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RESUMO

A relacdo entre comportamento mecéanico e hidradkécmeios porosos é objeto de estudo da
geotecnia. Ferramentas numéricas sdo amplametitaddas para a solugdo de problemas
gue envolvem esses fendbmenos. Ha aplicacdo dgssedéi estudo na geomecanica de
reservatorios de petréleo, que trata especificaendat comportamento hidromecéanico das
rochas-reservatorio e dos fluidos em seu inter@s. modelos numéricos usualmente
empregados na simulacdo de reservatorios adotastebgs simplificadoras que, geralmente,
nao implicam perdas na representatividade do mol&a@asos, porém, em que as condi¢cdes
do problema exigem o desenvolvimento dessas hgmté3 objetivo desta pesquisa foi
definir uma formulacdo hidromecéanica acoplada pexaise do problema de compactagéo
em reservatorios de petréleo considerando compikdade do fluido e dos solidos.
Conceitos de engenharia de reservatérios ajudardefi@ir tendéncias de comportamento
dos reservatorios. Estratégias de acoplamento extasprelacionados a modelos numeéricos
foram discutidos. Assim, a formulacéo foi definidam solucdo detalhada das equacdes de
equilibrio e de conservacdo de massa. Essa fordulag implementada no programa de
elementos finitos ALLFINE e testada para casos densamento unidimensional e
bidimensional. Foram feitas andlises de sensiliédapara parametros mecanicos
(compressibilidade do fluido e dos solidos) e hitichs (variacdo da permeabilidade
combinada com compressibilidade do fluido). As igeal mostraram que para um fluido
mais compressivel, a poropressao € significativéeneafetada, com retardo em sua
dissipacéo durante o adensamento. Além disso,\wahsse que tensdes elevadas ampliam os
efeitos da compressibilidade do fluido. Isso é exaamente relevante na geomecanica de
reservatorios, considerando o nivel de tensdo aogueeservatérios, geralmente, estdo
submetidos. A compressibilidade dos sélidos tamf@ravaliada, mostrando-se importante
para niveis de tensao elevados, com variacao is@tivg do coeficiente de Biot. As anélises
para permeabilidade mostraram que sua variacasofé® influéncia da compressibilidade
do fluido. Esses efeitos puderam ser separadosde@imcdo da zona de influéncia de cada.
Observou-se, ainda, a formacédo de regides com kmexmeabilidade em camadas que
adensaram mais rapidamente, alterando o fluxo. r&dtacdo proposta é adequada para
descrever os parametros estudados. Os efeitosngigressibilidade do fluido e dos solidos
foram simulados e analisados, oferecendo resulsigogicativos.

PALAVRAS-CHAVE : geomecéanica de reservatorios, reservatérios dérolee,
acoplamento hidromecéanico, compressibilidade dddlicompressibilidade dos solidos.
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ABSTRACT

The mechanical and hydraulic behavior of porous imnésl studied in geotechnics. The
solution of many geotechnical problems is performsithg numerical modeling. This type of
tool can be applied in reservoir geomechanics stian, which comprises hydro-mechanical
behavior analyses. The numerical model representaif reservoirs is usually simplified
and, in certain cases, simplifications do not imply losses in results and behavior
prediction. However, some situations require mowngrehensive approaches, with
development of previously neglected conditions. Tin@n objective of this research is to
define a formulation for fully coupled hydro-mecimal analyses for compaction in
petroleum reservoirs considering fluid and solidmpressibility valid. This model can also
be used for general application in geotechnicsodginout this research, the concepts of
reservoir engineering presented helped definingaeh tendencies of reservoirs. Also,
coupling strategies and specific features for thmerical model were discussed. Then, the
formulation was defined with a detailed descriptmiequilibrium and mass conservation
equations solution. This formulation was implemdrite Finite Element program ALLFINE
and tested for one and two-dimensional consolidatiases, with sensitivity analyses for
mechanical (fluids and solids compressibility) drydiraulic parameters (permeability and its
combined effect with fluid compressibility). Flubmpressibility analyses reveal that this
consideration affects fluid pressure responsesifgigntly, with a delay in fluid pressure
dissipation during consolidation process. Also, hhigtress levels magnify fluid
compressibility effects. This is extremely relevémt reservoir engineering, considering the
stress level to which reservoirs are usually subgecSolids compressibility is also evaluated.
Values of Biot’s coefficient change significantlyhen high stress levels are imposed,
highlighting the importance of considering solidenpressibility in these cases. Permeability
analyses showed that permeability variation isimibdenced by fluid compressibility. These
effects can be separated, being possible to d#iwie influence range. Another effect is the
formation of low-permeability zones for layers tlkensolidation process occurs faster,
altering fluid flow. The proposed formulation isemplate to describe the studied parameters.
The effects of fluid and solids compressibility thbe simulated and thoroughly analyzed in

this research, providing remarkable results foemesir geomechanics simulation.

KEYWORDS: reservoir geomechanics, petroleum reservoirsydigtechanical coupling,
fluid compressibility, solids compressibility.
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1 INTRODUCTION

1.1 THEME CONTEXTUALIZATION AND MOTIVATION

Peculiar features characterize a petroleum reseridie fluids within this porous
medium, oil, water and gases, create behavior tiondi quite unique, which stimulate
researches related to petroleum reservoirs.

In reservoir geomechanics, there are many studgsfien order to better understand
physical properties and behavior of a petroleunerkesr. Some of them are (Samier & De
Gennaro, 2007; Pereira, 2007):

» Geological storage and petroleum production fleidjection;
» Tide effects analysis in mechanical properties ds@rvoir;

» Constitutive modeling for reservoir rocks;

* Fault reactivation;

» Compaction and subsidence.

In reservoir geomechanics, compaction is the giladoaing of reservoir rock pores
due to an increase in effective stress, consequehdhkiid pressure decrease during olil
production. Subsidence corresponds to the collapseiperficial zones above the reservoir
which has suffered compaction.

When the first oil fields started to being monitbrelata of surface displacements have
been registered, indicating that during oil produttsome kind of phenomenon took place
and induced surface subsidence. There are reglsiata of known petroleum fields in which
the displacements reached 4,3 m. This magnitudispfacements may damage equipments
used during oil production process, altering tipeiformance.

These displacements may also affect oil recovagsrd he pore volume reduction may
influence oil recovery in two ways. Depending onwhpore closing occurs, oil can be
trapped within the voids of the reservoir rock, @asing recovery rate. Another possibility is
that the oil is forced out of the pores, increailgproduction rate.

Considering the presented issues, engineers ahdi¢eans have realized the need of
modeling and simulation in order to perform preidictanalyses for petroleum reservoirs.

However, representing a complex medium such asolpain reservoirs may be
difficult. The stress state of the rock, the flpicessure, the peculiarities of the fluids within
the rock, all this influence the responses obtaingl reservoir simulation. Representing all

these variables and parameters may be difficultthedevolution of the type of performed
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analyses for petroleum reservoirs led researclermdeveloping more accurate prediction
methods.

Numerical modeling may be an important ally in reeg geomechanics. Studies of
behavior prediction may help increase productiatya reservoir, therefore being of great
interest of the petroleum industry.

In many cases, numerical modeling for reservoimgechanics is restricted. There are
many features involved in the studied problemshsas number of phases within the
reservoir, pressure and temperature conditionsifsperoperties of the fluids and the rock
(e.g., compressibility). The reproduction of akks$e variables is difficult and it may limit the
possibilities of numerical simulations.

Many simplifying hypotheses are made in typicakresir geomechanics studies, such
as considering the fluids within the reservoir imgessible. There are fluids in a petroleum
reservoir which have a considerable level of comsgil®lity, such as oil and gases. Therefore,
considering these fluids incompressible may neglegtiro-mechanical effects which

influence directly porous medium physical behavior.

1.2 RESEARCH OBJECTIVES

The main objective of this research is to definéuldy coupled hydro-mechanical
formulation considering fluid and solids compredgib valid. The proposed numerical
model can be employed in compaction problems feropim reservoirs and it can also be
used for general purpose applications in geoteshegpecially consolidation problems.

The intention with this study is to verify the iménce of fluid and solids
compressibility and gradual void closure with fltldw on the porous medium physical
behavior. Some simplifying hypotheses are madéim research, such as considering the
porous medium totally saturated with one type widfland in isothermal condition.

The fluid compressibility mentioned as one of thaimtopics of study in this
dissertation refers only to liquid fluids, not bgirelated to gases theory. The focus of this
research is to study the effect of liquid fluidsmgmressibility in porous media physical
behavior. Therefore, the simulations performedhis study consider only one liquid fluid
within the porous medium.

The specific objectives of this research are:
 To implement the proposed mathematical formulatiorthe finite element program

ALLFINE (Farias, 1993; Cordao Neto, 2005);



» To validate and calibrate this formulation throusggmsitivity analyses for mechanical and

hydraulic parameters;

* To verify the fluid compressibility (liquid) influece in physical behavior of porous

media,
» To verify the solids compressibility influence ihysical behavior of porous media;

* To compare the results of simulations performedh witear elastic model and modified

Cam-clay during the sensitivity analyses;

It is also important to highlight that the numetinaodel proposed and implemented in
ALLFINE is the first step for future improvement tfe software. In further research, this
program will be enabled to simulate behavior of tphbse petroleum reservoirs with

geomechanical and hydraulic coupling.

1.3 OUTLINE OF THE DISSERTATION

This dissertation is divided in 7 chapters:

» Chapter 1 — a brief introduction is presented, wiftb contextualization of the studied

problem and the main objectives of this research.

» Chapter 2 — it contains a review of the conceptpired for the development of this
research, with an overview of researches concemgsgrvoir geomechanics, description
of petroleum and reservoir features and physicapgnties. Then, the compaction is

defined and discussed.

» Chapter 3 — the formulation of the problem is idtroed. The detailed deduction of this
formulation is presented, with all assumptions a@stlablished conditions described.
Then, a brief description of the constitutive madainployed in the simulations is made.

 Chapter 4 — two specific topics are covered in tthapter, coupling strategies and
description of the program used for the implemémtatof the formulation and

simulations.

» Chapter 5 — tests for the mechanical parameterd #nd solids compressibility are
performed for the proposed formulation, with sintigla of two different cases. A
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sensitivity analysis of these parameters is maderder to evaluate the degree of

influence of each parameter in the hydro-mechariebhvior of porous media.

Chapter 6 — tests for a hydraulic parameter, pébitiga are performed. A permeability
function is established based on void ratio chaifése porous medium and a sensitivity
analysis is made for incompressible and compressthlids with two different

constitutive models, linear elastic and modifiedrCelay.

Chapter 7 — a discussion with the conclusions dkier reported topics through this

research is presented, including the main resnlissaggestions for further research.



2 LITERATURE REVIEW

The study of reservoir geomechanics is relatedifferdnt application fields. In this
dissertation, the main goal is the study of compagiroblems.

Compaction is defined as the gradual closing olapsk of the pores of the reservoir
rock due to fluid pressure decrease and effectressincrease during oil production.

The volume changes of the reservoir with the conigacprocess can induce
displacements of the surface, known as subsiddise concepts are thoroughly explained
in section 2.5.

Being the compaction a major concern in reserveangechanics, several studies have
been made in order to clarify these problems. Mighe the understanding of specific
features of petroleum and the reservoirs beconssnaal.

This chapter contains the main concepts relateddervoir engineering, with a review
of studies made in this area. Then, features regarg@etroleum generation process,
petroleum reservoir and its physical properties discussed. Finally, compaction and
subsidence problems are presented, with their fesittheir triggering mechanisms and the

cases reported in literature.

2.1 RESEARCH AND ADVANCES IN RESERVOIR GEOMECHANICS

The first studies of compaction and subsidenceopmed in reservoir geomechanics
were related to magnitude estimation of surfaceldeements. According to Geertsma
(1973), there have been published some papersimfthmation concerning the causes of
surface subsidence. Some researches relating ogseompaction and surface subsidence
were performed, as well as studies to determinehamecal and hydraulic changes which
may influence these phenomena.

Settari (2002) defines compaction and the conditifam its occurrence, definitive for
evaluating oil field exploitation viability. Wheiése mechanisms are known, it is possible to
estimate the oil reserves in a field, optimizingpsoduction. In this paper, it is also pointed
out the importance of studies of coupled hydro-raeatal approaches in compaction
analysis, making this type of technology used rgdascale.

Representing the rock, the fluids and the surrcugsliof the reservoir is necessary in
order to evaluate reservoir physical behavior aagioductivity. However, there are many
factors involved in assembling an adequate model.

Specific features of the fluids, such as its corsgif®lity, viscosity, phase changes and
gases release with pressure decrease, may beiliitbaepresent. These difficulties could be
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related to computational limitations or even partiaderstanding of the physics of the
problem. Either way, accurate models of petroleeservoirs are difficult to be made and
numerical analysis is not as representative dwoitlgl be.

Many authors highlight the importance of focusing researches which could make
possible a more appropriate representation of lgeino reservoirs. This would allow more
precise predictions based on numerical modelintl)) mésponses of recovery rate and surface
displacements closer to the observed in olil fields.

A proper way of representing mechanical and hydrglienomena in porous media is
defining a coupled hydro-mechanical formulation.ughit is possible to visualize the
responses in terms of displacements of the rockixreatd fluid pressure. This allows a better
understanding of the problem, being possible tdraprthe stress-strain state and the fluid
flow through and out of the reservoir (Settari & Mées, 2001; Dean et al., 2006; Samier &
De Gennaro, 2007).

However, a fully coupled approach may be quiteid@iff to perform in terms of
computational cost required to it. Therefore, ottealysis options, such as iterative solving
of the equilibrium and the flow equations, can bgkyed as alternative (Settari & Walters,
2001). The results may not be as accurate as utlyadoupled approach, but are useful as
response estimates. More information on coupliregegies is reported in chapter 4.

Another significant aspect in numerical simulatioh petroleum reservoirs are the
constitutive models. There should be specific gopr@priate models for the reservoir rock,
in terms of stress-strain responses, for the fluiliserms of compressibility, and for the
fluid-rock interaction, in terms of saturation apdrmeability. Settari & Walters (2001)
highlight the importance of defining the constietimodels adequately, making comparison
of the rock behavior with a non-linear elastic moaed an elastoplastic model (Drucker-
Prager failure criterion).

In parallel, many studies in order to clarify ttepacts involved during compaction and
subsidence of a petroleum reservoir have been aleeel(Pastor, 2001; Falcdo, 2002; Wan,
2002; Dung, 2007; Pereira, 2007; Gomes, 2009). dwsthave identified and studied many
variables which may affect the mechanical and tyardulic behavior of a reservoir during
oil production. The mechanisms which could triggempaction and subsidence have been
discussed thoroughly. Many simulations have beefopeed as an attempt of refining the
available numerical models in different softwar@esults from this type of research are still
being collected and reported in literature, pravidbasis for the growth and development of

new reservoir geomechanics studies.



Computational difficulties are nowadays the mogniicant barrier for numerical
modeling in reservoir geomechanics, especiallyamgaction and subsidence simulation.
Scientists and engineers study different optiondetieelop accurate numerical simulation of
petroleum reservoir for compaction and subsidenagblpms. The mechanical and the
hydraulic aspects of the problem are considerett, & coupling taken into account.

For representing an oil reservoir, the usual apgraa based on biphase models. The
formulation for this type of problem is complex digethe various factors which interfere in
reservoir physical behavior (oil, water and gaswflonteraction among phases, pressure
interference in fluid responses).

Considering the difficulties inherent to this typé study, many simplifications are
made in the formulations proposed for solution luése problems. The fluids within the
porous medium, including oil, are considered incoespible. There are few researches in
reservoir geomechanics in which the assumption sifjaificant compressibility of the fluid
is made. Also, the compressibility of the solidsnist taken into consideration in most
researches.

The study made by Jha (2005) presents some resilt®il compressibility
consideration in reservoir simulation, comparing delo responses for different
compressibility values. However, it is not the feaf his work and the consideration is not
thoroughly explored.

The study proposed in this research is an atterhptaking the compaction problem
more generalized, including specific propertiesttté oil and the porous medium in the
coupled hydro-mechanical formulation.

Considering fluid (liquids) and solids compressipiin a coupled hydro-mechanical
analysis may alter the predicted oil recovery rafe a reservoir and its estimated
displacements. This could contribute to a bettedeustanding of the reservoir physical
behavior during oil production, being this the mgoal of this study.

Taking into account the research context of resegeomechanics studies nowadays,
it is important to define some concepts relatedhis area. Therefore, in the following
sections, petroleum generation process, physicgepties of reservoirs and specific topics

regarding compaction and subsidence problems asepted.

2.2 PETROLEUM GENERATION PROCESS

Petroleum is derived from the sedimentary basing&tion, with the settling of layers

of organic and inorganic matter in seabed or lakegler proper conditions of temperature
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and pressure, the organics decompose and form &ummiof hydrocarbons known as
petroleum. Due to its sedimentary origin, petrolesmsually found in reservoir rocks such
as sandstones, limestones and shales.

Considering its process of generation, one can aethat petroleum is composed of
different organic chemicals, with small and largel@cules. It is typical to have hydrocarbon
gas (natural gas) or liquid (crude oil) dependimgpoessure and temperature conditions to
which the reservoir is subjected. Larger-chainedrbgarbons form heavier fractions of
petroleum and smaller chains, lighter fractions.

A review of the behavior of petroleum organic commpds may be important to
characterize this fluid (McCain Jr., 1933), defmiproperties like compressibility, viscosity
and volatility, which influence flow through thesexvoir directly.

In a petroleum reservoir, there are pressure amgeeature conditions to which the
fluids are subjected. During petroleum productithe oil suffers pressure and temperature
changes when going from the reservoir to the pribolucwell and later to the surface.
Therewith, tendencies of behavior of the fluid nb@yestablished, as illustrated in Figure 2.1.
In Figure 2.1 (a) and (b), the expansion of theilgnay be observed, only by the pressure
decrease effect. In Figure 2.1 (b) and (c), theneaporization of the liquid and in Figure 2.1
(c) and (d), more expansion takes place, in thégctor both fluid phases. Finally, in Figure
2.1 (e), there is temperature decrease, whichffeton fluids volume.

The vaporization observed at a certain pressurel isvjustified by the bubble-point

pressure concept, explained in details in secti8ri2

1 il gas | o 938
l J gas 19,144 m? 16,057
(0,850 m3 w3 sid
P— liquid I
liquid liquid - liquid
A 1.33 liquid | — 'a
1,30 m 1.20 3 1.04 pid “ 1.00 m?3 std
p.= 246 arm py = 176 atm p=384atm p=larne p=lam
T=71°C T=71° T=71°C r=71°C T=20°C
(a) (b) (c) (d) (e)

Figure 2.1 — Changes of pressure and temperatuirggduetroleum recovery process
(modified Rosa et al., 2006).

The behavior of the fluid in certain pressure ctinds highlights the great influence

compressibility can have, justifying once more pineposed study. Again, it is important to



highlight that this research comprises only theavesr of compressible liquid fluids, with no

mention to gas phase.

