
height of the cylinder must be reached. This process is also uskahittatethe possible
cracks and imperfections which could be created during the boring process on the upper
and lowe 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 Figure3.3. During both the two mchining 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 Figure3.4 thefinal 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 tatstiae 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; afterwia, 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 baar@sfixed on piston and on the
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lower plate to prevergossible infiltrations of the compressive oil during the tdsigufe

3.5). It is important to prevent the formation of possible bubbles of air between the
membrane and the specimen during the application ah#tal 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 comprisessi on
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 ofatkial 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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Framework for axial
deformation

Connection with oil
tube

C supports

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
speimen. After this time, the test can be started. In the first step, the confinement pressure
is applied to the lateral and upper surfaceere specifically the lateral confinement is
applied in load control, while the axial load is applied in displacéowntrol and its value

is 10% greater than the lateral one.Rigure 3.7 the history load of the confinement
pressure is presented; this process is performed in 40 minutes.

0 History of the Confinement Pressure

Upper Pressure

st
Lateral Pressure

o o ~
T T T

Pressure [MPa]
ESN

0 2 4 6 8 10 12 14 16
Time [s]

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
Figures.s the final assemblgf the triaxial testingnachine 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 M®.
From Figure3.9 to Figure3.14 theresults of the triaxial compression tests are presented.
In the left figures, it is possible to see the crack that has generatedilthhe dbf 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,ishtite 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 applicatitthe confinement pressure, during
which theaxial and radial loadre equalthen 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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10 MPa Triaxial Test
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Figure 3.9: Results of the 10 MPa Triaxial Test
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Figure 3.10: Results of the First 20 MPa Triaxial Test

Second 20 MPa Triaxial Test
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Figure 3.11: Results of the Second 20 MPa Triaxial Test
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First 28 MPa Triaxial Test
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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 ira plane perpendicular tdvé upper surface of the
specimen. The crack does not createbfgms during the test becauses maintained

closed by the high confinement pressure and a shear failure modeceul, with the

fracture of the specimen in a plane inclined by an arigié depends on the confinement
pressure considereds presented iRigure3.14.

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

In Figure3.15a comparisopamong the triaxial tests performed, is presented. The only test
that presents bad resulésthe 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 accegable.

Comparison of the Triaxial Tests
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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 MBbulomb one. As previously
said, the magrial 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-Qwolomb
criterion are reportesh Table 3.1.

. Elastic Modulus Shear Modulus Poi sso
Density [kg/m?] .
[MPa] [MPa] 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 experimentakssts presented in the previous chapter.
To define MohfCoulomb plasticity the parameters listedable 3.2needto be identified.

Parameter Symbol
Friction Angle %0
Dilation Angle r
Meridional Eccentricity| §
Cohesion @
Tension Cutoff 0

Table 3.2: Mohr -Coulomb Parameters

The friction angle and the cohesion can be obtained from the triaxial test datiirartm

[37].

According to Moh#¥Coulomb theory, data points of the triaxial tests and the unconfined
compression test are related to the friction angle and the cohesion as defined 3Eq.

and Eq(3.2)

p OB

" "7 Tp OB
WA T %
" p OB&

(3.1)

(3.2)
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where, is the peak axial stress (positive if compressiearhed 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 iry the, plane to find the best fitting
straight line; from this line, it is possible to obtain the parameters of the-Motlomb
criterion.

The cohesion can be evaluated as defindehirf 3.3)

O ——
CMOA (33)

wherg is the slope of the best fitting straight line.

In Table3.3hevalues of the triaxial tests used to calibrate the material model are reported;
the second test performed at 20 MPa confinement pressure has not be cobsickusd

its results are not acceptable. The best fitting line ir) the, is shownin Figure3.16, and

the MohrCoulomb parameters obtained by this method are reporieable 3.4 in Figure
3.17is reported the yield function obtained with these values in the Mohr plane.