2.3 PETROLEUM RESERVOIRS

Petroleum generation process is characterized éyayering of sediments create a
geological formation quite porous, with decomposeghanic matter (petroleum) intertwined
with the rock. This is known as source rock (Ddl&/8).

Specific features of petroleum, such as the demsditys compounds, may induce the
crude oil and the natural gases to migrate fromptledound zones where the source rock is
located to much shallower depths. The migratiopeatfoleum is interrupted when a very low
permeability zone is reached. Therewith, petrolesitnapped by cap rocks in porous zones
of the rock matrix, the reservoir rocks.

It is important to highlight that given the formati process of a reservoir, there are oil,
gases and water in it, constituting the three-pihhafbeid system studied in reservoir
geomechanics.

Many aspects influence petroleum generation, induck great variability in the
process. So reservoir fluid composition may diffe¢ing some only composed by gas, other
exclusively by oil. Defining the fluids in a reseiv allows the evaluation of proper
numerical modeling to be employed and, at a latages the adequate techniques for
petroleum exploitation.

For that reason, there is a classification systermpétroleum reservoirs, presented in

the following section. In sequence, it is made scdption of petroleum recovery processes.

2.3.1 CATEGORIES OF PETROLEUM RESERVOIRS

The variability in petroleum reservoir generatiorogesses makes each reservoir
unique, with different properties. Thus, it is edsd to classify the different types of
reservoirs. Categorizing helps on the definitiorthaf requirements for performing numerical
analysis. The fluids in the reservoirs, its diffdirgphases and coexistence reflect on the
modeling and, therefore, this classification isessary. Thus, each reservoir category may be
described with proper physical models.

A petroleum reservoir may be assorted in differveays, depending on many variables,
such as (Ahmed, 2001):
* The composition of the hydrocarbon mixture in tegervoir;

* The initial conditions of pressure and temperature;



* Pressure and temperature of the surface production.

Considering the fluids in a reservoir as a multipement system and also the pressure
and the temperature conditions by which they majnfieenced, it is convenient to express
this system in a phase diagram, as shown in Figu&eThe fluids within a reservoir may be
characterized with this pressure-temperature dmad@aT diagram), which relates pressure
and temperature conditions of these fluids. Thdlewihe coexistence of phases and

particular conditions of the fluids are defined.

ritical point

Pressure ———

Temperature ——

Figure 2.2 - Pressure-temperature diagram for aiconiponent system
(modified Ahmed, 2001).

Consequently, petroleum reservoirs may be grouptxdategories given their phase
composition. The temperature to which the resenvsir subjected reflects on this
classification. If such temperature is lower thha tritical temperature of the hydrocarbon
fluid (Critical point - Figure 2.2), it is an oieservoir. If such temperature is greater than the
critical temperature of the hydrocarbon fluid sita gas reservoir (Ahmed, 2001).

Pressure is also used to categorize petroleumvia@sdfor such, some importance may
be given to the bubble-point curve (Figure 2.2)céntain pressures, the gas which could be
within the reservoir is completely dissolved in ttrade oil. Therefore, it does not compose a
continuous and movable phase. During the procespetioleum exploitation, pressure
decreases in the reservoir and bubbles startde gradually in the oil. The pressure limit for
the appearance of a gas phase (bubbles) in thevogss the bubble-point. The bubble-point
pressure is a parameter used for classifying regerin three categories:

» Undersaturated reservoir: the initial reservoirsptee is greater than the bubble-point
pressure;
» Saturated reservoir: the initial reservoir presssiequal to the bubble-point pressure;
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» Gas-cap reservoir: the initial reservoir presssrwer than the bubble-point pressure —
there are two distinct, continuous and movable @has the reservoir — gaseous phase
and oil phase.

The development of appropriate numerical modelsrépresentation of multiphase
reservoirs is possible with the understanding efdbnditions of pressure and temperature of
a reservoir.

Even though not very common in practice, the foatiah developed and tested in this
research is specific for a monophase reservoir q@ilirated reservoir, e.g.) in isothermal

conditions.

2.4 PHYSICAL PROPERTIES OF A PETROLEUM RESERVOIR

In reservoir geomechanics, researches relatedltanol natural gas production are
developed. Maximizing the recovery rate is the ngoal: greater production means quicker
financial response. Therefore, studies regardingiphl aspects of phenomena in oil and gas
reservoirs are important. It is necessary to impnevmerical modeling of reservoirs in order
to predict reservoir behavior due to changes esststrain state.

Foremost, characteristics of the reservoir mustdtablished, not only for the reservoir
rock itself, but also for the fluid and the fluidek interaction.

There are some characteristics of fluid-rock irdBom which must be considered in
cases of a multiphase flow. For that reason, tleeee some specific features regarding
multiphase reservoirs which will not be describadthis review, taking into account this
research focus, a monophase, oil-saturated reservoithe following section, the main
aspects regarding reservoir features are presented.

2.4.1 DENSITY AND VISCOSITY

The fluids within the rock and the reservoir itsetiust be characterized to their
behavior be properly represented in numerical nwod&éhe density is a basic feature
commonly described for fluid and rock matrix.

The density is defined as the ratio of mass to melu Specifically for the solid

particles, for the rock matrix, this ratio is:

P (2.1)

S

where: p_ is the density of the solid particléds is the mass of solids aid is the volume of

solids.
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The specific gravityGs is a dimensionless variable also used to exptressiénsity of

solid particles. It is a normalized value of sold#nsity relative to water density.

Yo,
Gy =— 2.2
Pw (2.2)

where:Gs is the specific gravityp, is the density of the solid particles apg is the density

of the water.

For a fluid within the rock, the density is definast
Ps = f 2.3
f Vf ( . )

where: p, is the density of the fluidvls is the mass of fluid andis the volume of fluid.

There are cases in which the rock is saturated oviti one fluid. When this happens,
the volume of fluid corresponds to the pore volwhehe reservoir.

It is important to highlight that the density ofettluid varies progressively with
changes of pressure, determining the compresgilafitthe fluid. In general, the pressure
variation rate is not significant and the densihamges might be neglected in modeling.
However, in some particular cases, like in petnolereservoirs, the effects of pressure
changes are greatly noticed and must be takerag@ount. The density of liquid fluids varies

with pressure like expressed in Eq. (2.4) (Peacedf/; Rosa et al, 2006):

do; =C; p,; dp (2.4)
where: d p, is the differential of the density of the flui@; is the fluid compressibility and

dpis the differential of pressure.

Another feature quite important in cases of oikergeir analysis is the viscosity of the
fluid. This property represents the resistancehefftuid to a shearing force. As well as the
density, the viscosity of a fluid also depends loa pressure to which it is subjected. The
temperature of the fluids influences its viscositywell, decreasing as temperature increases
(Fredlund & Radharjo, 1993).

In reservoir engineering, there are several egwlirmethods proposed for oil
viscosity estimative. Usually, these methods deitegma correlation between the oil viscosity
and the API gravity of the crude oil. The API gtgvis a parameter to compare the oll

density to water density, given by the followingpeassion:
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‘AP = 1410 31 (2.5)

Yo
where: y, = p,/p.,» P, is the oil density at 60 °F (15,6 °C) apyg is the water density at 60

°F,

One empirical method for estimating oil viscos#yBeal’s correlation, function of the

temperature and the API gravity. It is known as:

1,8.10 360 Y
#:(0’32+°API4'53J(T—ZOOJ (2:6)
a= 10(0,43+ 8,33° API) 2.7)

where: uis the dynamic viscosity of the fluid afids the reservoir temperature, in °F.

2.4.2 POROSITY

In order to understand the behavior of the resemamk, porosity is one of the first
features which should be defined. It refers tordservoir volume that is empty or filled by
fluids, particularly the pores of the solid matrbhere are two distinct types of porosity — the
absolute and the effective porosity (Ahmed, 2001).

The absolute porosity is attributed to all voidghe# rock, presented in Figure 2.3. The
effective porosity, however, it is related to tiderconnected pores, as shown in Figure 2.4

(b). This represents the preferential paths thromigich fluids can run.

&L L mm___

Figure 2.3 - Absolute porosity of a rock (Iglesi2a809).

(b)

Figure 2.4 — (a) Non-interconnected pores of a;rfzkinterconnected pores of a rock
(Iglesias, 2009).
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2.4.3 ROCK COMPRESSIBILITY

A quite relevant property is the compressibility the rock. The reservoir rock is
subjected to a stress state and fluid pressureshwdudjust throughout petroleum recovery
process. These variations may induce volume chaingée grains (solids), in the pores or
even in the whole reservoir rock. The ratio betwgelume variation and stress/pressure
changes defines rock compressibility.

There are three categories of compressibility wicah be distinguished in rocks (Rosa
et al, 2006):

» Compressibility of the rock matrix: it takes intocaunt the fractional variation of the
volume of solids of the rock with pressure changes;

» Pore compressibility: it takes into account thectial variation of the volume of the
pores (voids) of the rock with pressure changes;

» Total compressibility of the rock: it takes intocaant the fractional variation of the total
volume of the rock (solids and voids) with pressthranges.

In reservoir geomechanics, the most significanunra changes are those observed in
the pores of the rock. This phenomenon charactetize effective compressibility of the
reservoir, described in Eq. (2.8).
14y

®% Lp
where:Cetis the effective compressibility of the rocy, is the initial porosity of the rock)g

(2.8)

ef

is the porosity variation andp is the pressure variation.

For reservoir geomechanics, this definition (Eg8)Ris particularly important. Most of
commercial softwares for reservoir geomechanicsisition use this equation to describe the
porosity changes in terms of compressibility.

Pore compressibility may be quite significant iralébw unconsolidated reservoirs,
with values of 6,89 x IfikPa being measured, for instance, in the Bolivaa<t fields in
Venezuela. It is essential to consider the effeftpore compressibility in cases like this
(Dake, 1978).

2.4.4 WETTABILITY
As already mentioned, petroleum is stored in higidyous layers, the reservoir rocks.
The main features of the rock and the fluid-rodietiaction must be specified in order to have

the information required for reservoir modeling.
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An important characteristic is wettability. Thisoperty concerns the contact angle
between the solid matrix (surface) and the flumtetmolecular forces which connect the
compounds of each petroleum liquid phase — crubdanal water — influence the fluid-rock
interaction. In crude oil, fairly small intermoldau forces between hydrocarbon molecules
make the oil-rock adherence minimum. Therewith,dbtmetact angle of oil with the reservoir
rock is null, distinguishing it as the non-wettippase. The water phase found in the
reservoir, on the other hand, adheres completelyhéo solid matrix, characterizing the
wetting phase (Ahmed, 2001), as shown in Figure 2.5

Figure 2.5 — Water wettability (from internet).

2.4.5 PERMEABILITY AND SATURATION

Given the distinct fluids that may be within therg® of a petroleum reservoir, it is
important to establish some aspects regarding [sdilitg.

Permeability is defined as the measure of transhilisg of a fluid in a porous
medium. This measure may vary depending on the eydéuid, its viscosity and density.
Therefore, in the same medium, the flow of différBuids occurs in different rates. This is
particularly important for petroleum reservoirswimich, in general, there is more than one
phase of fluid.

There are three categories of permeability whighlmadetermined in a given medium:
absolute permeability, effective permeability aathtive permeability.

The absolute permeability of the reservoir rockdetermined with an inert fluid,
usually nitrogen or hydrogen gases, which satuaewpletely the intertwined pores.

The effective permeability is a specific measuretfe petroleum composing fluids.
Therefore, the effective permeability of the oihter and gas are determined for the reservoir
rock. Finally, the relative permeability is a notimed ratio between the effective
permeability for each fluid and the absolute peroigg (Egs. (2.9), (2.10) and (2.11)).
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o =2 (2.9)
Kk, :% (2.10)
k., = Ky

rg _? (211)

where:ky, kw, kq are the relative permeabilities of the oil, wadad gases, respectiveks,

kv € kg are the effective permeabilities of the oil, wasrd gases anK is the absolute
permeability.

The distribution of the different fluids in the asrof the rock is important to define
flow occurrence in a reservoir. Therefore, conceptgrding saturation are important and
should be stated.

The degree of saturation of a sample is relatetidovolume of fluid within the rock.
The saturation may be established for the diffeflerds which compose petroleum — oil, gas

and water — and this reflects directly on reserbeinavior.

_V

%=y (2.12)
_Vy

Ve (2.13)
— Vg

kv (2.14)

where:S, Sy and S, are the degrees of saturation for the oil, theewahd the gases in the
reservoir, respectively,, Vw, Vy andV, are the oil volume, the water volume, the gas
volume and the pore volume of the reservoir, rebpsy.

In order to flow being established through the mesie, there is a minimum volume of
fluid necessary. For this reason, defining the de@f saturation of each fluid within the rock
is essential to understand how fluid flow occurshie reservoir. There are three limit values
which delineate what happens to each fluid, depenain its degree of saturation in a

petroleum reservoir. For the oil phase, the follogviimits should be taken into account
(Ahmed, 2001):
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* Residual oil saturation: it is related to a voluaieil impossible to be removed from the
pores of the reservoir rock;

» Critical oil saturation: it is the minimum degrelesaturation required to the occurrence of
oil flow;

* Movable oil saturation: it refers to any value agdee of saturation greater than the
critical saturation. Therefore, in this case, tlwume of oil in the reservoir is always
more than the necessary to establish flow throbgtrdack.

There are some important phenomena dependent odetiree of saturation of the
water and gases in the reservoir. It is necessatigfine for those phases these two concepts
(Ahmed, 2001):

» Critical water saturation: this refers to the minimm water saturation at which the water
phase remains immobile. This remaining water inrdeervoir is also known as connate

water, as shown in Figure 2.6;

Figure 2.6 - Connate water in an oil reservoirgsigs, 2009).

» Critical gas saturation: when a multiphase resengosubjected to high pressure (greater
than the bubble-point pressure), the gases remssolded in the oil. Therefore, the gas
does not form visible bubbles. When reservoir pressleclines above the bubble-point
pressure, bubbles start to appear, but still doferot a movable phase. The critical gas

saturation limit is reached when above it, gas ety move, as illustrated in Figure 2.7.

258 - 55

Figure 2.7 — Petroleum despressurization — movgdeous phase formation
(Iglesias, 2009).
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The definition of the degree of saturation of theds in a reservoir is more significant
for multiphase reservoir analysis. However, thdicai gas saturation definition may be
useful in order to visualize the compressibilitypaetroleum composing fluids.

The basic concepts presented in this section axeseary to understand the behavior of
a petroleum reservoir, making possible a more aatequumerical representation of this type

of medium.

2.5 GEOMECHANICAL IN RESERVOIRS: COMPACTION AND
SUBSIDENCE

The maximum productivity of a petroleum reservarthe main goal in reservoir
geomechanics. The process of oil recovery from @mol@eim reservoir implies in fluid
withdrawal from the rock, which causes fluid pressdecrease. This alters the stress-strain
state of the rock and fluids within and these vetes guide the production process.

In reservoir geomechanics, many studies can be nradeder to comprehend the
physical behavior of the reservoir rock and thedBuwithin (Samier & De Gennaro, 2007,
Pereira, 2007). The proper understanding of therves behavior may help in future
performance prediction. Therefore, the study ofnameena which may influence petroleum
recovery rate is of great importance.

In this section, some aspects regarding petroletwmng mechanisms and production
processes are discussed, followed by a specifitygisaf influence of the compaction and

subsidence in petroleum recovery.

2.5.1 PETROLEUM DRIVING MECHANISMS
The process of petroleum recovery is greatly infaezl by driving mechanisms of the
fluids within the petroleum reservoir. These driyimechanisms are established due to
energy provided to the reservoir, which contratsvfimechanisms that ensure oil recovery.
For a multiphase reservoir, there are basicallydsdng mechanisms necessary for oil
recovery (Ahmed & McKinney, 2005):
* Rock and liquid expansion drive;
* Depletion drive;
» Gas cap drive;
* Water drive;
» Gravity drainage drive;

« Combination drive.
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In the rock and liquid expansion drive mechanisrthemwoil recovery is initiated, with
fluid pressure decrease, the fluids within the mesie and the reservoir rock itself tend to
expand due to their individual compressibility (smes 2.4.1 and 2.4.3). This causes
reduction in pore volume, forcing the fluids outtloé reservoir to the wellbore.

The depletion drive mechanism is significant fodersaturated reservoirs. During the
production process, pressure declines in the reseftwhen the bubble-point pressure is
reached (section 2.3.1), gas bubbles are liberaithth pore spaces of the rock. The bubbles
gradually expand and force oil out of the poredshechanism takes place until critical gas
saturation is reached. When this happens, freebggms to flow toward the wellbore and
vertically, forming a secondary gas cap.

In a multiphase reservoir with a gas cap, the ertsgjases within the reservoir expand
with pressure decrease and this also forces floudof the pores rocks, characterizing gas
cap drive mechanism (Figure 2.8). This mechanisny b associated to dissolved gas

liberation, like mentioned in depletion drive megisan (Ahmed & McKinney, 2005).

Figure 2.8 — Gas cap drive mechanism — (a) irctaldition of the reservoir; (b) gas cap
expansion and oil production (Ahmed & McKinney, 300

In some cases, there is an aquifer underneathetieevoir. When fluids are extracted,
water from the aquifer fills in the pores of theeevoir (Figure 2.9). Thus, during production
process, it is not established a significant pressiecrease within the reservoir and oil
withdrawal is much less productive. In some sitwagi it is also initiated water production, a

non-profitable situation. The ideal is to minimizater and gas production, so oil recovery is

Reservoir

Aquifer

maximized.

Reservoir

Figure 2.9 — Water from aquifer filling oil reseiw¢Ahmed & McKinney, 2005).
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The gravity drainage drive mechanism is a resulthef difference in densities of the
fluids in a reservoir. With petroleum formation pess and natural migration within the
reservoir, the fluids are mixed. After a periodtiofie, the fluids tend to separate, the more
dense fluid settling to the bottom of the reservibie water. In this way, the fluids have been
separated as a result of gravitational forces actfdonsidering the period involved in
petroleum formation and migration processes, folldwoy the large time with no flow
processes within the reservoir, i.e. before pradacthis system of fluids is assumed to be in
equilibrium. It may be established then that thetacts between fluids are horizontal, as
illustrated in Figure 2.10.

Figure 2.10 — Initial fluids distribution in an agservoir (Ahmed & McKinney, 2005).

The fluid segregation observed in this type of nesie may contribute substantially to
oil production. The fluids are separated in zonesthis facilitates their recovery.

Finally, the combined drive mechanisms are the mostmonly observed during oil
production. The combinations of different drive magisms usually present are:
» Depletion drive and water drive;
» Depletion drive with gas cap drive and water drive.

It is important to highlight the special role ofagity drainage drive mechanism, which
enhances oil recovery in most cases.

The understanding of the physical behavior of #servoir and the drive mechanisms
of the fluids within is essential in order to pretdireservoir behavior and production

performance.

2.5.2 PETROLEUM PRODUCTION PROCESSES

Once a zone with petroleum is located, it is fundatal to study the initial conditions
of pressure and temperature of the reservoir. Tihaan be possible to define the appropriate
method of petroleum recovery. It is necessary twlystthe aspects which may influence

petroleum production in order to evaluate the pabflity of the project. Different techniques
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may be applied and, consequently, the appropriaeschosen not only by physical aspects,
but so by financial aspects (Cheinal, 2006).

Petroleum recovery is made by drilling a well ie surface (land, seabed or bottom of
lakes) to the reservoir. After this, there are ¢htgpes of recovery processes which can be
applied (Dake, 1978).

The primary recovery takes place due to a presgagient between the reservoir and
the well. Considering that the reservoir is undeater pressure than the well, the difference
of pressure between them makes the fluids flow fteereservoir to the well, characterizing
primary recovery. During this process, the interpiassure of the reservoir decreases and,
consequently, the effective stress on the reserwamreases. This makes pore volume
decrease, inducing the oil flow out of the resarvAnother important aspect to consider is
the fluid expansion given the decrease of pressiside the reservoir. This also helps the
extraction of crude oil and water from the reseryBiosa et al., 2006).

During the continuous process of petroleum produgta stage of balance between the
pressure in the well and in the reservoir is redcNeéhen this is observed, it is required the
development of a different method of petroleum vecy. Auxiliary methods might be
needed to increase recovery rates if petroleumyatazh becomes not sufficient in terms of
financial response.

The secondary and the tertiary petroleum recoverggsses are based on the idea of
increasing natural energy of the reservoir withdflunjection (Dake, 1978). This procedure
forces petroleum to flow out of the reservoir, @oning its production and increasing
recovery rate. The secondary and tertiary recoypeogedures are methods which follow
primary recovery.

Secondary recovery refers to procedures of wabedihg and water steam injection in
the reservoir. This makes the gradient of pressufécient to induce oil flow out of the
reservoir, increasing its recovery rate.

Tertiary recovery process corresponds to procedworescover residual oil within the
reservoir, therefore being the last method empldage@cover fluids from the reservoir. The
type of injected fluids in this recovery procesarbonic gas, polymers or surfactants, is
reactive to the water or the oil in the reservtiiggering chemical and thermal effects.
Changes in water viscosity or in oil miscibilityrcéake place, affecting positively petroleum
recovery rate. This type of recovery is used ontemwthe secondary recovery is not possible
(Dake, 1978).
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The injection of other fluids could influence thienalation results for fluid pressure
estimative. Therefore, in order to isolate the @#eof fluid and solids compressibility, only
primary recovery is considered in this researchusJithe evaluation of compressibility
effects on model responses is more accuratelytezgis

2.5.3 COMPACTION AND SUBSIDENCE

During the oil production, fluid pressure declingsjucing effective stress increase in
the reservoir. With the load of overburdens, siddbns and underburdens layers and
pressure changes, processes of strain and rockxrpabperties changing are observed. A
gradual closing or collapse of the pores of themesr rock is established, characterizing the
phenomenon known as compaction (Lewis et al, 2B@8gira, 2007; Gomes, 2009).

Volume reduction caused in compaction may inducéase displacements above the
reservoir rock. This particular phenomenon is knagnsubsidence. Both compaction and
subsidence are illustrated in Figure 2.11.

COMPACTION

Figure 2.11 - Compaction and subsidence in a prtrolreservoir (Pereira, 2007).

The fluid pressure decrease during oil recoverythis cause of compaction and
subsidence mechanisms. Depending on how pore gltskes place, oil might be trapped in
the voids of the rock, making oil recovery rateloec

On the other hand, these phenomena may also enbdneeovery through a process
named compaction drive. During oil production, tbiess-strain state changes induce
collapse of the pores of the reservoir rock. Thugeprolume reduction forces fluids out of the
voids of the rock. This process of pore closingreases the oil production rate,
characterizing the compaction drive mechanism (Gor2@09).

Compaction and subsidence occurrence is deternbyéde depth and the mechanical
properties of the reservoir rock, the geometry tsf hurdens and the contrast between

mechanical properties of the reservoir rock andutsoundings.
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In some cases, there are no significant lossesilimeocovery specifically due to
compaction and subsidence. Then subsidence magrbissable if it does not imply on great
damage to the surface. However, other cases canerdifferent phenomena in the reservaoir,
such as fault reactivation, fracture propagatiod damage to the production well (Gomes,
2009).

Some cases of compaction and subsidence are reégartéerature and are briefly

described in this section.

2.5.3.1 BOLIVAR COAST (VENEZUELA)

In this region, three oil fields have been affectad subsidence after three years
production has started. Landmarks were installeti9i®9 and periodic measures have been
made in order to check subsidence evolution iratka.

With a maximum displacement of the surface of 4,3nn1978, there was need of
construction of dikes to prevent flooding of sonreas. However, there were still some
regions with inundation and the vegetation becaotenersed in all field extension. There
have been reported damages in tubes and welle @iiltproduction area.

Even though many losses have been reported in &8atiwast, oil production has been
enhanced due to reservoir compaction. Primary mgowas the main production technique
employed in this region and a compaction drive raa@m has been established,
contributing to a greater oil production rate.

To avoid more structural damage in the platformstew injection has been
implemented, maintaining fluid pressure within tteservoirs and preventing from more

subsidence.

2.5.3.2 EKOFISK FIELD (NORWAY - NORTH SEA)

This reservoir, located in the Norwegian sectortltd North Sea, started to have
subsidence registries in 1984. The measure displxtein 1989 was approximately 4,3 m,
with predictions of 6,1 m for 2011. Studies in theea have proved that compaction
mechanism was responsible for the surface displaestsnas a result of fluid pressure decline

during oil production (Lewis et al, 2003). The sidiemce may be easily seen in Figure 2.12.
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Figure 2.12 - Subsidence in Ekofisk field (Pere2@)7).

Due to the compaction and subsidence problem & rigservoir, oil production has
reduced significantly and water injection proceduin@ve been started in the area. This has
induced a great increase in oil production rate.

This procedure has controlled quite well the dephetmechanism in the reservoir.
However, compaction has still taken place in thggane at constant rates. It has been stated
that the injected water reacted to the rock, caugsnweakening and consequent compaction
(Pereira, 2007).

2.5.3.3 VALHALL FIELD (NORWAY - NORTH SEA)

This is an offshore petroleum field with highly pas reservoir rocks, located in the
norwegian sector of the North Sea, 190 km far ftbm coast. This field was discovered in
1975 and its exploitation began in 1981 (Perei@®,72.

After three years of oil production, the measuralli®s of pressure within the reservoir
were lower than the expected given numerical ptigdlis, suggesting that a specific
phenomenon should be taking place in this fieldabt, in 1986, satellites images registered
subsidence in this region, attesting the occurreftiee compaction mechanism.

Numerical modeling studies and computational amaligased on data field revealed

that 70% of the petroleum production in this arees Wue to compaction drive mechanism.

2.5.3.4 WILMINGTON FIELD (UNITED STATES)

In this field, located in California, United Statassibsidence has been documented four
years after the start of the oil production procéssge horizontal displacements have taken
place in the region (approximately 3,7 m), causlaghages to an industrial area in the Long
Beach port (Lewis et al, 2003). The subsidence robritas been achieved with water

injection technique (Pastor, 2001).
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2.5.3.5 SOUTH BELRIDGE FIELD (UNITED STATES)

This petroleum field is a composition of an uncdigeded sandstone reservoir (122 to
183 m thick) and highly compressible adjacent fdroms (305 m thick), located in
California, United States.

Compaction and subsidence phenomena started takkee into account when field
operators realized that some wells had their cagamgaged. Besides that, horizontal fissures
in the surface over the reservoir were registepadlallel to maximum horizontal stresses
direction, attesting that compaction and subsideneehanisms have taken place (Pereira,
2007).

Observing the registered cases of compaction absidence and given the properties
of the reservoir rock and the fluids related to pastion and subsidence mechanisms, it may
be inferred that stress-strain changes and floid eire greatly relevant for reservoir analyses.

Therefore, it is important to state that performangalyses with both hydraulic and
mechanical approaches is the most adequate. Thysjcpl phenomena involved in the
recovery process are appropriately represented.

Coupling strategies for these phenomena shouldakentinto account, in order to

properly represent the reservoir in numerical miodel

2.6 SUMMARY

In this chapter, basic concepts of reservoir ereging have been presented. Firstly,
aspects regarding specific research of reservagjmerring are discussed, highlighting the
importance of studying compaction and subsidencghar@sms.

Later, the understanding of petroleum formationcpss helps in determining some
properties which delineate reservoir behavior. €hh, it is possible to classify petroleum
reservoir, defining the type of formation by venifg the conditions of the fluids within.

Then, some aspects of reservoir rock and petroletaperties are established. This is
of paramount importance, given the necessity ofndef properties and parameters for
posterior numerical modeling.

Finally, petroleum reservoir phenomena are disa)sseh the definition of petroleum
driving mechanisms, petroleum production proceaseésspecific features of compaction and
subsidence.

All concepts discussed in this chapter were imporita the definition of the numerical

modeling procedures performed in this research.
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3 FORMULATION

The solution of many engineering problems is onbsgible when representative
models are established and their numerical modédinmerformed. Different approaches are
required in order to represent physical phenome®ecifically for geotechnics, the
mechanical and the hydraulic behavior of a poroadienare completely interrelated.

In this chapter, some aspects regarding possihlpliog strategies for the solution of
hydro-mechanical problems are presented. Then ttiiiesl phenomena are outlined, with

definition of the mechanical and the hydraulic @gmwhes assumed in this research.

3.1 DESCRIPTION OF THE MECHANICAL AND THE HYDRAULIC
BEHAVIOR EQUATIONS

Models which represent physical processes in pomedia more commonly take into
account the mechanical behavior and the hydradi@abior, delineated by equilibrium and
fluid mass conservation equations. Therewith, tbepted hydro-mechanical approach is
important, being adequate to describe the physgianomena studied in reservoir
geomechanics (Samier et al, 2003).

However, in some cases, there is also some infeuehspecific characteristics of the
porous media. Porosity variation of the solid matriay be observed given the changes in
stress-strain state. Coupled analysis then maynbaneed by taking into account the effects
of porosity variation. This can be done by considgthe solids mass conservation.

Considering these equations, the compaction anduhsidence phenomena can have
their solutions determined by numerical modelingallows prediction of changes in stress-
strain state, representing more appropriately whatirs in a petroleum reservoir. Therefore,
it is possible to evaluate petroleum productioesatith higher precision.

The representative mathematical formulation fos¢hproblems is solved with a spatial
discretization with the finite element method (FEM)d a time discretization with the finite
difference method (FDM). The proposed formulatioms hbeen specially developed for
studies of monophase reservoirs (only for liquuids$), even though it can be applied in
cases with similar features.

The solution of the problem is divided into fourrigafor better understanding of the
reader. Firstly, it is presented the spatial solutf the equilibrium equation. Then, the mass
conservation equation is solved in space as whks@& solutions are gathered as a system of
equations. Finally, the solution in time is perfeafrfor this system of equations.
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3.2 SPATIAL SOLUTION OF THE EQUILIBRIUM EQUATION

The equilibrium equation for a petroleum resenwithe established conditions can be
described using indicial notation as:

an;+h_o 31
% = (3.1)

J

where: 95 is the stress tensop; are the body forces vector ardis correspondent to the
coordinate system.

Eq. (3.1) can also be written as:

0

9o, TVX+6TZX+bX:O (3.2)
ox dy 0z

60y+arxy+arzy+b —0 (3.3)
dy ox adz ' '

0

00, ;9% , Oy +b, =0 (3.4)
0z 0x 0y

The subsequent description of deduction of theiapablution of the equilibrium
equation is made in matrix notation. Also, the sgtrand the strain tensors are treated as
vectors, following the law of conservation of limeaomentum.

The Principle of Virtual Work is employed to solthee equilibrium equation in space.
The work due to stress corresponds to the intevogk and the work due to body forces and
boundary superficial stresses corresponds to ttezreat work. Considering2 as domain and

["as boundary of the analyzed problem, we have:
[{a} {oyda-[{oi} {8 da-[{su} {} d =0 (3.5)
Q Q r

where:{d&‘*} are virtual strains compatible to displacem{aﬁté} , {b} are the body forces

(in the domain),{T} are the boundary superficial stresses ém}j is the time derivative of
the variablex.

By definition:
{u}=[N{u} 36)
{}=[8]{d] 3.7)
where: {u} and {5} are virtual displacements and strains, respectivfM] is the

displacements interpolation matrix@|[is the displacement-strain matrix ar{ﬁ} is the
displacement vector in the domain.
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The stress-strain relation for this problem is base the definition of the generalized

effective stress, given as:
{do} =] D*]{ de} (3.8)

Where:[De"] is the elastoplastic constitutive matrix gt} is the strain vector.

The constitutive matrix depends on which modelamg to be applied for the proposed
study. Different models can be chosen and in secBd aspects regarding constitutive
modeling are described.

There are circumstances in which the stress stdakeegorous medium may be affected
by rock crystals or solids compressibility (Li et 4999). This compressibility can be

considered in the formulation with the Biot paraemefa,), defined by the following

expression:

(m[o* ) 5
ok,

where:k, is the bulk modulus of solids or rock crystals.

a,=1-

For isotropic, homogeneous and linear elastic meat& Biot parameter is defined as

a, =1. This suggests that the compressibility of thedsolatrix does not interfere in the

porous medium behavior in these conditions. Howetres parameter value may vary for
other constitutive models, such as elastoplastibusT the consideration of solids
compressibility is important to accurately reproglgolid matrix phenomenon.

With the solids compressibility consideration, teneral expression for the effective

stress principle is defined, as Eq. (3.10):
{a’} ={ag} -a,{m} p (3.10)

where: {0} is the effective stress vectofg} is the total stress vectom, is the Biot

parameter{m}’ ={1 1 1 0 0 Q for a 3D analysis andp is the fluid pressure (for a
saturated analysis).

With the substitution of Egs. (3.6), (3.7) and (B.into Eq. (3.5), the spatially-solved

equilibrium equation may be written as:
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Where:[NP] is the fluid pressure interpolation matrix.

The matrixes that represent the solved equilibrguation are assembled and may be

written as:

[K{a}+[c){ B ={F (3.12)

where:

[K]= J'[B]T [D][B] dQ, stiffness matrix, (3n x 3n), [FI[L}

{0}, nodal displacement rate vector, (3n x 1), [LI}T]

[C] :J'[B]T a,{ n}[ NP] 2, solids-fluid coupling matrix, (3n x m), [}

{p}, nodal fluid water pressure rate vector, (m x 1)UF’[T] ™

{F} :J'[N]T{b} dQ+J'[ N|" {7} d", external forces rate vector, (3n x 1), [FIT]

The dimension of the matrixes and vectors corredpda three-dimensional element
analyses, wit nodes in which the displacements are calcul&ediégrees of freedom for
displacements) anch nodes in which the fluid pressure is calculateddégrees of freedom

for fluid pressure).

3.3 SPATIAL SOLUTION OF THE MASS CONSERVATION
EQUATION

The mass conservation law description involves bbdjuid and solid phases.
Compaction and subsidence problems, by its phyaieshydro-mechanical and, therefore,
changes in the solid matrix of the reservoir rdfldicectly in storage and flow of fluids.
Besides, solids mass variation should also be dersi, given its effect in reservoir
displacements.

Regarding this consideration, in a given contrduwee, the real velocity to which the

fluid is subjected depends on fluid velocity dugéscolation (Darcy’s law) and also depends
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on the velocity of the solids (Li et al, 1999, Sefter & Scotta, 2001). The real velocity can

be expressed in indicial notation as:

f

U =g+ (3.13)
6
where:U;is the real fluid velocity vecton} is the velocity of the solids vector aqu is the

fluid velocity due to percolation vector.

The real fluid velocity assumption implies on takinto account the effects of porosity
changes in the porous medium. The velocity of tigs U is related to the displacements in

the reservoir. Thus, it may be inferred that thermeo need of expanding the porosity term in
the proposed formulation. This is the same approaeld by Corddo Neto (2005).
It is important to define the expression for thduwmeetric fluid content, which is

associated with porosity as shown in Eq. (3.14):

8 =nS' (3.14)
where: 8 is the volumetric fluid content of the mediumis the porosity of the medium asd

"is the degree of saturation of the medium.

In reservoir engineering, it is common to use thmiml ¢ to make reference to
medium porosity. So, in this formulation, the patpss represented ag.

The fluid mass conservation equation is presemeflq. (3.15). The density changes
due to fluid compressibility during the flow andetheal fluid velocity are considered in this
formulation. Once more, it is emphasized that digjyids fluid are taken into account in the
formulation.

0 0

a(.gwpf)+a_Xi(gpfui)zo (3.15)

where: @ is the volumetric water contenp’ is the fluid density andj, is the real fluid

velocity.

When expanding the terms of the fluid mass conserva&quation, it should be taken
into account that the porosity must not be derivétéh this, only the changes in the degree
of saturation are considered. The formulation foidf mass conservation is finally shown in
Eq. (3.16):
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? as' . as'
s’ g) +p cogwép _x( Y ]+¢J$ an Ho— 0 (3.16)

where: @ is the volumetric fluid contentp' is the fluid density,p is the porosity of the

medium,S' is the degree of saturation, is the solids velocityy\(f is the fluid velocity due

to percolation (Darcy’s law) andj, is the real fluid velocity.

The solids mass conservation equation may be pesbes (Li et al, 1999, Schrefler &
Scotta, 2001):

:t[(l 0)p* |+ aai [(1-¢)pu]=0 (3.17)

where: ¢ is the material porosityp® is the solids density ang is the solids velocity vector.

Considering the complete mass conservation requah fluid and solids mass
balance (Li et al, 1999, Schrefler & Scotta, 200h).order to set this, it is necessary to
establish a way of analyzing fluids and solids nw@ssservation together.

It is possible to balance the volume of solids #mel volume of fluid within a finite
element, in a total element volume approach. Far tbason, in order to assemble a single
mass conservation equation, fluid and solids massarvation equations are converted into
volume (Li et al, 1999).

Analyzing the fluids mass conservation equatiorhveitvolume approach is possible

when dividing it by,ofSf , as shown:

(8)ap" , p'pas’ (¢$)P o (8')p" aw (¢§)U6pf+pfl'4¢68f
p'stat p'S a pS ox psf(qoﬁ)ax p''& ox p' Sox

=0 (3.18)

where: @ is the volumetric fluid contentp is the fluid density,S " is the degree of

saturation,y is the porosity of the mediung, is the solids velocitywf is the fluid velocity

due to percolation (Darcy’s law) and, is the real fluid velocity.

The solids mass conservation equation is convéotedvolume approach when divided

by p*. Assuming this and expanding this equation, weshav
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(1-¢) op° . (1-9) . ap°
= TP f(1-g) 4+ g 2 =
Ios at +( (0) a)g + ,OS uI ax (319)

where: ¢ is the porosity of the rocky® is the solids density angl is the solids velocity.