G4 |+ a |+
0 62
10 1435433
20 187.44
28 217.35
28 219.68

Table 3.3: Berea Sandstone Triaxial Test Data
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Best Fitting in the %457 Plane
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Figure 3.16: Best Fitting Line of Triaxial Data
Parameter Value
%0[°] 44.33
w[MPa] 15.39
Table 3.4: Mohr -Coulomb Parameters (Method 1MC)
Mohr-Coulomb Yield Function in Mohr Plane
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Figure 3.17: Mohr -Coulomb Yield Function in the Mohr Plane



The cohesion and the tension-ofit can be given as a function of the plastic strain (in the
form of tabular datajo allow hardening (and softening) of the Mdboulomb yield
function. To do this the posfeld stressstrain curve must be defined.

By postyield stress strain curves, it is meant the stpdgstic strain curves after yielding
in the unconfined comprsiwe and uniaxial tension test. Since the experimentalypelsit
stressstrain curves are not available for Pietra Serena, the equation prop¢38tifor
modelling the posyield behaviour of Berea Sandstone is used. Tiesstfter yielding is
defined as a function of axial plastic strain as defimeEq. ( 3.4)

., QOp OADDOI A BDOI (34)

where'Q, (hand®are three parameters which define the shape of the/iéistressstrain

curve. The equation is used to model plostyield stressstrain 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 parameteiQ is the stress for zero plastic strain that is the onset yield stress. The
parametetvdetermines the initial behaviour of the material as shawigure3.18. If

p the material exhibits an initial softening, Mehif ® p the material exhibitsan initial
hardening. The paramet®determines the rate at which the stress changes with the plastic
strain ashown inFigure3.19. If the value ofis relatively low, the r& of change is low,

if the value ofis relativelyhigh, the rate of change is high.

The value ofbis defined by Eq( 3.5)

w QFrQ p ¢ "QTIQ QFQ (35)
where"Q is the maximum of the posield stressstrain curve.
To determine the value @bfirst of all the derivative of Eq( 3.4) with respecto] is

determined stdefined by H. ( 3.6)

I. MATDOI O 0dp & cOIWA FDOI

—n

(36)

By imposing that Eq( 3.6) is equal to zero it is found the plastic strain at which the- post
yield stressstrain curves reaches theximum as defined i&q.( 3.7)

A

i E W

W (37)

=
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Post-Yield Stress-Strain Curve for Different Values of a
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Figure 3.18: PostYield StressStrain Curve for Different Values of a

Post-Yield Stress-Strain Curve for Different Values of b

€
P

Figure 3.19: PostYield StressStrain Curve for Diffe rent Values of b

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

which the experimental stresgrain curve reaches its maximum the valugoafan be
determined as defined l&qg.( 3.8)

o
[ S
w (38)
wheref it the plastic strain at which the experimental ststssin cuves reach the
maximum.

In conclusion to completely define the pgstld stressstrain 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 stresain curve reaches its maximum is
necessary.

To obtain the compression pgseld stressstrain curves are used the data reportdalyie

3.5 The value ofQ is set equal to the unconfined compression strength. The value of
"Q¥Qis determined as the average ratio between the maximum stress and the yield stress
observed in the unconfined compression test. The valiseset equal to thaverage failure

plastic strain observed in the unconfined compression test. The plastic strain at failure is
defined as the plastic strain at which the ste#sain curve of the unconfined compression

test reaches its maximum.

Parameter Value

Q00 & 67.99

QTQ 1.16
T aafaa 0.00057

Table 3.5: Pietra Serena PostYield Data (Compression)

Using thedata of Table 3,5the parameters listed Table 3.6to identifythe canpression
postyield stressstrain curve shown iRigure 3.20are obtained as previously explained.

Parameter Value

QOO ® 53.79
@ 2.68
@ 665.32

Table 3.6: Pietra Serena PostYield StressStrain Curve Parameters (Compression)
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Post-Yield Stress

-Strain Curve (Compression)
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Figure 3.20: Pietra Serena PostYield StressStrain Curve (Compression)

Parameter Value

QOO0 ® 4.91
@ 2.14
@ 387.85

Table 3.7: Pietra Serena PostYield StressStrain Curve Parameters (Tension)

The tension posyield stressstrain curve parameters are reportedable 3.7 The value
of andare assumed to be the same of Berea Sandsiond in[39]. The tension cut
off is defined in the form of tabular data consideffigure3.21.
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Post-Yield Stress-Strain Curve (Tension)
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Figure 3.21: Pietra Serena PostYield StressStrain Curve (Tension)

Now it is possible to define the cohesion as a function of plastia qiraihe form of
tabular datapy giving cohesion hardening curve. Accordind46] the cohesion can be
obtained by e(3.9)
QF ra T OB
; CAT% (39)

wherg’ is a parameter used to adjust the value of the cohesion and to improve the accuracy
of the numerical modeln Figure3.22 the cohesion as a function of the plastic strain is
presented.