Assembling both fluid and solids mass conservagignations (Egs. (3.18) and (3.19))
and substituting Eqg. (3.14), we have:

1-¢9) 0p° y (1- :

(20)00° , (108, (129) , 00

p> ot % P 0x

8 o0p' p'pos’ @' au  Go' oW  6U dp"  p'Upads’ _
+ + — + + + =0

p'S" ot p'S ot p'Sox p' &Y a.x p' So,x p' 'S, x

+

(3.20)

There are laws which define the variation of thesiy of liquid fluids (Peaceman,
1977; Rosa et al., 2006) and the density of s@lidst al., 1999). They are expressed in Egs.
(3.21) and (3.22), respectively.

= _=—dp (3.21)

where: p' is the fluid density, is the bulk modulus of the fluid ang is the fluid

pressure.

(1-¢) Dp° _| (ap-¢) Dp® _
p°> Dt K Dt

(1-ap)u;; (3.22)

where: ps is the solids densityk, is the bulk modulus of rock crystals, is the Biot

parameterg is the porosity of the rock anpf is the pressure of the fluids.

This pressure of the fluidg® is used in cases in which there are two fluid phas
within the porous medium, gas and liquid. In theeations, the pressure of the fluids may

be defined by the following expression.
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pY = x.p+(1-xo) p° (3.23)

where: p® is the pressure of the fluidg,is a parameter related to the degree of saturafion

the liquid phase (for a porous medium fully satedatvith liquid, x, =1) and p?is the gas

pressure.

For this particular study, the medium is assunwedve fully saturated with liquid.
Therefore, x, =1 and, with this,p® = p.

The degree of saturation is:

_os'
op

ds' dp (3.24)

where:S'is the degree of saturation amd is the fluid pressure.

As defined previously, it is made the assumptiba €ully liquid saturated medium.
Therefore, there is no variation of the degree attirmtion and it may be established that
S =1 anddS/ dp=0.

Substituting the Egs. (3.21), (3.22) and (3.23) kmowing thatS' =1 and, therefore,
p® = panddS'/ dp=0, in Eq. (3.20), we have:

(a,-9)op (a,-9) . op au, oy  @adp, 0y  ow
hd P (M- )+ (1—p) L+ 2 OR Lot 2
R T PR CaLO i Gl i Tl

, 0 ot "dx 0
Ny ° ! " (3.25)
+ﬁa_p:0
K, 0x
Putting the similar terms together, we have:
- - ' ; f
(@-9) ¢)+£ ®, (@, ¢)ui+<'Ui @+aba—q+ai:0 (3.26)
k, K, | ot K, K, 0% ox 0X
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The spatial solution for the mass conservation gguaia FEM can be made with the
weighted residual method. More specifically, Gailenkethod is employed in this particular
situation (Zienkiewicz, 1977). Using this methoaeocan proceed with the solution of Eq.
(3.26):

O ER R C I A

f

ou . ow'
P g T dQ =0
}ax %3yt ax} (3.27)

Eq. (3.27) may be represented in matrix notation as

o[ [ (a, - o= P) o, AY .
i[NP] H(ak—s(p)+k—¢i:|%+[(a—k5¢){u} +¢{Tf}}ﬂ. p+a,0{ 4+ D.{ V\}}J Q=0 (3.28)
Considering the following mathematical identity:
fOg=00fg)-00 f)g (3.29)

For the highlighted term of Eq. (3 28), we have:

J[N"T Ofw} *2154 )@ ND@ NN i} @ (3.30)

The highlighted term of Eqg. (3.30) should be trdatath the divergence theorem.

Therefore, we have:

ID@ {w'} o= JINT{w)dda (3.31)

where:{ n} is normal vectorQ is the domain andl is the boundary of the studied problem.

The boundary of the problem can be divided into weots. In the first onery),
essential boundary conditions are prescribed. & gbcond oner(,), natural boundary

conditions are prescribed.

[INT {w}dnpar = [[NT{w}d Tl NT{w}q ha (3.32)

r r
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For this mass conservation equation term, the banynbnditions are:
* I, prescribed values of pore pressure
p=p (3.33)

* I,:prescribed values of fluid discharge

{wi{n" =1 (3.34)

In ., pore pressures are considered null and, theredoris velocity. Inr,, there is a

prescribed value for fluid dischargg)( Thus for this term (Eg. (3.31)):
[INT{wH o= [[N] ad (3.35)
!

2

For the fluid mass conservation equation solutsmme relations must be taken into
account (Peaceman, 1977). The fluid velocity duget@olation (Darcy’s law) (Eq. (3.36)) is

given as:

_ K
{w} :-%(Dp—pf{g}m;) (3.36)
where: K] is the intrinsic permeability tensog/ is the dynamic viscosity of the fluidg) is

the gravity vector ang is the direction coincident with gravity directiom the coordinate

system used.

There are some expressions which define some Vesialf the mass conservation

equation. Those are:
L (3.37)

Ja (3.38)
(0[N e =[ "] B (3.39)

where: [NP] is the fluid pressure interpolation matrix arEcﬂSP] is equivalent to the

derivatives of fluid pressure shape function.

Taking into account all the considerations alreatBntioned, the spatial solution for

the mass conservation equation via FEM (using Gialenethod) is:

35



T ("”k“”)ﬂ[w]de}{ o[ I 19 (3

Q

(3.40)

{ b

a H

e R R BN G GE

The matrixes that represent the solved mass caatsanvequation are assembled and

may be written as:

M]{p}+[L{a+[R{ B ={Q (3.41)

where:

[M] :I[NP]T [(abk—_whkﬁ}[Np] dQ, mass matrix, (m x m), [M[L] “[T]>

S

{p}, nodal fluid pressure rate vector, (m x 1), [MJfT];

[L]= J[NP]T%{ m' [ B &, fluid-solids coupling matrix, (m x 3n), [£]

{U}, nodal displacements rate vector, (3n x 1), [L[T]

GE i[wp]{(“b—kj”){mk_f[{m@}

x m), [M][L]“[T];

[B’] cQ+_[[ @]T%[ Ig] @, flow matrix, (m

Q

{ p} , nodal fluid pressure vector, (m x 1), [M][HT] %

{Q} =[f[BP]T%pf{g}(D.y)cQ}—H N']' ad, external discharges vector, (m x 1),

P

(LT

The term with fluid bulk moduluskf, correspondent to fluid compressibility,
represents pore compressibility in this case, damsig the medium is fully saturated.
Analogously, the term with solids bulk moduldg) (also appears in the formulation, being

representative of the solid matrix compressibilitggether, these two terms express the total
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compressibility of the medium. It is interesting higghlight that in the deduction of this

formulation, these terms have naturally been gatheas seen in mass and flow matrixes.

3.4 EQUATION SYSTEM

The spatial solution of equilibrium and mass covason equations may be put
together in order to assemble a system of equatidrs system permits the time solution of

the problem at a later stage. Considering both @5%2) and (3.41), we have:
o i) Eﬁﬂﬁi}}{ii} c42)

Then, with this, the system of equations may beesged by:

WI{%+[Y{¥={ 3 (3.43)

where:

p}}} (3.44)
} (3.45)

{Z} :{{3} (3.46)

3.5 TIME SOLUTION FOR THE EQUATION SYSTEM

The proposed formulation has its solution estabtishot only spatially, but also in
time. For this, the equation system correspondernhé spatial solution of the problem is
solved in time. With this methodology, even thotigé solution is stationary, it is equivalent

to the transient problem.

Firstly, a vector of unknown®{ is evaluated in time for At time interval. This vector

is considered to have linear variation, as showaqgn(3.47):

{4 =(L-a){%, *a{¥,., (3.47)

where: ¢ is the controlling parameter for the integratiohesoe anc{ X}t and{x}nm are the

vector of unknowns at the initial time stage arel¢hlculated time stage, respectively.
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The time derivative for the vector of unknowns bandefined as:

(g, = Ps =0l

. (3.48)

Thus, Eqg. (3.43) is evaluatedtat aAt time stage (Eq. (3.49)):

[W]HaAt{ )§t+aAt [Y]t+aAt{ )}t+aAt _{ Ztﬂmt (349)

So, substituting Egs. (3.47) and (3.48) in Eq. g8.4he solution of the problem is

obtained in terms of the increment of the vectonrd{nowns,{Ax} :

|8t W], o # [V O} =803 2 (W K (3:50)

where:
(W]eos =W A ) | = W) ¥ +a{ §.u)] (3.51)
Yoo =[ Y{ Ria) | =] Y(@-a) ¥, +a{ X.,)] (3.52)
{2} {2} ={ 2@ ) F +0{ 3,,)] (353)

In equations (3.51), (3.52) and (3.53), matrixeg pvd [Y] and vector {Z} have their

average evaluated betwednand t+At. Vector {x},  is unknown att+At, being

t+alt

necessary appropriate techniques for the probldntico.

3.6 ASPECTS REGARDING ADVECTIVE FLUX

Observing the proposed formulation, it can be maotithat certain terms in the flow
matrix [R] (Eq. (3.41)) use solids and fluid velocity. Thesems characterize advective flux,
the macroscopic movement of fluid or particles tigio a porous medium in time.

The solution of problems with advective flux canrbade with the Finite Differences
Method (FDM). Different solution approaches carpbeormed, using the derivative form of
the equation terms.

The equation solution is made in a specific domaimch is discretized in time in this
particular studied case. The time derivatives asetl on this, with the reference value being
calculated with advanced, delayed or centered atvis.

Different methods of problem solution with FDM clae performed. The main concern

in these is numerical instability. Thus, differemproaches have been developed in order to
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solve this issue, such as differences in advanceirfee and delay for space method (Eq.
(3.54)), Euler method (Eg. (3.55)), Lax method (E3356)) and Lax-Wendroff method (Eq.
(3.57)).

Gt =q-C(q-q,) (3.54)
n l n n
o =5 (Gt o) (3.55)
Cl?ﬂ :%(Cl?ﬂ + Cl?—l) _EZ:( Gerr ™ q?—l) (3.56)
= () (- 2dr @) (357)

where:c is the concentration (for contaminant transpastagvaluation)n is the evaluated

time stagek is the evaluated space a@ds the Courant number, defined @s= vAt/Ax .

The presented equations refer to contaminant toategpn problems, being calculated
in terms of concentration. However, these expressaan be used for other advective flux
problems, such as the studied in this research.

The differences in advance for time and delay f@ace method has an associated error
of the order ofdx. All other mentioned methods have their solutioospletely stable when
the ratio between physical and numerical distaég¢sansportation is equal 1. This ratio is
known as Courant numbeC). This number is in all expressions which definese methods
solutions and it is exclusively used for guaramgeiumerical stability of each method (Jesus
& Cavalcante, 2011).

Another important information is related to the Land Lax-Wendroff methods. These
methods have in their formulation a second-orden t& his kind of term represents diffusive
behavior during transportation. Therefore, thes¢hodas do not solve only advective flux
problems. This could influence responses, causingdiffusion phenomenon non-
correspondent to advective flux. In Lax-Wendrof§cillations can be also observed. In
general, this oscillation occurs in a certain waat the effect of diffusion is compensated.

Jesus & Cavalcante (2011) show differences in amvanmd Lax-Wendroff methods as

approaches for the solution of advective flux peofs. In Figure 3.1 and Figure 3.2, their
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results are presented, where the numerical ingtalslclearly registered, with dissipation of
contaminant concentration in a simulation which wtorepresent only the advective

phenomenon. Also, the diffusion and oscillationsrelsteristics for Lax-Wendroff can be
noticed.

o
©
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Figure 3.1 - Results of advective flux simulatiartwo different soils — Differences in
advance method (Jesus & Cavalcante, 2011).
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Figure 3.2 - Results of advective flux simulatiartwo different soils — Lax-Wendroff
method (Jesus & Cavalcante, 2011).

Another possible approach for the solution of atlvecflux equations is using finite
element method (FEM). Some solutions are discussBthawan et al. (2011) and Nonaka &
Nakayama (1998), both suggesting the use of inkatipg functions to perform the solutions.
However, their computational cost may difficult ithepplication.

Considering these aspects, the method of disctetizan time presented for the

formulation complies with the expected results. Bhaall effects of instability observed do
not interfere in the problem solution.
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3.7 CONSTITUTIVE MODELS

Performing any stress-strain analyses requires uhderstanding of the material
performance. In order to represent the behavigh@fmaterial, it is necessary to use models
which can reproduce the specific characteristicsthef material. These are known as
constitutive models.

Constitutive models are employed in mechanicalabem analyses of geologic
materials. There are different models used to dyme the stress-strain relations of a
material. In this research, two different models applied, linear elastic and modified Cam-
clay. The modified Cam-clay is described in thistsms.

These models were chosen to represent the studiedigpmedia, the reservoir rocks.
The phenomena reproduced in this study via nunleacalysis are compaction and
subsidence.

In these processes, the rock is subjected to casiprestress paths. Therefore, there is
need of constitutive models which can be adequatapture the specificities of this kind of
stress. The modified Cam-clay model is believedb& appropriated for the referred

circumstance.

3.7.1 MODIFIED CAM-CLAY

Constitutive modeling was enhanced in the 1960sRbgcoe and collaborators in
Cambridge University. The critical state models evitre suggested approach to complement
the theory of plasticity for soils. With this, mampncepts were put together in the same
theory:

* Relationship between void ratio and effective siyes

» Plastic strain occurrence on different stress pattsar and compression included;
* Soil critical state;

» Failure criterion and

» Softening and hardening.

These concepts are united in the Cam-clay modelglastoplastic model of soil
behavior, developed to describe the mechanical orsgs of a saturated, normally
consolidated clay, Cambridge clay, during triaxésts (undrained and drained).

The physical basis of this model is well-founded,amowadays, with the appropriate
parameters, Cam-clay model is generalized for diffetypes of soils and rocks.

Any material which Cam-clay model represents oeches critical state after passing

through successive states of yielding, during whioh material hardens. The continuous
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yielding eventually leads the material to the catistate, in which there is no occurrence of
volumetric strains, as previously stated (Britt@&nn, 1987).

The shape of the yield surface depends on the mlat&ifferent shapes could be
assumed, but specifically for the modified Cam-cliays established an elliptical surface.
This shape of surface is deducted by hypothesesdiag the plastic work dissipation.

The expression which describes the yielding loousHe modified Cam-clay model is:
F(p'g p,)= M p*= M*p, p+ d (3.58)

where:F is the yielding functionp’ is the effective mean stressjs the deviator stresp)o is

the preconsolidation stress avids the inclination of the projection of the CSL.

The yielding surface is represented in Figure 38 @l three axesp(, g andv ). The
projections of the yielding surface and the critgtate line are represented in Figure 3.4 and
Figure 3.5, respectively.

Figure 3.3 - Yielding surface for modified Cam-clapdel (Callari et al., 1998).

q CSL projection

3
Figure 3.4 - Yielding locus for modified Cam-claydel: projection of the yielding surface
(planep’ versus {.
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Figure 3.5 - Yielding locus for modified Cam-claydel: projection of the yielding surface
(planev versudn p’).

The modified Cam-clay model is said to have an @ased flow. In practical terms,
this means the plastic potential surface and tekliyig surface have the same shape and they
are coincident. Therefore, the plastic flow vectwhich is normal to the plastic potential
surface, follows the derivate of the plastic parfunction (same direction of the yielding
function derivate).

The plastic potential function is described by E359):
G=F(p\q p,)= M p*~ M* g, p+ g (3.59)
where:G is the plastic potential functiof, is the yielding functionp’ is the effective mean

stressq is the deviator stresp)o is the preconsolidation stress avids the inclination of the
projection line of the CSL.

Defining a constitutive model requires an apprdpripardening law. The hardening
effect makes the yielding surface expand, makiragl@quate to the imposed new stress state.
With the internal variables of stress and strdins possible to define the stress-strain state
conditions to which the material is subjected iesa@nt time and how they should evolve.
This permits the maintenance of the yielding swafimemat adequately, with changes only in
these internal variables.

When considering a case of volumetric compressalgwed by decompression in an
isotropic loading, it is fair to say that the exfgecbehavior of the soil sample is portrayed by
the represented in Figure 3.6.
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Figure 3.6 - Consolidation behaviorin- In p space (modified Desai & Siriwardane, 1984).

During decompression (from B to D), the stresshstralation is elastic and during

compression (from A to B), there are elastic arabs{pt strains. The strains, represented by

void ratio variation, and the stress may haveeistion expressed by Egs. (3.60) and (3.61).
d L}
de= -1 £ (3.60)
Po
where:deis the void ratio incremenf] is the inclination of the compression segmelpt,is
the increment of effective mean stress pds the preconsolidation stress.
d 1
de = -« =2 (3.61)
Po
where:de€’ is the elastic component of the incremental vaitbbrand«is the inclination of

the decompression segment.

Defining the volumetric strain of a soil sample, nave:

de
1+e

de =-

(3.62)

where: d& is the volumetric strain componeite is the void ratio increment argf is the

initial void ratio.

Substituting Egs. (3.60) and (3.61) on Eq. (3.823, volumetric plastic strain may be

defined as:
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g 08 _ de-de_(A-K) dp
" 1lte lte l+te p

(3.63)

where: d&f is the volumetric strain component in plastic issaanddé’ is the plastic

component of the incremental void ratio.

Defining the hardening law in this case may be &nmwphen considering the internal
variables of stress and strain @sand &P, respectively. Therefore, the hardening modulus

may be defined, as shown in Eq. (3.64).

1+
(A-k)

po (3.64)

where: H is the hardening modulwe, is the initial void ratio,A is the inclination of the
compression segment; is the inclination of the decompression segmemt @ig is the

preconsolidation stress.

Finally, the plastic strain potential of the studligorous medium soil may be defined.

Eq. (3.65) represents the flow rule:

{dsp} :X{g—i} (3.65)

. . I . . . 0G| .
where: de” is the plastic strain incremeny is the plastic multiplier an({a—} is the
o

projection of the vector normal to the potentiagtic surface in stress space.

A basic hypothesis in Plasticity Theory is straildiéive decomposition, defined as:
{de} ={de} +{ de} (3.66)
where: {dee} is the elastic strain vector increment a{rdirp} is the plastic strain vector

increment.

Thus, the total strain can be written as:

(e} =[c"]{ o} x| 20 | (3.67)

where:{de¢} is the strain vector increment.

Rearranging this expression, isolating the stres®ment term, we have:
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{dd} =] DE]({ de} - X{g—g’_H (3.68)

Where:[De] is the elastic stress-strain constitutive matsiith [De] = [Ce]_l

The stress increment expression, Eq. (3.68), ha:sunmknowns,{da} and X. The

solution of this problem is only possible with amat equation. Defining the consistency
condition for the yielding locus is essential instikase. According to plasticity theory, the
yielding surface is the physical limit for any ssestate, which means no conditions allow the

porous medium to reach a stress state beyondirttits This can be expressed as:

F(p'q p,)<0 (3.69)
where:F is the yielding function.

Finally, the constitutive matrix for the modifieca@-clay model can be expressed as:

of 99 of og
1 0 1 dp'dp' 0qap

EdE L{ } POP a9 (3 70)

(+e)pl0 2(+vy o= 2) 5 (9p, ag 9,09 | o 99 Of g

9P op' 9gP 0q )L P 00 0G9q

ap'o

3.8 SUMMARY

In this chapter, there is a detailed descriptionthef equations proposed in this study.
Assuming that the compressibility of the fluid undhces the phenomena which take place in
porous media requires a formulation consideringngka in fluid density. This makes the
model much more comprehensive and it may help sglwases in which the fluid
compressibility is significant.

The spatial solution of both equilibrium and massservation equations are presented,
followed by the assembling of the equation systeharacterizing the coupled approach.
Then, a time solution is made for the system oféqus.

Some considerations regarding non linearity in egailibrium and the flux analyses
are discussed. The advective flux term determindtie formulation is also debated, in order
to evaluate possible numerical instabilities whichy take place when proceeding with the
eguation solution.

Finally, the mechanical constitutive models utidlzen the simulations of this
dissertation are presented, including a justiferatf their usage.
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4 COUPLING STRATEGIES AND DESCRIPTION OF
ALLFINE

The proposal of this dissertation is the solutidn ao coupled hydro-mechanical
formulation with the consideration of fluid compséslity. This problem is solved via Finite
Element Method (FEM), with the implementation ok tlequations on the FE software
ALLFINE (Farias, 1993; Cordao Neto, 2005).

In this chapter, a brief discussion over couplitrgtegies is presented, followed by
some aspects concerning ALLFINE (Farias, 1993; Goideto, 2005).

4.1 COUPLING STRATEGIES

The solution of many engineering problems is onbsgible when representative
models are established and their numerical modédinmerformed. Different approaches are
required in order to represent physical phenoménaeotechnics and geomechanics, the
mechanical and the hydraulic behavior of a poroadienare completely interrelated.

Considering the need of representing simultaneotisyobserved phenomena, it is
appropriate to define an adequate manner to pHlysescribe this kind of problem. This
may be established with coupled or mixed formutatio

A coupled formulation can be valid in cases in wihilsere are multiple domains with
no possible solution separated from the otherhils tiype of formulation, it is also observed
that the set of dependent variables cannot beattpkeliminated from the partial differential
eqguations.

On the other hand, a mixed formulation is applieatd a single domain in which
equations and boundary conditions describing thesipal phenomenon contain a number of
dependent variables which could be reduced by edéitiun, still maintaining a soluble
problem (Jha, 2005).

Therefore, a more accurate way of achieving appatgpresults in geotechnics and in
reservoir geomechanics is possible with coupledyaea. Considering the mechanical and
the hydraulic behavior of a reservoir, it can beaskied that stress-strain state is affected by
fluid pressures and vice-versa. Thus, it is inteitthe understanding of the importance of a
coupled analysis, which is a more precise mannedeasfcribing how mechanical and
hydraulic behavior are connected (Samier et al3200

In this section, some aspects regarding possihiplicm strategies for the solution of

hydro-mechanical problems are presented.
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Coupled analysis may be performed in different walepending on each particular
case. There are scenarios which require a refiegged of coupling, more appropriate for
that specific phenomena representation (Jha, 200Bgre are four levels of coupling
methods which lead to different strategies of peoblsolutions, going from a completely
separated solution of the equations to a fully tedippproach (Settari & Walters, 2001):

* Decoupled;
» Partially coupled approach — explicit coupling;
» Partially coupled approach — iterative coupling;
* Fully coupled.
In order to describe these different coupling sgags, the formulation proposed in this

research, already discretized in space and in d@inglewritten in matrix form is used as basis,

o il 9

where: [R] is the flow matrix,[K] is the stiffness matrix[C] is the solids-fluid coupling

as shown:

matrix, [L] is the fluid-solids coupling matri{M ] is the mass matrix{u} is the nodal
displacements vectof,p} is thenodal fluid pressure vectof(} is the nodal displacements
rate vector{ p} is thenodal fluid pressure rate vectc{n,i} is the external forces rate vector

and{Q} is the external discharges vector (chapter 3).

A different approach for this equation is requifed each of coupling level. It is
necessary to identify the impact the type of couplmay have on the simulation. This
definition is essential, considering that the mehallenges related to coupling strategies are
computational efficiency, numerical solution corgemce and code combination for the
solution of equilibrium and flow equations (JhaP2p0Gomes, 2009). A more sophisticated
coupled analysis should only be made when its d@dgas are greater than its difficulties.

The different levels of coupling strategies arespreged in sections 4.1.1, 4.1.2, 4.1.3
and 4.1.4, following the classification proposed3sttari & Walters (2001).
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4.1.1 DECOUPLED APPROACH

The main characteristic observed in this type gbrapch is that the equilibrium
equation is solved separated from the flow equati@onsidering the solution like this, the
stress changes have no effect in flow and viceayetharacterizing the type of coupling
known as one-way. Firstly, the flow equation isvedl and then, its solution is applied in the
equilibrium equation, providing geomechanical reses of the analyzed medium. A scheme

representing this is portrayed in Figure 4.1.

n=0

Newton-Raphson

Solution: . .
iterations

n=n+1 poru
(separately)

Convergence?

YES NO

n—time step
p— fluid pressurg
u— displacement

Figure 4.1 - Solution algorithm for a decoupledraagh of hydro-mechanical problems.

In some cases, the flow part is aware of the machkpart of the problem if new or
updated permeability and porosity data is incorfgatanto the flow equation. On the other
hand, the mechanical part may be aware of the flaw if pressure loads are applied on the
nodes of the mechanical grid as boundary terms RUG5).

In mathematical terms, the decoupled approach reagfiresented by considering only

flow and then only stress equations (Settari & \&falt 2001). The first is represented by
assuming thafu} =0 and {p} is known (imposed as external load), meaning messt

changes during reservoir simulation. Thus, Eq.)(fhay be rewritten as:

[MI{p}"™ ={Q}-[RI{ #" (4.2)

where:n corresponds to each time step.
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In Eq. (4.2), the value dfp}"" is achieved. So, in order to defifig}"", the top half of

Eq. (4.1) may be decoupled and rewritten as:

[KI{u}"™ ={F}-[c{ B" (4.3)

This type of approach represents great simplificatf the studied physical phenomena
and may not be the most appropriate to reservounlatmy. Decoupled models are usually

employed only on predictions of reservoir geomeaemesponses (Pereira, 2007).

4.1.2 PARTIALLY COUPLED APPROACH — EXPLICIT COUPLING

The partially coupled approach takes into accomatimportance of the coupled hydro-
mechanical analysis of a porous media, considehagboth flow and equilibrium equations
should be solved with some connection between tfémns. is a method in which flow and
equilibrium equations are solved separately, buh wpdates of the results (displacements
and fluid pressures) in each mathematical statermdms type of coupling is known as two-
way coupling, with the variable update working oth equations. There are two categories
of partial coupling, explicit, described in thiscien and iterative, described in section 4.1.3.

The explicit coupling approach is a special caséhefiteratively coupling. The main
difference between them is that, in this particelase, flow responses are not affected by the
geomechanical responses at a same time step. Geaflalysis is performed firstly. The
results of this analysis are input for the strassyssis. The stress analysis results are used to
compute porosity and permeability explicitly andaain the solution of the flow equation for
the following time step. It is important to hightigthat the coupling terms are lagged one
time step behind and there is no specific coupliagable (Jha, 2005), characterizing the
partial coupling of this kind of approach. A schemepresenting this type of coupling is
shown in Figure 4.2.

In mathematical terms, this approach consists ggitay the coupling terms one time
step behind (Settari & Walters, 2001). Firstly, tlosv equation is solved:

(MI{p}"™ ={Q}-[R{ " -[H{ " (4.4)

When the flow solutior{ p} "is applied in the stress equation, it can be espby:

[KH{u}™ ={F}-[cl{ &™ (4.5)
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n=0

Solution: Newton-Raphson
) iterations
n=n+1 p, k and@
Convergence?
NO

VES n—time step

p— fluid pressure

R k — permeability;

2 utlc;r; @* —porosity
__ u — displacements

& —strains

O —stresg

Figure 4.2 - Solution algorithm for an explicit gung approach of hydro-mechanical
problems.

4.1.3 PARTIALLY COUPLED APPROACH — ITERATIVE COUPLING

In iterative coupling, flow and geomechanical valgs are computed separately and
sequentially. During the solution procedure, maeyations are performed at each time step
until the desired degree of convergence is achiéifea, 2005).

Firstly, the flow equation solution is executed asdesults (fluid pressure) are applied
in the mechanical part of the problem. Once thisolsed, the displacements are used in the
update of values of porosity and permeability. Whigs iteration is finished, the next one
begins with the new values of porosity and permggballowing a new solution for the flow
equation and for the equilibrium equation at tlaet step, likewise. This process continues
until the solution of the equations converges. Thiea procedure is repeated to the next time
step (Pereira, 2007). This approach differs fromplieit coupling in the number of iterations

in a same time step. A scheme representing thesdfpoupling is portrayed in Figure 4.3.
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n=0

Solution: Newton-Raphson
n=n+1 p, k andg iterations

Convergence? ‘

NO

YES Coupling
‘ iterations

‘ Solution:u,cando

}

‘ Updating @ ‘

YES | Convergence? L NO

n—time step

p— fluid pressure
k — permeability;
@* _porosity

u — displacements
& —strains

O — stress

Figure 4.3 - Solution algorithm for an iterativeupting approach of hydro-mechanical
problems.

Mathematically, this approach consists of the reggeaolution of the flow and the

stress equationyg (iterations) in a time stepaccording to these expressions:
[MI{p}™ ={Q}-[R{ d"-[ J{ ' (4.6)
[KI{u}™ ={F}-[cl{ "™ (4.7)

It is fair to say that when the iteration converdes}’ ={ p}"" and{u}’ ={u}"", the

solution is identical to the fully coupled systeAnother great advantage of this method is
that convergence criteria are easily controlled tlu¢he separated solution of equations.
Also, there is the possibility of applying diffetemumerical methods for flow and
equilibrium equations solution (Pereira, 2007).

The iterative coupling approach is adequate foresgnting physical phenomena in

primary recovery simulation in an oil reservoir.ts type of problem, the stress state of the
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media is influenced only by dissipation of fluidepsure. No external loading is applied
during the process. Therewith, the model accuracgot decreased by using the iterative
coupling approach.

However, for traditional geotechnics applicatiome tevel of coupling may influence
more the results of the simulation. In cases wHeesl is applied, as in consolidation
problems, solving the equations separately doesamresent adequately the physics of the
phenomenon. The undrained condition of the proldémarly stages is not well represented
with an iterative coupling approach. A fully couglenodel is the most appropriate for this
type of modeling in terms of portraying the probleproviding greater accuracy to the
simulations.

This discussion of coupling approaches takes imtosicleration media subjected to
isothermal conditions. When considering the infeeeof temperature in the analyses, it is

required further explanation regarding the couplewg! of the problem.

4.1.4 FULLY COUPLED APPROACH

From all types of coupling approaches, this is tiest refined in terms of general
representation of the physical phenomena occumipgrous media.

The solution of the flow and the equilibrium eqoas are performed simultaneously.
With this, the flow is affected by the stress ahd strain by porosity, and, consequently,
permeability, proving this kind of solution to bgimternally consistent (Tran et al, 2005).
Other advantages are the possibility of taking adoount the effects of anisotropy and non-
linearity of materials (Samier et al, 2003) and timeonditional convergence property for
implicit time integration (Jha, 2005).

The disadvantages of this coupling approach arepatational cost and consumption
of time and the specific application of the samenarical solution method (e.g., Finite
Element Method) for both equations (Settari & Walte2001; Pereira, 2007). A scheme
representing this type of coupling is shown in Fegd.4.

The fully coupled approach is used in the formolatproposed in this research, as
shown in chapter 3. This type of coupling allows therformance of more accurate
simulations for traditional geotechnics and it ma&go improve reservoir geomechanical

analyses.
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Solution: -
pand u Newtonian
n=n+1 iterations
Convergence?
YES NO
n-—time step

p— fluid pressurg
u-— displacements

Figure 4.4 - Solution algorithm for a fully couplagproach of hydro-mechanical problems.

4.2 DESCRIPTION OF ALLFINE
ALLFINE (Farias, 1993) was a Finite Element progrémn geotechnical analyses,

originally developed for three-dimensional equilion problems and plane-strain
consolidation problems in saturated conditions. Hwodution of the hydro-mechanical
behavior of porous media is made with a fully cedpbpproach. Computational cost and
consumption of time are managed with some featuresrporated in the program. The
simulation options of this program included:
» Drained and undrained analyses;
» Embankment construction simulations;
» Excavation simulations;
» Choice of different constitutive relations, incladiseveral elastoplastic models, such as:

» Linear elastic;

= Non-linear elastic;

= Critical State — continuously plastic;

= Critical State — elastoplastic;

= Non-linear elastic for resilient sand;

= Non-linear elastic for resilient clay;

= Elastic-perfectly plastic (Drucker-Prager failurgerion);

= Modified Cam-clay;
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= Tij-clay;
= Tij-sand.

* Collapse settlement analysis;
» Different integration algorithms for stress-stregtation;
» Different solution schemes for non-linear equasgstems.

Corddo Neto (2005) added new features to the pmograaking it suitable for
unsaturated conditions. The following options wadded to ALLFINE:
» Three-dimensional analysis of unconfined flow irsaturated media;
» Three-dimensional analysis of consolidation proldémunsaturated condition;
* Choice of an elastoplastic model used for unsadrabils, the Barcelona Basic Model

(Alonso et al., 1990);

» Hydraulic behavior constitutive models.

It is important to highlight that ALLFINE is esséity a processing software. There is
need of complementary softwares for pre-processatg and for post-processing the results.

Considering the intention of studying compactiond asubsidence problems in
petroleum reservoirs, which are essentially codstilbn analysis, there is need of ensuring
the suitability of ALLFINE for performing these sufations. The consolidation analyses for
saturated and unsaturated conditions were thorgutjetussed and tested by Corddo Neto
(2005). The possible analysis conditions for bahsions of the program were validated by
Farias (1993) and Cord&o Neto (2005).

The latest version of ALLFINE was used as basisirfgglementation of the proposed
formulation (chapter 3). The constitutive modelgdisn this research were already in the

program (linear elastic and modified Cam-clay).

4.3 SUMMARY

In this chapter, coupling strategies were descrilvgth the definition of their main
features, the differences among them and the aalgestand disadvantages of each.

Then, the FE program ALLFINE (Farias, 1993; Cordao, 2005) was presented. The
main analyses this software performs are listeliovi@d by the program functioning. The
need of pre and post-processing complementary ghklighted, with description of the
necessary procedures to adequately perform thdagions.

This program is used as basis for the implememtaifahe coupled hydro-mechanical
formulation proposed in chapter 3, with fluid amdids compressibility consideration.

55



5 SENSITIVITY ANALYSIS FOR MECHANICAL
PARAMETERS

The Finite Element program ALLFINE was improved twihe implementation of the
formulation proposed in this research (chapteB8)ng this formulation new to the software,
tests had to be performed in order to verify théiditg and to calibrate the proposed
numerical model.

Therefore, this formulation was tried with the slation of two different cases in order
to evaluate the influence of mechanical and hydraguérameters of porous media. In this
chapter, only the analyses performed for the machhparameters are presented. In the
following chapter, the formulation tests for hydrayparameters are presented and analyzed.

Firstly, there have been performed one-dimensi@moaisolidation simulations in a
laterally confined column of soil, based on thewdations made by Farias (1993) and Cordéao
Neto (2005). The results are compared with theyéical solution of the conventional
Terzaghi’s problem.

The second case is a two-dimensional consolidagiooblem, with the behavior
analysis of a porous medium subjected to an unifoad, infinite in one direction and with
delimited extension on the other, again based milstions performed by Farias (1993) and
Corddo Neto (2005). The results are compared with &analytical solution of the
conventional Biot problem (Biot, 1940).

For the first case, the compressibility of the dlind the soil were varied to control
their influence in porous medium responses. Foisdwnd case, only the compressibility of
the fluid was changed, making possible the evalnabf its influence in the physical
behavior of the porous medium.

The results here presented are sensitivity anabyfsiigese parameters, contributing to a
better understand of their significance on hydrahaaical behavior of the porous medium
in each simulated situation.

The simulations are performed for two different stitntive models for the solid
matrix, linear elastic and modified Cam-clay. Eamte of these models requires specific
mechanical parameters, which are adequately destcrim its corresponding sections
throughout this chapter.
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5.1 ONE-DIMENSIONAL CONSOLIDATION PROBLEM

This first case consists of a laterally confineduom of soil, 1 meter high and

supporting an uniform load, as illustrated in Feyorl.

Load (p)

.yo Free surface
—0

Figure 5.1 - One-dimensional consolidation prob{emdified Cordédo Neto, 2005).

The soil column is discretized in 10 three-dimenal®B-noded elements (Figure 5.2),
making up a mesh with a total of 44 nodes. Thestwi of the soil column is not uniform,

each element with a different height, as showniguie 5.1.

o« 9

Figure 5.2 - 8-noded 3D element.

The soil sample is assumed to be totally saturatebthe fluid flow is restricted in the
laterals of the column, but it can occur at thedogace.

The studied problem is a consolidation analysie &pplied load is transferred to the
fluid within the sample, configuring an instantaneancrease in fluid pressure. Gradually,
over time, the fluid pressure dissipates, as it b@pbserved in the results.

The performed analyses are compared to the solu®npreview by Terzaghi.
Simplifying assumptions were made by Terzaghi is ioposal of analysis for the one-

dimensional consolidation problem, some of whichewe
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* Linear elastic model;
* Incompressible fluid.

In the first analysis, using the linear elastic mpdhe results may be thoroughly
compared. On the other hand, when the other madelsised, the results are not equivalent
to Tergazhi’'s proposal. Even though it is not appiede to make a comparison based on the
analytical solution, these are the reference vdlolethe proposed problem, so they are used
to evaluate the results.

The sensitivity analyses here presented reveal thewhydro-mechanical behavior of
porous media is influenced by the compressibilitythee fluid and the solids for different

mechanical constitutive models.

5.1.1 SENSITIVITY ANALYSIS FOR THE FLUID COMPRESSIBILITY
The simulations performed to evaluate the influeoicthe fluid compressibility in the
hydro-mechanical behavior of porous media weredéitiin two parts:
» Verification of the influence of fluid compressiiyl in fluid pressure results;
» Verification of the influence of stress state inidl pressure results for the same
fluid compressibility value.

Firstly, for a 100 kPa load, the values of comphekty of the fluid were varied, as
presented in Table 5.1. In these analyses, the r@ssipility of the solids was kept constant
and its value is also shown in Table 5.1. The tesaflthese analyses are presented for time
factors T=0; 0,2; 0,5; 0,8.

It is important to highlight that in the formulatidchapter 3), the influence of the fluid
pressure in the fluid and solids density is meabuvegh the bulk modulus. This modulus

corresponds to the inverse of the compressibility.