Cohesion Hardeing Curve

O 1 1 1 1 1 1 1 T d
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

€ [mm/mm]

Figure 3.22: Cohesion Hardening Curve
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The meridional eccentricity is maintained equal to the default valud é60evey model
andno relevant changes in the results of the simulations are observed by changing this
parameter.
The dilation angle is obtained from the friction angle, as explaingdlp and it is
considered equal toetriction angle divided by four. In this caseassumes a value equal
to 11.08.

G 0 (3.10)

T

3.2.5 Calibration of the Drucker-Prager criterion
When a rock is subjected to different confinement conditidnis very important to
consider an equation of state that dessiilsdoehaviour. In Abaqus is not possible to define
this equation in the MokC€oulomb criterion, so another criterioieed tobe considered
the DruckefPrager criterion. As said {42], the yield function of this criterion is a proper
generalization of the MoHEoulomb hypothesis and it is expresbgdeq.( 3.11)

oY 0 0 (3.11)
wherel  and™Qare two material constants, is the second invariant of the stress deviator
tensor ana) is the first invariant of the stress tensor. The Drué¢keiger theory could be
considered as an extension of the von Mises theory which introduces a dependgnce on
The von Mises criterion is restored for Tt
As said in[25], the linear DruckePrager yield function idefinedby Eq.( 3.12)

O o0 nDAT Q (3.12)

wherg is the slope of the linear yield function in i@ plane and it is commonly referred
to as the friction angl andQis the cohesion of the material. The cohesion is the intercept
of the yield function with the>axis. Isotropic hardening can be defined by providing
cohesion as a function of plastic strain.

-—

D

Figure 3.23: Linear Drucker -Prager Model Yield Surface[25]

The deviatoric stress measure is defibgdeq.( 3.13)
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.E E 0] (3.13)
0 0

NS

. P,

0 Eﬂop P
whereu is the ratio between the triaxial yield stress in tension and the triaxial yield stress
in compression. 16 p the circular shape of the yield surface in the deviatoric jpahc
stress plane is restoredd Mises circle). To ensure that the yield surface is convex it is
required that® x YU p.

The parameters to define linear Druckrager plasticityre listed inTable 3.8

Parameter Symbol
Friction Angle I
Flow-Stress Ratio 0
Dilation Angle r
Coheson Q

Table 3.8: Linear Drucker -Prager Parameters

The friction angle, flowstress ratio and the cohesion can be obtained as descrid®jl in
from the triaxial test data.

The stress invariants in triek compression are defined by Ed3.14 ), Eq.( 3.15) and
Eq.(3.16)

N -G, . (3.14)

n » . (3.15)

i " Y (3.16)

The first and the secomutincipal stresses are equal to the confining pressure while the third
principal stress is equal to the axial stress at failuiis.of notethat in the compression
triaxial test all the principal stresses are negative. In this case the deviatorimstassse

ois equal ta).
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Figure 3.24: Triaxial Compression (a) and Tension (b) States of Stre$&9]

Now the triaxial data can be plotted in th§ plane and the best fitting straight line can be
computed. The slope of the best straight fitting line is equ@lApl and the intercept with
the d-axis is the cohesion.

The flow-stress ratio can be obtained by plotting the best fitting straight lintidaral
compression and triaxial tension data in k& plane. These two lines must intercept the
n-axis in the same point so to calculdte ratio of the values d@f at the sam@ whichis
eqgual to the flowstress ratioRigure3.25). Sinceno triaxial tension test data are available,
the value oftv cannot be evaluated; it has been set equ@l#@8, that is the minimum
allowable value for K.