Table 5.1 - Parameters for simulation of fluid gwessibility influence.

Fluid bulk modulus (ki) 1,0x10“ kPa
3,7x10 kPa
1,0x1d kPa
1,0x10 kPa
5,0x10 kPa

Solids bulk modulus Ks) 1,0x10° kPa

Then, in order to verify the influence of the stretate in fluid pressure results for the

same fluid compressibility value, the simulationsrevperformed for two different loads, 100
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kPa and 10000 kPa. The compressibility of the fluets kept constant through the tegts=(
1,0x1C kPa) and the results were evaluated to time fadtef,05; 0,5; 0,8.

It is important to state the time factors presentethese results correspond to those
calculated with the premises of classic consolmtatheory - Terzaghi's approach. The time

factor is calculated with the following expression:

= (5.1)

where:T is the time factorg, is the coefficient of consolidation {LY], t is elapsed time [T]

andhy is the largest measured height to a draining serffa).

k

yim,
where:c, is the coefficient of consolidation{L], k is the permeability [LT], y is the fluid

G = (5.2)

unit weight [ML?T™?] andm, is the coefficient of volume compressibility’[I’M™].

(1) (1-2)
E(1-v)
where:m, is the coefficient of volume compressibility’l’M™], E is the Young modulus

(5.3)

[ML?T?] andy is the Poisson coefficient.

The values for time factor are kept constant fartheset of simulations, allowing the

comparison of results at the same stage of analysis

5.1.1.1 LINEAR ELASTIC MODEL RESPONSES

The analyses performed with this model use thenpaters shown in Table 5.2, besides
others previously defined in Table 5.1. The valt&@ung modulus of the soil for the stress
level influence analysis was established 100 tigreater for the 10000 kPa load. This was
made in order to prevent the soil sample from suifelarge straining rates during the
simulations, considering the objective of evalugmly the fluid compressibility effect.

Table 5.2 - Parameters for one-dimensional conattid problem (linear elastic model).

Young modulus ) Foraos =100kPa 25000 kPa
Foraos =10000 kPa 2500000 kPa
Poisson coefficient ) 0,31
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Initial void ratio ( ep) 0,90

Density of the solids f) 2,65 kg/m3
Permeability (k) 1,0x10° m/s
Density of the fluid (p, ) 1,00 kg/m3

Firstly, a comparison between the analytical soluand the simulation results is made,

as shown in Figure 5.3. This comparison is madeg éml the linear elastic model and

incompressible fluidl¢ = 1,0x16% kPa) in order to reproduce the same conditionsHizch

the conventional Terzaghi problem is solved.

The results achieved with the simulation for incoesgible fluid are very similar to the

analytical solution. This shows the adequacy offtleulation for the proposed simulations.

Some difference can be noticed only for the firsetfactor, T=0. This is expected, since this

result represents full load transference for thaidflat the initial time stage of the

consolidation analysis. The numerical model respsrare not adequate to the analytical

solution due to its boundary conditions, which &tbe porous medium results to go softly

from O to 100 kPa, while the analytical solutiorowis an abrupt change on fluid pressure

values.
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0 10 20 30 40 50 60 70 80 90 100
Fluid pressure (kPa)

® T=0- analytical solution T=0,2 - analytical solution ® T=0,5 - analytical solution ® T=0,8 - analytical solution

—T=0- kf=1x10"12 T=0,2 - kf=1x10"12 —T=0,5- kf=1x10"12 —T=0,8 - kf=1x10"12

Figure 5.3 - Comparison between simulation resuits analytical solution for an
incompressible fluid case.
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It is important to highlight that the results fawler layers of the porous medium
(y=0m) should become constant, being perpendidoldhe x-axis. This is not noted in the
presented results due to little discretizationh&f domain to these lower layers. With more
analysis points, this tendency would certainly bsesved.

Then, the influence of fluid compressibility in thgdro-mechanical behavior of the
porous medium is evaluated with the results ofdflpressure. The evolution of the fluid
pressure during the simulation of the consolidatoocess is monitored for specific time
factors (T=0; 0,2; 0,5 e 0,8). They are presentdéigure 5.4.

100

Fluid pressure (kPa)

* T=0- analytical solution T=0,2 - analytical solution ¢ T=0,5- analytical solution e T=0,8 - analytical solution
= = T=0-kf=3,7x10"6 kPa T=0,2 - kf=3,7x10"6 kPa = = T=0,5-kf=3,7x10"6kPa = = T=0,8-kf=3,7x10"6 kPa
------ T=0 - kf=1,0x10"4 kPa T=0,2 - kf=1,0x10"M kPa - T=0,5- kf=1,0x10"4 kPa  ------ T=0,8 - kf=1,0x10"4 kPa
— -T=0-kf=1,0x10"3 kPa T=0,2 - kf=1,0x10"3kPa — -T=0,5-kf=1,0x10"3kPa — -T=0,8-kf=1,0x10"3 kPa
——T=0- kf=5,0x10"2 kPa T=0,2 - kf=5,0x10"2kPa ——T=0,5-kf=5,0x10"2kPa ——T=0,8-kf=5,0x10"2 kPa

Figure 5.4 - Results of fluid pressure for 100 kézal in soil column
(fluid compressibility analysis — linear elastic dab).

For time factor T=0, the first analyzed stage & g#imulations, the curves of fluid
pressure are overlap, regardless the fluid comiggs This occurs due to the short elapsed
time of the phenomenon. In an initial moment, timpased load goes directly to the fluid,
making the values of fluid pressure equal.

In the following stages, the responses start toxgbaFor greater values &f (lower
compressibility), the values of fluid pressure amech closer to the responses correspondent
to an incompressible fluid, as expected.
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As fluid compressibility is increased (lower flulsllk modulus), the fluid pressure
dissipation through time is much slower. As alreadyd, initially the imposed load goes
directly to the fluid. Over time, this stress iartsferred to the solid matrix, which strains
(pore closing). For a fully saturated sample, sashthe analyzed in this case, the void
volume changes represent fluid volume variatiominithe porous medium.

If the fluid is considered incompressible, there ao changes in the volume of fluid
and the strains of the solid matrix imply fluid ito However, if the compressibility of the
fluid is significant, the volume of fluid varies ewvtime. This means the pore closing causes
fluid compression, resulting in mass storage withinporous medium.

Specifically for the used parameters and imposedditons in the performed
simulations, it can be noticed that from a speaifitue of fluid bulk modulusk{ = 3,7x10
kPa), the fluid pressure starts to be influenced.

There are few studies related to the fluid compbdiyg subjected in literature. There
are some results of comparison of the evolutiofiofl pressure over time using different
fluid compressibility values in the research prambby Jha (2005).

The tendency of behavior of the porous medium imseof fluid pressure presented by
Jha (2005) is similar to the results achieved @séhsimulations, with the same delay of fluid
pressure dissipation here observed.

To illustrate how the stress state of the samplelveg, the stress paths for this
simulation are shown in Figure 5.5, for the incoessible fluid k = 1,0x16% kPa) and in
Figure 5.6 for the fluid with highest compressifyilin this casel¢ = 5,0x16 kPa).

0 10 20 30 40 50 60 70 80 90 1 0 10 20 30 40 50 60 70 80 90 100
Ap, Ap' (kPa) Acy, Acy' (kPa)

o Effective stress path ® Total stress path o Effective stress path ® Total stress path

(a) (b)
Figure 5.5 - Stress paths for 100 kPa load sinanak = 1,0x10% kPa - lin. elastic model).
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Figure 5.6 - Stress paths for 100 kPa load sinoniak = 5,0x1 kPa - linear elastic model).

As expected, effective stress increases over @ déuid pressure dissipates, as shown
in Figure 5.5 (a) and Figure 5.6 (a). Also, it tennoticed that if the simulation was made to
a longer period of time, the effective stress samybuld tend to reach the same value of the
total stress. This can be seen in Figure 5.5 (B)Fagure 5.6 (b). At that stage, fluid pressure
would have dissipated completely. These behavimidecies are similar for incompressible
and compressible fluid simulations.

A complementary analysis is made with the evalmatibchanges in fluid density for

different values of load, presented in Figure 5.7.

3,0 oo B R A R S R L M it |
25 rmpoanititt Lot b
Eoof Ry it et
o 1 1 1 | |
gas i g N g
10 ‘ Z — —x x
0,5 f t t t {
1 10 100 1000 10000 100000
log p (kPa)
X Analytical solution ——kf =3,7x10"6 kPa kf =1,0x10"4 kPa
—4—kf =1,0x10"3 kPa ——kf =5,0x10"2 kPa

Figure 5.7 - Changes in fluid density for differeatues of fluid compressibility.

The value of fluid density increases for greatdues of fluid compressibility (lower
k), as expected. Howeveg,=5,0x1F kPa is the limit value for the bulk modulus of thed
for simulations with the used parameters, evenghatidoes not represent a real fluid bulk

modulus value.
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In the formulation proposed in this research, aislfbulk modulus increases, the values
of the mass matrix increase greatly, with largeagje of fluid mass. In these cases, flow does
not take place. The solution of the system of agonatbecomes numerically unstable and it
may not be representative for the study.

The following analysis was performed in order t@leate the degree of influence of
the stress state in fluid pressure results forsdmae fluid compressibility value. The results
were taken only for time factors T=0,05; 0,5; On8l ahey are shown in Figure 5.8.

y (m)

0,0 -

LA s e

0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

p/delta sigma
=== T=0,05 - kf=1,0x10"5 kPa (load=100kPa)=T=0,05 - kf=1,0x10"5 kPa (load=10000kPa T=0,05 - Analytical solution
T=0,5 - kf=1,0x10"5 kPa (load=100kPa)

T=0,5 - kf=1,0x10"5 kPa (load=10000kPa)* T=0,5 - Analytical solution

=== T=0,8 - kf=1,0x10"5 kPa (load=100kPa) —— T=0,8 - kf=1,0x10"5 kPa (load=10000kPa)® T=0,8 - Analytical solution

Figure 5.8 - Fluid compressibility influence in uéts of fluid pressure for different stress
levels (linear elastic model).

Fluid compressibility does not influence the resggsnfor a 100 kPa load. The results
for this simulation are similar to the analytic pease of the one-dimensional consolidation
problem proposed by Terzaghi. There is no delajissipation of fluid pressure provoked by
the effect of fluid compressibility during the catidation of this sample.
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On the other hand, for a 10000 kPa load, the ftoihpressibility has a large influence
in fluid pressure results, with values 10% gre#ttan the predicted in cases where the effect
of fluid compressibility is not significant. In thicase, the effect of fluid compressibility is
remarkable. The delay in dissipation of fluid pressin the consolidation of the sample is
clear. So, it may be stated that greater loadeasa the effect of fluid compressibility, with
consequent higher values of fluid pressure.

This analysis is extremely important for reservggomechanics. Oil reservoirs are
often located at great depths, being subjectedigh Btress levels. In these cases, the
compressibility of the fluid is proven to be sigo#int. The expected values of fluid pressure

are largely increased by considering the fluid coeagibility influence.

5.1.1.2 MODIFIED CAM-CLAY MODEL RESPONSES
The analyses performed with this model use thenpeters shown in Table 5.3. Other
parameters required for the simulations are deflatt, given the necessity of varying them

to the sensitivity analysis.

Table 5.3 - Parameters of modified Cam-clay modebhe-dimensional consolidation
problem (fluid compressibility sensitivity analypsis

M 1
Po Forao =100kPa 50 kPa
Foraos =10000kPa 5000 kPa
Overconsolidation ratio (OCR) 0,20
A Foraos =100kPa 0,00500
Foraos =10000kPa 0, 13720
K Forao =100kPa 0,00050
Foraos =10000kPa 0,01372
Initial void ratio ( &) 0,90
Poisson coefficient ) 0,31
Solids density (@) 2,65 kg/m3
Fluid density (,, ) 1,00 kg/m3
Permeability (k) 1,0x10° m/s

In the first analysis, the influence of fluid corapsibility in the hydro-mechanical

behavior of the porous medium is evaluated withréselts of fluid pressure. The evolution
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of the fluid pressure during the simulation of tt@nsolidation process is monitored for
specific time factors (T=0; 0,2; 0,5 e 0,8). They presented in Figure 5.9.
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= = T=0- kf=3,7x10"6 kPa T=0,2 - kf=3,7x10"6 kPa = = T=0,5-kf=3,7x10"6kPa = =T=0,8-kf=3,7x10"6 kPa
------ T=0 - kf=1,0x10"4 kPa T=0,2 - kf=1,0x10"4 kPa  ---- T=0,5- kf=1,0x10"4 kPa - T=0,8 - kf=1,0x10"4 kPa
— +T=0 - kf=1,0x10"3 kPa T=0,2 - kf=1,0x10"3kPa  — -T=0,5-kf=1,0x10"3kPa — :T=0,8-kf=1,0x10"3 kPa
——T=0 - kf=5,0x10"2 kPa T=0,2 - kf=5,0x10"2kPa ——T=0,5-kf=5,0x10"2kPa ——T=0,8-kf=5,0x10"2 kPa

Figure 5.9 - Results of fluid pressure for 100 kbzal in soil column
(fluid compressibility analysis — modified Cam-clanpdel).

The interpretation of these results is similar lhe tichieved with the linear elastic
model. The tendency of behavior is the same in basies. For the time factor T=0, all curves
are overlap, indicating the immediate transmissibtie load to the fluid at this first stage.

Gradually, over time, fluid pressure starts to igste with the transference of the
pressure of the fluid to stress to the solid mattepending on the influence of fluid
compressibility, this process of dissipation maguanore rapidly (low fluid compressibility
influence) or quicker (great fluid compressibilibfluence).

For values greater than 3,7X1@Pa for fluid bulk modulus, it may be observedt tine
fluid pressure dissipation is much slower. Thiscess is explained by the variation of fluid
volume due to its compressibility, as explainedbef The delay of fluid pressure dissipation

is shown in Figure 5.9.
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Another important analysis is related to the sigaiit differences observed between
the analytical solution, with a linear elastic ciitasive model, and the responses achieved
with the modified Cam-clay model.

It can be noticed that there is significant diffese between the results of fluid pressure
when using these two constitutive models. Thislmarxplained by premises of stress-strain
relation of each model.

In the linear elastic model, stress and strain lzaleear relation. On the other hand, in
the modified Cam-clay model, the stress-straintigglas non-linear for plastic strains. Thus,
the predictions of expected strains for a poroudiume differ depending on which model is
applied during the simulations.

In cases in which the Young modulus for the eldssifc model is obtained by a secant
going from the origin to the point of maximum sgess shown in Figure 5.10, this

interpretation can be easily made.

0)

€

Figure 5.10 - Comparison between elastoplastidiardr elastic models.

Comparing the points A and B in Figure 5.10, it denobserved that for the same
stress value, the strains achieved with the liredastic model are greater than with the
elastoplastic model. The differences between vabfiesrain for a same stress value may be
verified until the stress-strain curves for bothd®els meet, at point C.

In a coupled hydro-mechanical phenomenon sucheasithulated, the behavior of the
solid matrix influences directly the hydraulic regges of the medium. Therewith, one can
infer that with an elastoplastic model, like moedi Cam-clay, the transference of fluid
pressure to the solid matrix will occur in a difat manner than the expected for the linear

elastic model.
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Again, to illustrate how the stress state of th@a evolves, the stress paths for this

simulation are shown in Figure 5.11, for the incoesgible fluid k = 1,0x16% kPa) and in
Figure 5.12 for the fluid with highest compressikiln this casel = 5,0x16G kPa).

0 20 40 60 80 100 120 140 1 0 15 30 45 60 75 90 105 120 135 150

Ap, Ap' (kPa) Acy,Acy' (kPa)
® Effective stress path ® Total stress path ® Effective stress path ® Total stress path
(@) (b)
Figure 5.11 - Stress paths for 100 kPa load sinamdk; = 1,0x16° kPa — modified Cam-
clay model).

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Ap,Ap' (kPa) Acy,Acy' (kPa)
® Effective stress path ® Total stress path © Effective stress path ® Total stress path
(@) (b)
Figure 5.12 - Stress paths for 100 kPa load sinandk; = 5,0x16 kPa — mod. Cam-clay
model).

In this case, effective stress also increases twer with fluid pressure dissipation
(Figure 5.11 (a) and Figure 5.12 (a)). For thatsoea it is observed the same behavior
tendency of the soil sample in these simulationthaones performed with the linear elastic
model. The effective stress tends to reach thé sttess value after a longer period of time,
with complete dissipation of fluid pressure. Theadency can be seen in Figure 5.11 (b) and
Figure 5.12 (b). Again, the results are similar flocompressible and compressible fluid

simulations.
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Finally, a complementary analysis is presentedyrider to show the effects of stress
level in fluid pressure results for the same vabfidluid bulk modulus. The comparison
between the consolidation process of the soil coldon two different loads, 100 kPa and
10000 kPa, is shown in Figure 5.13 for time facios9,05; 0,5; 0,8.

For a 100 kPa load, the simulation results tencddoproximate to the analytical
solution, even though the used constitutive modelschot represent the conditions fixed by
Terzaghi.

At time factor T=0,05, the values of fluid pressdiolow the same tendency of the
analytical solution, regardless the stress levak @ simulation short elapsed time, this stage
still represents an undrained load situation, &lthost no fluid pressure dissipation.

For the following time factors, it may be noticédt fluid pressure dissipates faster for
a 10000 kPa, the opposite of the observed witlitlear elastic model.

0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
p/delta sigma

L B e LA B i o e e e e e e e R o

=== T=0,05 - kf=1x10"5 kPa (load=100kPa)— T=0,05 - kf=1x10"5 kPa (load=10000kPaP T=0,05 - Analytical solution
T=0,5 - kf=1x10"5 kPa (load=100kPa) T=0,5 - kf=1x10"5 kPa (load=10000kPa) ® T=0,5 - Analytical solution

=== T=0,8 - kf=1x10"5 kPa (load=100kPa) ——T=0,8 - kf=1x10"5 kPa (load=10000kPa) ® T=0,8 - Analytical solution

Figure 5.13 - Fluid compressibility influence irsodts of fluid pressure for different stress
levels (modified Cam-clay model).
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The modified Cam-clay model captures the stress strain changes of the porous
medium more accurately than the linear elastic rhade, for this reason, it adequately
represents pore closing for a 10000 kPa load stionk These volume changes may
influence the fluid behavior, inducing fluid flow.can be observed in this simulation that the
10000 kPa load induced flow, making the valueslwtifpressure lower. The effect of fluid
compressibility, even though it is proved to afféioé hydro-mechanical behavior of the
porous medium at this stress level, could not coregee this flow induction.

Specifically in terms of reservoir geomechanicg ggthenomenon is named compaction
drive. As mentioned in chapter 2, the compactionedmechanism is the increase in oil flow
out of the reservoir due to pore volume changes &kplains the observed decrease in fluid
pressure for a higher stress level. The fluid casgbility effect could not be observed and

analyzed for these simulation conditions.