Best fit to triaxial
compression data

Best fit to triaxial
tension data

1

Figure 3.25: Determination of the Flow-Stress Ratio[19]

The best fitting line of the triaxial data is showrFigure3.26, in particular the cohesion
is equal td33.7 MPa, the friction angle is equal 5©.53 and the dilation angle is equal to
15.78°, obtaineavith the eq(3.10).
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290 Best Fitting of Triaxial Tests Data
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Figure 3.26: Best Fitting of Triaxial Test Data in the g-p Plane

In Table 3.%heparaneters of the DruckelPrager criterion are reported.

Parameter Value
T 60.05
0[] 0.778
Il 15.01

Table 3.9: Pietra Serena Linear Drucker-Prager Parameters

3.2.6 Numerical simulations

Some numecal models have been implemented to replicate the triaxial tests. These models
are constituted by thrggarts Figure3.27): a cylinder of rock with diameter equal to 100

mm and height of 200 mm, and two rigichf@s that are placed in contact with the upper
and lower surfaceof 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 Iplat. As said i§35], the
confinement pressure must be applied on the lateral and upper swwifacéianeously;

when this value is reached, the lateral pressure is maintained constant, while the upper
pressure is increasedtihe failure of the specimen will occur; iigure3.28is presented

the evolution of the pressure as a function of time.
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Figure 3.28: Pressure Evolution as a Fuaction of Time

To model the rock both the Mol@oulomb criterion and the DrackBrager criterion are

used; their parametesve beempresented in the previous sections.

The first analysis resulfgresented consider the MeBoulomb criterion. As it ipossible

to see irFigure 3.22his 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 imposgibdidefine in the software
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Abaqus for the MohCoulomb criterion an equation of state that can represent the
dependency of the properties of the rock from the confinement pressure.
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Figure 3.29: Comparison among Triaxial Tests and MohrCoulomb Criterion Simulations

The second results presented consider the Drifdager criterion. In this case it is
possible to specify an equatiohstate (EOS) for the materiasing a tabular equation, in
which the volumetric strain is expressed as a function of the confinement pressure. To
define the dependency of the volumetric stramthe confinement pressure, the Bulk
modulus is usually employed and it is defined as the ratio of
theinfinitesimalpressurencrease to the resultinglativedecrease of theolume[43], as

ineqg (3.17)

0 W— (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 considerdd4fjcend then the
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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 Sandstoimave been calculated starting fréine graph repéed inFigure3.30
andconsidering theq. (3.18)

- - . (3.19)

The first value of the volumetric strain has been considered equal to z&iguia 3.30
the EOS for Berea Sandstone is presentauile in Figure 3.31 the EOSconsidered for
Pietra Serena is shown.
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Figure 3.30: Equation of State for Berea Sandstone fronj44]
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Figure 3.31: Equation of State for Pietra Serena
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In Figure3.32 the results of thanalyses with the Druckétrager criterion areeported It
is possible to see that this criterigives a good representatiofi looth the ultimate
compression strength reached during theseasd the stiffness of the Pietra Serena.
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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 ddéeoé diameter between the

rock and tube present in the tests previously performed in Politecriitado. InFigure
3.33the configuration of the test is presented.
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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 gemetratoruntil failure is observedyba 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 penetratowntil it reaches a plateau. 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

140 - Penetration Test

120

100

80

Load [KN]

60

40

20

. I I | L |
0 5 10 15 20 25 30
Displacement [mm]

Figure 3.34: Results of the Experiment
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To delete the possible problems of grevioustests, a new set of tests has been organised.
As said in[45] and in[46], it is possible tgreventthe possible play between the rock and
the steel tube, that wikllways be preent due to the impossibility abtairing precise
dimensions of theock, by filling up the empty space with corete. To obtain good results
from the tests, the rock and the concrete must have similar properties, as[48]dso a
concrete M50 (with an ultimate compression strength egual tMPa) has beerhosen.

In Figure3.35apossible set up of the test is presented.

Loading plate Casting material
Steel frame

Indenter

3

[

Casting material

Figure 3.35: Set up of the Perforation Testfrom [45]

To obtain good results from the tests the proper dimensions of the concrete must be chosen.
As presented irFigure 3.36 a too muchiittle thickness of the concrete causes its failure
before the failure of # rock is reached. So, a thickness of the concrete equal to the
dimensions of the rock is a good solution to avoid this problem.

Casting
material

Casting
material

Casting =} Casting
material material

(c) (d)

Figure 3.36: Influence of the Concrete Dimensions on the Perforation Testsdm [45]
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In Figure 3.37 the results of two perforiain tests are presented. In thesese, the
specimens are made of hard rock; thaye a diameter equal to 53 mm and a length of 75
mm. The penetratoris a cone with a tip angle of 75° and a tip radius of 3 mm. The
configuration of the experiments is the saasethe oneresented irFigure 3.35. The
perforationis controlled at a constant rate®00125 mm/s and it is stopped at a perforation
depth equal to 9 mm.

B PROJE. TUBITAK INTAG-72! PROJE: TUBITAK-INTAG-721 f

Figure 3.37: Results of perforation tests from[46]

3.3.2 Numerical simulations

Two different model stratégs 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 varialgs, while the second conside&dd models and it is used to validate the
axisymmetric nodels and to have an initial estimation of the perforation force.

The parts that constitute the two models are the same and they genet@tarwhichis

a con with a tip angle of 90° and a diameter of 1 inch (25.4 mith),a cylindrical part of

60 mmlengththatallows different perforation dep#) the rocka cylinder of 156 mm of
diameter and 60 mnt deight; the steel tube, cylinder of 296 mm of diameter, 10 mm of
thickness and 120 mm dfeight; and the concrete, cylinder with an hole with the
dimensions of the rocksed 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 machkiguhe3.38

the assembly ahe axisymmetc andthe 3d models are presented.
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Figure 3.38 Assembly of the Models

Thepenetratois modelled as a rigid body, while tbéher parts are deformabl€he tube
is madeof steel, whose properties asportedn Table 3.10.

Density [kg/m?] Elastic Modulus [MPa] Poi ssonds

7800 210000 0.3

Table 3.10: Properties of the Steel Tube

The rock considered is Berea Sandstone and not Pietra Serenseh@deen these analyses
have been performed, the data of the triaxial tests used to calibrate gnainmaddel of
Pietra Serena weret available. Berea Sandstone is modelled as an elastic perfectly plastic
material sing the MoCoulomb criterion ands properties have beeefinedin Chapter

2. Theconcrete has been modelled using the condaeteage plasticity constitutive model;

has said iff25], thismodel usesoncepts 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 afrttenation of
nontassociated muHnardening 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 ultooatpression strength of

the concrete), its properties are derived f{difj and are reported ifiable 3.11 and Table
3.12.
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Density [kg/m?] Elastic Modulus [MPa] Poi ssonds
1900 19700 0.19
Table 3.11:Elastic Properties of the Concrete from[47]
Dilation . Eccentricit
Eccentricity [] |  fbO/fcO [] K[] Y
Angle [°] Parameter
38 1 1.12 0.6666 1

Table 3.12: Plastic Properties of the Concrete fron{47]

The compressive behaviour and thesite behaviour are defined &snctions of the
inelastic strainthe two curves are reportedfigure3.39 an Figure3.40.
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Figure 3.39: Compressive Behaviour of the Concrete fronp47]
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Figure 3.40: Tensile Behaviour of the Concrete fron{47]

0.4 0.6
Inelastic Strain []

12
%1073

83



The contact, among the different parts, is defined considering the interaction between the
single surfaces. The method usedthe penalty methodand the frition coefficients
considered areeported inTable 3.13.

SteelSandstone (frorf¥8]) 0.39
ConcreteRock (from[49]) 0.42
SteelConcrete (fron50]) 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 concee(b)

the height of the concrete (h)

the thickness of the tube (t)

= =4 -4 A

Figure 3.41: Variables of the Analyses

A displacement equal to 30 mm is always applied in these analyseshe only load

applied tothe parts.