5.1.2 SENSITIVITY ANALYSIS FOR THE SOLIDS COMPRESSIBILITY

Similarly to the performed analyses for the flumhypressibility, the influence of the
solids compressibility in the hydro-mechanical baetiaof porous media is evaluated. The
simulations were also divided in two parts:

» Verification of the influence of solids compresstlyi
» Verification of the influence of stress state imidl pressure results for the same
solids compressibility value.

Again, for a 100 kPa load, the values of compréd#silof the solids were varied, as
shown in Table 5.4. Based on the achieved restiltsgs been demonstrated the need for
making this simulation also for a 10000 kPa loaadug; the effects of solids compressibility
may be clearly observed. For this analysis, tharpaters are shown in Table 5.5.

The chosen values for solids compressibility walected based on the fixed value of
fluid compressibility. It is admitted that fluid ogoressibility could not be greater than solids
compressibility, so the chosen values should fuhik requirement. The solids bulk modulus
values are in Table 5.4 and Table 5.5, for 100&fRh10000 kPa simulations, respectively.

Another determinant aspect for the choice of thafcompressibility was the analyses
already performed. It was proved that for similanditions of stress state, a value of fluid
compressibility of 1x10kPa did not influence the results of fluid pressim comparison to

the responses for an incompressible fluid (sedidrl).
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The values of solids bulk modulus vary from thedation with a 100 kPa load to the
10000 kPa load. These values were carefully chtsevoid any numerical instabilities of

the model which could interfere on the resultshef $imulations.

Table 5.4 - Parameters for simulation of solidspressibility influence (100 kPa load).

Solids bulk modulus ks) 5,0x10 kPa
1,0x10 kPa
5,0x10 kPa
1,0x10 kPa

Fluid bulk modulus (ki) 1,0x10 kPa

Table 5.5 - Parameters for simulation of solidspeessibility influence (10000 kPa load).

Solids bulk modulus ks) 1,0x10° kPa
1,0x10 kPa
1,0x10 kPa
5,0x10 kPa

Fluid bulk modulus (ki) 1,0x10 kPa

In order to verify the influence of stress statefluid pressure results for a solids
compressibility specific value, a comparison betwessults of the simulations for a 100 kPa
and 10000 kPa was made. The compressibility ofstiiels was kept constant through the
tests ks = 5x10' kPa) and the results were evaluated to time fadte0,05; 0,5; 0,8.

It is important to state the time factors presentethese results correspond to those
calculated with the premises of classic consolwtatheory (section 5.1.1). They are kept

constant for all simulations, permitting a compamni®f results at the same stage of analysis.

5.1.2.1 LINEAR ELASTIC MODEL RESPONSES

The used parameters are the same of fluid compriéyssimulations with the linear
elastic model. The model parameters are shownleTa2.

The influence of solids compressibility is evaluhtth the results of fluid pressure in
the first analysis. The evolution of the fluid mese during the simulation of the
consolidation process is monitored for specificdifactors (T=0; 0,2; 0,5 e 0,8). The results

for a 100 kPa and 10000 kPa loads are presentédumne 5.14 and Figure 5.15, respectively.
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Figure 5.14 - Results of fluid pressure for 100 kdzal in soil column

(solids compressibility analysis — linear elastiodal).
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Figure 5.15 - Results of fluid pressure for 1000@ koad in soil column
(solids compressibility analysis — linear elastiodal).

The results for both loads show the same tendehbglmavior of the medium. For the
first analyzed time factor (T=0), it can be obsérveome numerical instability. This
instability could be explained by a more significamterference from the advective term in
the flow matrix due to the lower values of soliddkomodulus.

The expected behavior for this first time stagehiat the total imposed load goes
directly to the fluid due to the short elapsed tifge, the values of fluid pressure are equal at
T=0, regardless the solids compressibility. Thesgeas should have been overlap.

For all other time stages (T=0,2; T=0,5; T=0,8% fluid pressure decreases for higher
values of solids compressibilitks(decrease). When the solid matrix is more compossi
is easier for it to deform, absorbing the effectstess increase over the porous medium.
Therewith, the transference of the load to thedsolatrix occurs more rapidly than if the
solids compressibility was not taken into accourging registered lower values of fluid
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pressure, as observed in Figure 5.14 and Figute Bldwever, it is fair to say that the solids
compressibility effect is not expressive, considgrithat the difference between the
incompressible and compressible conditions are/@igt significant.

A relevant aspect is the relation between solidd #uid compressibility. In the
performed simulations, the fluid bulk modulus isefil at 1,0x10kPa. When the value of
solids bulk modulus is lowered, getting closer 1@x10 kPa, solids and fluid bulk modulus
have the same magnitude. Thus, the effects of Bardpressibility are diminished or not as
significant. This means the effect of increaselundf pressure due to fluid compressibility
(section 5.1.1) is annulled, making the valueslaflfpressure lower than the expected for
this fluid compressibility in this stress level.

In order to complement the studies of stress statine soil sample, the stress paths for
these simulations are shown in Figure 5.16 andr&igulL7 for the incompressible solidts £
1,0x10° kPa) and in Figure 5.18 and Figure 5.19 for tHalsavith highest compressibility
(ks = 1,0x16 kPa andks = 5,0x10 kPa), for a 100 kPa and 10000 kPa, respectively.

50 -
45 -

Acx,Acx' (kP

0 10 20 30 40 50 60 70 80 90 1 0 10 20 30 40 50 60 70 80 90 100
Ap, Ap' (kPa) Aoy, Acy' (kPa)

o Effective stress path ® Total stress path © Effective stress path ® Total stress path

(a) (b)
Figure 5.16 - Stress paths for 100 kPa load sinmnldks = 1,0x16° kPa - lin. elastic model).
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Figure 5.17 - Stress paths for 10000 kPa load sifkut 1,0x16° kPa - lin. elast. model).
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Figure 5.18 - Stress paths for 100 kPa load sitkut 1,0x16 kPa - linear elastic model).

5000
4500
4000
3500 |-

3000 +

©

o

< 2500 +

o

< 2000
1500 -
1000 -

500 -

T T T T T T T T 4 > 0 T T T T T T T 4 T
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 1000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Ap,Ap' (kPa) Acy,Acy' (kPa)
o Effective stress path ® Total stress path © Effective stress path © Total stress path

Figure 5.19 - Stress paths for 10000 kPa load sitionl k. = 5,0x10 kPa - lin. elast. model).

The stress paths for these simulations follow #raes behavior tendency seen in fluid
compressibility simulations. It has been establistiat the effect of solids compressibility
was not so expressive in these simulations. See ikealso no evidence of influence of solids
compressibility in the stress paths. Again, effextstress increases over time, as fluid
pressure dissipates, as shown in Figure 5.16 {@yyé¢-5.17 (a), Figure 5.18 (a) and Figure
5.19 (a). Also, it can be inferred that if the slation was made to a longer period of time,
the effective stress sample would tend to reactsdinee value of the total stress, as shown in
Figure 5.16 (b), Figure 5.17 (b), Figure 5.18 (by &igure 5.19 (b). At that stage, fluid
pressure would have dissipated completely. Thedever tendencies are similar for
incompressible and compressible solids simulations.

Another important analysis can be made relatingl fcompressibility and the stress
state imposed in each simulation. The fluid congibdity, as said, is fixed at 1,0x1&Pa.

As shown in previous results (section 5.1.1), fol@ kPa load, this value of fluid
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compressibility does not influence significanthyetHuid pressure responses of the model.
Therefore, one can conclude that this fluid behasean incompressible fluid for this load.
On the other hand, for a 10000 kPa load, the saahe\of fluid compressibility influences
significantly fluid pressure responses. For a higbad, the same fluid can be referred to as
being compressible. This should be considered wdralyzing the responses the model
provides. This effect can be seen when compariggr€i5.14 and Figure 5.15. The values of
fluid pressure for a 10000 kPa load are proportigriagher than for the 100 kPa simulation
and this effect is associated with fluid comprefigib

Then, the following analysis was performed in oreeevaluate the degree of influence
of the stress state in fluid pressure resultstferdsame solids compressibility value. Based on
the previous analyses, the limit value of solid&bmodulus is 5,0x10kPa, so the analysis
was performed for this value. The results wererately for time factors T=0,05; 0,5; 0,8

and they are shown in Figure 5.20.

y (m)

p/delta sigma

=== T=0,05 - ks=5x10"7 kPa (load=100kPa) —— T=0,05 - ks=5x10"7 kPa (load=10000kPa)® T=0,05 - Analytical solution
T=0,5 - ks=5x10"7 kPa (load=100kPa) T=0,5 - ks=5x10"7 kPa (load=10000kPa) T=0,5 - Analytical solution
=== T=0,8 - ks=5x10"7 kPa (load=100kPa) ——T=0,8- ks=5x10"7 kPa (load=10000kPa) ® T=0,8 - Analytical solution

Figure 5.20 - Solids compressibility influence @sults of fluid pressure for different stress
levels (linear elastic model).

The results of fluid pressure show that the infeesnf the stress level in fluid pressure

results for the same solids compressibility valgeinisignificant. It does not affect or
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influence porous medium behavior. The results litgg simulation are similar to the analytic
response of the one-dimensional consolidation pralgproposed by Terzaghi, regardless the
stress level or the solids compressibility.

Thus, one possible interpretation is that the casgibility of the solid matrix is not so
significant in the physical behavior of the poroosedia. The solids compressibility
consideration could be neglected without majordess terms of representativeness of the

numerical model.

5.1.2.2 MODIFIED CAM-CLAY MODEL RESPONSES
The analyses performed with this model use thenpeters shown in Table 5.6. Other
parameters required for the simulations are deflatt, given the necessity of varying them

to the sensitivity analysis.

Table 5.6 - Parameters of modified Cam-clay modebhe-dimensional consolidation
problem (solids compressibility sensitivity ana)si

M 1
Po Foraos =100kPa 50 kPa
Foraos =10000kPa 5000 kPa
Overconsolidation ratio (OCR) 0,20
A Foraos =100kPa 0,0050
Foraos =10000kPa 0,0030
K Foraos =100kPa 0,0005
Foraos =10000kPa 0,0003
Initial void ratio ( &) 0,90
Poisson coefficient i) 0,31
Density of the solids f) 2,65 kg/m3
Density of the fluid (p; ) 1,00 kg/ms3
Permeability (k) 1,0x10° m/s

In the first set of performed simulations, it wassted the influence of solids
compressibility in the responses for the one-dirimerad consolidation case. The evolution of
the fluid pressure during the simulation of thesmiation process is monitored for specific
time factors (T=0; 0,2; 0,5 e 0,8). The resultsddrO0 kPa load and 10000 kPa are presented
in Figure 5.21 and Figure 5.22, respectively.
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The results for both loads show the same tendehbglwavior of the medium already
analyzed for the linear elastic model. For thet fasalyzed time factor (T=0), it can be
observed some numerical instability, as alreadytioeed. For this first time stage, it is
expected that the total imposed load goes dirgotihe fluid due to the short elapsed time.
Therefore, the values of fluid pressure, regardliessolids compressibility, are equal at T=0

and the curves should have been overlap.

______________________________________________________
,,,,,,,,,,,
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0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105
Fluid pressure (kPa)

® T=0 - ks=1,0x10"15 kPa T=0,2 - ks=1,0x10"15kPa ® T=0,5-ks=1,0x10"15kPa ® T=0,8-ks=1,0x10"15 kPa
= = T=0 - ks=5,0x10"7 kPa T=0,2 - ks=5,0x10"7 kPa = = T=0,5 - ks=5,0x10"7 kPa = = T=0,8 - ks=5,0x10"7 kPa
""" T=0 - ks=1,0x10"7 kPa T=0,2 - ks=1,0x10"7 kPa  -*-*** T=0,5 - ks=1,0x10"7 kPa  :*-**- T=0,8 - ks=1,0x10"7 kPa
= +T=0 - ks=5,0x10"6 kPa T=0,2 - ks=5,0x10"6 kPa = -T=0,5 - ks=5,0x10"6 kPa = T=0,8 - ks=5,0x10"6 kPa
=—T=0 - ks=1,0x10"6 kPa T=0,2 - ks=1,0x10"6 kPa T=0,5 - ks=1,0x10"6 kPa =T=0,8 - ks=1,0x10"6 kPa

Figure 5.21 - Results of fluid pressure for 100 kdzal in soil column
(solids compressibility analysis — modified Camyataodel).
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® T=0-ks=1,0x10"15 kPa T=0,2 - ks=1,0x10"15 kPa e T=0,5-ks=1,0x10"15kPa ® T=0,8-ks=1,0x10"15 kPa
= = T=0 - ks=1,0x10"10 kPa T=0,2 - ks=1,0x10"10 kPa = = T=0,5 - ks=1,0x10"10 kPa = = T=0,8 - ks=1,0x10"10 kPa
""" T=0 - ks=1,0x10"9 kPa T=0,2 - ks=1,0x10"9 kPa  ****** T=0,5 - ks=1,0x10"9 kPa  ****** T=0,8 - ks=1,0x10"9 kPa
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—T=0 - ks=5,0x10"7 kPa T=0,2 - ks=5,0x10"7 kPa T=0,5 - ks=5,0x10"7 kPa =——T=0,8 - ks=5,0x10"7 kPa

Figure 5.22 - Results of fluid pressure for 1008@&koad in soil column
(solids compressibility analysis — modified Camyataodel).

For all other time stages (T=0,2; T=0,5; T=0,8% fluid pressure decreases for higher
values of solids compressibilitgs(decrease). When solid matrix is more compressibls,
easier for it to deform, absorbing the effect oéss$ increase over the porous medium. Thus,
the pressure over the fluid tends to decreasetaltiee fact that the transference of the load
to the solid matrix would occur more rapidly thamhe solids compressibility was not taken
into account. This can be observed in Figure 5riRllFagure 5.22.

Comparing the results achieved with the lineartelasnodel and the modified Cam-
clay model, it can be noticed that the referredtejalastic model is much more willing to
variation of fluid pressure responses for differ@pplied loads than the linear elastic model.

Given its features, the elastoplastic model capttie stress and strain changes of the

porous medium more accurately than the linearielastdel. Therewith, it is fair to state that
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the fluid pressure results are significantly aféecby the constitutive model employed. The
modified Cam-clay model simulation results may myrthe effects of solids compressibility
in a more realistic way, representing the poroudiome response more effectively.

Another important aspect is the relation betwednls@and fluid compressibility. In the
performed simulations, the fluid bulk modulus isefil at 1,0x10kPa. When the value of
solids bulk modulus is lowered, getting closer t®x10 kPa, the effects of fluid
compressibility are diminished or not as significarhis means the effect of increase in fluid
pressure due to fluid compressibility (section B.1is annulled, making the values of fluid
pressure lower than the expected for this fluid pssibility in this stress level.

The evolution of stress in the sample is represeile the stress paths for these
simulations, shown in Figure 5.23 and Figure 5.84 the incompressible solid¥ks(=
1,0x10° kPa) and in Figure 5.25 and Figure 5.26 for tHalsavith highest compressibility
(ks = 1,0x16 kPa andks = 5,0x10 kPa), for a 100 kPa and 10000 kPa, respectively.

50 -
45 -
40 -
35+

30 1

©

o

225 -

Acx,Acx' (kPa)

o

<20
15
0 -

5 -

0 T T T T T T T d T T T T T T T t T T
0 20 40 60 80 100 120 140 1 0 15 30 45 60 75 90 105 120 135 150
Ap, Ap' (kPa) Aoy, Acy' (kPa)

 Effective stress path ® Total stress path © Effective stress path ® Total stress path

(a) (b)
Figure 5.23 - Stress paths for 100 kPa load diere (,0x16° kPa - mod. Cam-clay model).
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Figure 5.24 - Stress paths for 10000 kPa load sitionl (s = 1,0x16° kPa - mod. Cam-clay
model).
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Figure 5.25 - Stress paths for 100 kPa load sitkut 1,0x16 kPa - mod. Cam-clay model).
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Figure 5.26 - Stress paths for 10000 kPa load sitioml (s = 5,0x10 kPa - mod. Cam-clay
model).

As observed in the simulations, the effect of solcbmpressibility was not so
expressive. Again, there is also no evidence ddi@nfce of solids compressibility in the stress
paths. Effective stress increases over time duButd pressure dissipation, as shown in
Figure 5.23 (a), Figure 5.24 (a), Figure 5.25 (& R&igure 5.26 (a). Also, it is interesting to
notice that yielding is reached in the 10000 kRl Isimulations, as indicated in Figure 5.24
(@) and Figure 5.26 (a). These behavior tendenaressimilar for incompressible and
compressible solids simulations.

One important conclusion is related to the effdctlad compressibility in different
stress levels. As explained, for a 100 kPa loat,0a10 kPa fluid compressibility does not
influence significantly the fluid pressure respasé the numerical model. Therefore, one
can conclude that this fluid is incompressible ttus load. On the other hand, for a 10000

kPa load, the same value of fluid compressibilitfiluences significantly fluid pressure
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responses. For a higher load, the same fluid behase compressible fluid. This should be
considered when analyzing the responses the medeides. This effect can be seen when
comparing Figure 5.21 and Figure 5.22. The valddiol pressure for a 10000 kPa load are
proportionally higher than for the 100 kPa simwlati

The following analysis is used to evaluate theuafice of the stress state in fluid
pressure results for the same solids compresyilviiitue. Based on previous analyses, the
limit value of solids bulk modulus is 5,0x1kPa for the stress level used in these
simulations. Values of solids bulk modulus loweartithis can induce numerical instability.
This influences fluid pressure responses, making #valuation not appropriate for
comparison of results achieved with the model. fdseilts were taken only for time factors
T=0,05; 0,5; 0,8 and they are shown in Figure 5.27.

y (m)

0,0 i i

0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
p/delta sigma

=== T=0,05 - ks=5x10"7 kPa (load=100kPa) ——T=0,05 - ks=5x10"7 kPa (load=10000kPa)® T=0,05 - Analytical solution
T=0,5 - ks=5x10"7 kPa (load=100kPa) T=0,5 - ks=5x10"7 kPa (load=10000kPa) T=0,5 - Analytical solution

=== T=0,8- ks=5x10"7 kPa (load=100kPa) ——T=0,8- ks=5x10"7 kPa (load=10000kPa) ® T=0,8 - Analytical solution

Figure 5.27 - Solids compressibility influence @sults of fluid pressure for different stress
levels (modified Cam-clay model).

For a 100 kPa load, it can be observed the refrlthis simulation are similar to the
analytic response of the one-dimensional consatidgiroblem proposed by Terzaghi.

For a 10000 kPa load, the solids compressibiliipyénces the results of fluid pressure.
The values of fluid pressure are lower than thedipted in cases with no solids

compressibility consideration. Again, a possibleefis compaction drive due to the 10000
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kPa load. This loading induces pore closing andsequently, fluid flow. Considering this,
the solids compressibility does not influence theesved results.