It is possible that thpenetratohas 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 anch.3In Figure 3.42the tip

radius of thepenetratois represented. The dimensions of the concradechthe tube are

the basic one€=70mm, h=60mm and t=12.5mm).
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\

r
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
particularthe graph of the force as a function of the displacement is plditisdoossible

to see that the lower foe is reached for a tip radius of thenetratorequal to 1 mm, but
possible increment of its value does not create a sensible increment of the perforation force.

Sensitivity Analysis for Different Tip RAdius

i

300

250

i
\/

|
200 | \ JJ‘ /Mv\j (\/\}

50

Force [KN]

0 2 4 6 8 10 12 14 16 18 20
Displacement [mm]
Figure 3.43: Results of the Sensitivity Anayses 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 oireB)gure3.44 the radiusof the concrete
is regpresented.
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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 corsttiertorizontal displacement of

the tube as a function of the distance from the upper part of tube Figglfd3.45, Figure

3.46 andFigure3.47)

Figure 3.45: Representation of the Displacement Considered

Sensitivity Analisy of the Diameter of the Concrete
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Figure 3.46:Sensitivity Analyses of the Diameter of the Concrete
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0 Displacement of the Tube for a Penetration Depth of 30 m
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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 irmnatacs. It

is possible to see that the force is, more s8,lalways the same, while the displacement is
lower for the values of b equal to 20 and 40 mm.

Six different values of heighif the concreteindicatal in Figure 3.48 ash, have been
considered: 5, 10, 20, 40, 68d 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 grdpthe vertical displacement of the lower part of the concrete has been
consideredinstead othe horizontal displacement of the tybegure 3.49andFigure3.50).
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450 Sensitivity Analisy of the Heigth of the Concrete
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Figure 3.49: Sensitivity Analyses of the Height of the Concrete

] Displacement of the Plate for a Penetration Depth of 30 mm
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Figure 3.50: Sensitivity Analyses of the Displacement of the Plate

The vertical displacemenff the upper part of the plate is measured in raimaters. 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 tulieftgn 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 oge A configuration without the tube has been considered to evaluate
the confinement created by the conerand its possible displacement.

The threegrapls present in ordeithe force as a function of the displacement and the
horizontal displacement of the internal and external part dfitteeigure3.51 andFigure

3.52).
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Sensitivity Analisy of the Thickness of the Tube
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Figure 3.51: Sensitivity Analyses of the Thickness of the Tube

Disqlz%cement of the Internal Part of the Tube for a Penetration Depth Disqlz%cement of the External Part of the Tube for a Penetration Depth

= No Tube —t=5[mm]
——t=5[mm] ——t=10 [mm]
100 t=10 [mm] 100 =125 [mm]
T —t=125[mm] T ——1t=20 [mm]
£ =1=20 [mm] £ 1= 30 [mm]
E a0 t=30 [mm] c 8f t=100 [mm]
o =—1t=100 [mm] o
0 0
o 0]
E) S 60f
3 £
2 2
g 0
2 40 2 40f
] ]
2 ]
0 a
2 20F
v
0 Il Il 1 1 1 1 0
0 1000 2000 3000 4000 5000 6000 0 60 80 100 120 140 160
Horizontal Displacement [;im] Horizontal Displacement [um]

Figure 3.52: Sensitivity Analyses of the Displacement of the Tube

The horzontal displacement of the internal and external part of the tube is measured in
micro-meters.In Figure 3.52it is possible tsee that increasing the thickness of the tube
the horizontal displacement is reducethe only case in which a high horizontal
displacement is reached is the one without the twherethe maximum displacemeist

equal to 6.3 mm.

An axisymmetric analysjsvith a displacement equal to 60 mm applied to the penetrator,
has been performed to evaluate the plastic deformation thad beuinduced 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 sethat a significant plastic deformation is induced in the
concrete fomdisplacement 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 selecaoséthey 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 conversiaon SPH patrticles 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, &#W8d configuration
(Figure3.54). Theload is applied in displacement control and it is equal to 60 mm. The
deformation, at which the elements are converted in SPH patrticles, is equal to 0.014.

Figure 3.54: 3d Assembly of the Perforation Test
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