A complementary analysis was made with the resaltsrder to verify the effect of
consideration of solids compressibility. This effeould be measured by the Biot parameter,
already defined in chapter 3 and expressed by ghé54):

([0 .
ok,

where:{m}’ ={1 1 1 0 0 { for a 3D analysis,J* is the constitutive matrix ant is

a,=1-

the solids bulk modulus.

For isotropic, homogeneous and linear elastic meat& Biot parameter is defined as
a, =1. This suggests that the compressibility of thedsolatrix does not interfere in the
porous medium behavior in these conditions.

However, this parameter is used in the formulapooposed in this dissertation and it
influences all matrixes of the solution of the mesaservation equation. Therefore, defining
the degree of influence of this parameter in tlsulte may be the basis for evaluating the
necessity of calculating Biot parameter for eachusation.

For the same simulations already performed, thelte®f the Biot parameter for
different values of solids bulk modulus are showrigure 5.28, for a 100 kPa load, and in
Figure 5.29, for a 10000 kPa load.

The values of Biot parametes () presented in these graphics are for simulatioitis w
the linear elastic modealpha LE and with the modified Cam-clay modelgha CQ.

The value ofa, is constant for all stages of time for simulatiovith the linear elastic
model. On the other hand, the valuesagfor modified Cam-clay model simulations change

over time. Defining a specific value adequate fpresenting each simulation could not be

truly representative, so it has been establishadttie minimum and maximum values @f
would be plotted in the graphics. Also, an averagkie of o, was determined for each

modified Cam-clay simulation, with its calculati@reighted by the frequency of occurrence

of each value ofr, . The values ofr, were then used in the definition of the curve ddrage

values ofa, for the modified Cam-clay modetlpha CC average
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Figure 5.29 - Changes in Biot parameter for a 10{R#® load.

It can be noticed from both graphics that the vallie, is not significantly altered for

values of solids bulk modulus higher than 1%kPa for a 100 kPa load and 1X1®a for a

10000 kPa. For values lower than that, the valfies cstart to vary more noticeably.

Considering that this parameter represents theteffiesolids compressibility on the
sample, it is fair to say that the verificationiofluence of the stress state of a sample in Biot
parameter reveals its importance to evaluate par®dia physical behavior.

In real cases, the values of solids bulk modulusniost soils and rocks are around
these limits, with 4x10kPa for quartz crystals (Figure 5.28 and Figu9%.for instance
(Richardson et al., 2002). Therewith, it may beadaad that the solids compressibility does
not influence the responses of the porous medigmifsiantly for lower loads (100 kPa).
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This type of analysis permits to infer that thigeef of solids compressibility could be
neglected in these cases, simplifying the perforsieailations.

However, for greater loads (10000 kPa), varies considerably for real values of

solids bulk modulus. Considering solids compres$isfbinay be important in cases such as
petroleum reservoir simulations, in which the lewkstress imposed to the porous medium is

higher.

5.2 TWO-DIMENSIONAL CONSOLIDATION PROBLEM

The second case is a two-dimensional consolidgtoblem. An infinitely deep layer
of soil is analyzed in a plane-strain situationthwy, z as the in-plane axes.

The porous medium hydro-mechanical behavior isyaedl with the application of an
uniform load, infinite in one directiory) and limited on the other (fromm=—b tox = b), as
shown in Figure 5.30. The soil is considered tgta#iturated and it is subjected to a geostatic
initial stress state. Also, the fluid is assumeedoape freely at the surface. This case is also
based on simulations performed by Farias (1993)Gordéao Neto (2005).

The studied domain is discretized in 200 three-dsmanal 8-noded elements (Figure
5.2), making up a mesh with a total of 462 noddee division of the domain follows an
exponential distribution in both directions §ndy). The configuration of the finite element

mesh is shown in Figure 5.30.

b
RARARRARAA S

10m

10m

Figure 5.30 - Two-dimensional consolidation problgnodified Cordao Neto, 2005).

The formulation implemented on ALLFINE is tested this case in terms of fluid
compressibility sensitivity. The validation of th@oposed formulation is done by the
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comparison of the results achieved with ALLFINE atie analytical solution for the
problem.

When the fluid bulk modulus is large enough (conmgato solids bulk modulus), the
fluid is considered incompressible. So, using valioe these parameters correspondent to the
condition of incompressibility, the results shoutgatch the analytical solution of the
problem, proposed by Biot (1940).

These results are presented in terms of normatlizgdacements. This normalization is
made by dividing the surface displacements resqwta;.; (Eq. (3.1)), correspondent to the
initial uniform displacement the surface would sufif the load extended from = -« to

X = o0 .

w, = 2L (5.5)
NG,

where: wiy; IS the initial uniform displacemenp is the load and is the double of the
extension in which the load is applidd4b).

In Equation (5.5)a is defined as:

o= m2)(0ry) _Ez(/l)_( f)r ‘) (5.6)

where:E is the Young modulus angdis the Poisson coefficient.

For other conditions, such as fluid compressibildgnsideration, the values of
displacements are not normalized. The initial umfaisplacementwy) is calculated for a
linear elastic model response, with incompresdiloiiel. Therefore, using the normalization
procedure for compressible fluids does not have @mysical for the proposed sensitivity
analysis.

Again, the time factors for which the results aresgnted correspond to those based on
classic consolidation theory (section 5.1.1). Tleue of the time factor is maintained
constant for all simulations, permitting a compamni®f results at the same stage of analysis.

The presented results permit an evaluation of §ydrdamechanical behavior of the
porous medium in a consolidation analysis, verdyithe applicability of the enhanced

version of ALLFINE, with the compressibility hypakhis considered.

5.2.1 SENSITIVITY ANALYSIS FOR THE FLUID COMPRESSIBILITY
The analyses performed for these tests of fluid pressibility are for a two-

dimensional consolidation condition. They are daddn two parts:
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» Validation of the proposed formulation;
» Comparison of results for different fluid bulk maddsi values.

The formulation is tested with the responses obthwith the simulation of a case in
which the fluid is incompressible(=1,0x13% kPa). The results of these simulations are
compared to the analytical solution of this prohlem

The tests are made for both linear elastic and fieddCam-clay models. When the
linear elastic model simulations are performed,ttechanical parameters used are the same
as the established for the analytical solutionha problem. In this case, the results are
expected to being similar to the analytical respons

However, for the modified Cam-clay model, the mexba parameters are not the
same as the used for an analytical solution, dikierdifferences between an elastoplastic and
an elastic model. Furthermore, it is not likely ttlihe results achieved when using the
modified Cam-clay model are close to the analyticesponse. Also, the value of
displacement fox=0 for the last evaluated time stage is expecteddtcimthe linear elastic
response. This is used for calibration of the mediCam-clay model.

The results are presented for five different tiraetdr values, T=1/8, 2/8, 3/8, 4/8 and
5/8, in terms of vertical displacements. Again,sthdime factors refer to the analytical
solution of Terzaghi’s consolidation problem anay3hese time factors are only employed
in order to facilitate the visualization of the u#ts for each simulation over time.

5.2.1.1 LINEAR ELASTIC MODEL RESPONSES

Firstly, the simulation for the validation of thermulation was performed for the
studied case with a linear elastic model. For aormpressible fluidk =1,0x10? kPa), the
results achieved with ALLFINE are presented in Fégb.31. It is important to state that the
presented results are the values of displacementsach time stage (T=1/8 to 5/8) with
deduction of the values of displacement for theiahitime stage (T=0). The values of
displacement to the initial time stage correspaméirt undrained behavior of the soil, not
being representative of the consolidation phenomembe results have been normalized by
the initial uniform displacement; (Eq. (3.1)).

The parameters required for the calculation of ithigal uniform displacement are

related in Table 5.7 and the parameters used éosithulation are disposed in Table 5.8.
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Table 5.7 - Parameters for calculating the initiaiform displacementy;.

a 0,0001 kPa
Load (p) 100 kPa
Extension of application of the load If) 1,68 m
| (I=2b) 3,36 m

Table 5.8 - Parameters for two-dimensional conatitith problem (linear elastic model).

Young modulus E) 10000 kPa
Poisson coefficient i) 0
Initial void ratio ( &) 0,90
Density of the solids f) 2,65 kg/m3
Solids bulk modulus ks) 1,0x10° kPa
Density of the fluid (p; ) 1,00 kg/m3
Fluid bulk modulus (ki) 1,0x10° kPa

3,7x10 kPa

1,0x10 kPa

5,0x10 kPa
Permeability (k) 1,0x10° m/s

0 1 2

Normalized displacements
do

1 -Sb
A~ o

—T=1/8-

T=2/8 -
—T=3/8 -
—T=4/8 -
—T=5/8 -

analytical solution
analytical solution
analytical solution
analytical solution
analytical solution

- kf=1x10"12 kPa
- kf=1x10"12 kPa
- kf=1x10"12 kPa
- kf=1x10"12 kPa
- kf=1x10"12 kPa

Figure 5.31 - Comparison between analytical sotuéiod results of simulation with
ALLFINE for a two-dimensional consolidation problgimear elastic model).
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It may be noticed that the responses achieved AliltFINE are satisfyingly close to
the analytical solution for the problem, with minim error associated to the numerical
solution.

The difference between the responses of analysickltion and simulation may be
explained by considerations made in the numeriaalating. In this case, the domain of the
problem is finite, limited in all directions;, y andz, differently than the conditions of the
analytical solution, which preview an infinite sespace. This induces the simulations results
to values not so close to the analytical solutiethay could be.

Also, the discretization made on the domain of thenerical solution requires
boundary conditions which contribute to the notidéterence between the model results and
the analytic response of the problem.

After validating the proposed formulation for thveotdimensional consolidation case,
the simulations are performed for different valoé$luid bulk modulus, in order to evaluate
the effects of fluid compressibility in results wértical displacement in the porous medium.
These values of displacement are not normalized,the displacement referent to the
undrained loading condition (initial stage, T=0y&ducted.

The results of the simulations are shown in Figbr@. The values of fluid bulk

modulus employed in the simulations are presemtdable 5.8.

Displacements (mm)

® T=1/8 - analytical solution--- T=1/8 - kf=3,7x10"6 kPa — - - T=1/8 - kf=1,0x10"3 kPa—— T=1/8 - kf=5,0x10"2 kPa
T=2/8 - analytical solution T=2/8 - kf=3,7x10"6 kPa T=2/8 - kf=1,0x10"3 kPa T=2/8 - kf=5,0x10"2 kPa
T=3/8 - analytical solution--- T=3/8 - kf=3,7x10"6 kPa — - - T=3/8 - kf=1,0x10"3 kPa —— T=3/8 - kf=5,0x10"2 kPa
® T=4/8 - analytical solution:- T=4/8 - kf=3,7x10"6 kPa — - - T=4/8 - kf=1,0x10"3 kPa —— T=4/8 - kf=5,0x10"2 kPa
® T=5/8 - analytical solution- T=5/8 - kf=3,7x10"6 kPa — - - T=5/8 - kf=1,0x10"3 kPa —— T=5/8 - kf=5,0x10"2 kPa

Figure 5.32 - Results of displacements for difféfend bulk modulus (linear elastic model).
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The values for fluid bulk modulus can be increafedn the totally incompressible
condition & =1,0x103? kPa) to the value already stated as limit forfthiel compressibility
starts to influence the porous medium physical bienalt can be noticed that for this limit
value, the results achieved with ALLFINE simulagodo not differ significantly from the
analytical response.

When fluid compressibility is increased over thmsit value § decrease), it can be
noticed the results of vertical displacements artuénced. The surface displacements
decrease for fluids with higher compressibilitynsmlering the same time factor.

This could be interpreted as the effect of fluidgaure increasing already remarked in
one-dimensional consolidation analysis (sectior). Sristantaneously after load application,
the fluid receives the entire load, increasingdilpressure to a maximum value. Over time,
the fluid pressure tends to dissipate, as loadrasluglly transferred to solid matrix. This
stress transference is more expressive with incessgle fluids.

However, in a case in which the fluid compresdiils significant, the transference of
stress from the fluid to the solid matrix is deldydhe initial increase of fluid pressure
makes the fluid have its volume reduced. Thusdflpiessure increases more than with
incompressible fluids, justifying the higher valued fluid pressure registered for
compressible fluid during a consolidation process.

This delay in fluid pressure dissipation makeséffective stress to which the porous
medium is subjected lower (fluid pressure is high@herewith, one can deduce that the
stress-strain relations of the porous medium aextd. For lower stress, the strain rate of
the solil is lower as well, justifying the decreas¢he values of vertical displacement as fluid

compressibility is increased.

5.2.1.2 MODIFIED CAM-CLAY MODEL RESPONSES

Firstly, the simulation for the validation of thermulation was performed for the
studied case with the modified Cam-clay model. &orincompressible fluidk( =1,0x10?
kPa), the results achieved with ALLFINE are showifrigure 5.33.

Differently than the results presented for the dnelastic model, the values of
displacement in this graphic have no deductionhef\alues of displacement to the initial
time stage. This consideration might seem inadequmen the physical significance of the
initial time displacements, given in an undraineshdition of loading which does not
represent the consolidation phenomenon. For treore the results of the simulation are

compared with the analytical solution also with miiscount of this initial stage
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displacements. This consideration is made in otddretter adjust the modified Cam-clay
model parameters (Table 5.9), calibrating it prbpepermitting the responses to being

adequate to represent the studied phenomenon.

Table 5.9 - Parameters for two-dimensional conatitbeh problem
(modified Cam-clay model).

M 1
po (for a s =100 kPa) 50 kPa
Overconsolidation ratio (OCR) 0,20
A 0,050
K 0,005
Initial void ratio ( &) 0,90
Poisson coefficient i) 0
Density of the solids f) 2,65 kg/m3
Density of the fluid (p; ) 1,00 kg/ms3
Permeability (k) 1,0x10° m/s

Displacements (mm)

—T=1/8 - analytical solution x(m) o T=1/8 - kf=1el2 kPa

T=2/8 - analytical solution T=2/8 - kf=1el2 kPa
——T=3/8 - analytical solution ® T=3/8 -kf=1lel2kPa
——T=4/8 - analytical solution ® T=4/8 - kf=1el2 kPa
——T=5/8 - analytical solution ® T=5/8 - kf=1el2kPa

Figure 5.33 - Comparison between analytical sotuéind results of simulation with
ALLFINE for a two-dimensional consolidation probl§modified Cam-clay model).
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The results of the numerical solution of the prableith the modified Cam-clay model
and its analytical solution are shown in Figure35.Bhe calibration of modified Cam-clay
model parameters was based on the values of dispd for the final stage of analysis
(T=5/8). The results achieved with the numericduton should match adequately the
expected displacements with the analytical solution

For more advanced time stages (T=3/8; 4/8; 5/&) aitcordance of the numerical and
analytical solution results is satisfying. Agaimyadifference observed between these
responses may be explained by considerations nwdpefforming numerical simulation,
such as defining a finite domain for the analysisesen the mesh used for element
discretization.

However, for the first time stages (T=1/8; 2/8) tiesponses do not adequately match
the behavior previewed by the analytical solutidihis could be explained by different
characteristics of the constitutive models.

As explained before (section 5.1.1), the stressrstelation is linear for a linear elastic
model and it is non-linear for an elastoplastic glpduch as modified Cam-clay.

In cases in which the Young modulus for the eldasife model is obtained by a secant
going from the origin to the point of maximum sggethis interpretation can be easily made.
For a same stress value, the strains achievedthathinear elastic model are greater than
with the elastoplastic model. The differences betwealues of strain for a same stress value
may be verified until the stress-strain curvesbioth models meet (Figure 5.10).

This interpretation for the difference on stregsigt relation between these models
justifies the observed behavior in this case. Rerfirst time stages, the effective stress to
which the solid matrix is subjected is not suffiti¢o reach the point when both linear and
elastoplastic model stress-strain curves meet, aexph the differences between the
responses.

In the second analysis made for this set of sinmratthe influence of fluid
compressibility is evaluated. The comparison oftigal displacements results for different
fluid bulk moduli using the modified Cam-clay modeleal the same tendency of behavior
observed in linear elastic simulations. Porous mednich the fluid within is significantly
compressible are more likely to present lower strates, given the increase of fluid pressure
already verified with other analysis (section 51Thus, the displacements observed in the
porous medium are lower when the fluid within isngyessible than in situation in which the

fluid may be considered incompressible. This canliserved in Figure 5.34.
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Displacements (mm)

x(m)

--------- T=1/8 - kf=3,7x10"6 kPa — - =-T=1/8 - kf=1,0x10"3 kPa —— T=1/8 - kf=5,0x10"2 kPa

T=2/8 - kf=3,7x10"6 kPa T=2/8 - kf=1,0x10"3 kPa T=2/8 - kf=5,0x10"2 kPa
~~~~~~~~~ T=3/8 - kf=3,7x10"6 kPa — - -T=3/8 - kf=1,0x10"3 kPa —— T=3/8 - kf=5,0x10"2 kPa
""""" T=4/8 - kf=3,7x10"6 kPa — - -T=4/8 - kf=1,0x10"3 kPa —— T=4/8 - kf=5,0x10"2 kPa
~~~~~~~~~ T=5/8 - kf=3,7x10"6 kPa — - =-T=5/8 - kf=1,0x10"3 kPa —— T=5/8 - kf=5,0x10"2 kPa

Figure 5.34 - Results of displacements for difféfend bulk modulus
(modified Cam-clay model).

The results achieved with linear elastic and medifCam-clay models show that the
influence of the compressibility of the fluid is mmum for this case. In standard
geotechnical problems, such as this example, this & approach is not relevant. The level
of stress and strains porous media suffer is ntlhtensame magnitude order as the reservoir
geomechanics problems. Thus, the results are nohnmiluenced by the consideration of

fluid compressibility.

5.3 SUMMARY

In this chapter, aspects regarding the mechanarainpeters of the studied phenomenon
have been discussed. The influence of fluid angilsaompressibility on a porous medium
has been analyzed with the simulation of one-dimoea$ and two-dimensional consolidation
cases for the linear elastic and modified Cam-olagels.

Firstly, the adequacy of the formulation proposedhis dissertation was tested, with
comparison of the results of the simulation, coasidy fluid and solids incompressible, to
the analytical solution of each problem.

The next procedure was to evaluate the degreeflokeince of fluid compressibility.
This was verified with the variation of fluid butkodulus in each case, with same conditions
of load, permeability, fluid and solids density avaid ratio of the porous medium. This
analysis was performed for both one-dimensionaltareddimensional consolidation cases.
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The influence of fluid compressibility is quite sificant. The results for the one-
dimensional case show that when the fluid is moragressible, the tendency is to observe a
delay in fluid pressure dissipation. This is expéal by the volume changes the fluid suffers
when load is applied in the soil (or rock).

In the two-dimensional case, it was possible toeolss less displacement of the soill
surface when the fluid is more compressible. Thiexplained by the reduction of effective
stress (due to fluid pressure increase). Conselyuéimé soil straining observed is much less
significant, resulting in less vertical displacermen

In order to evaluate the influence of stress Iddédferent loading conditions) in the
results of fluid pressure, simulations were perfednm order to compare the response for a
same value of fluid bulk modulus. This analysis waade only for the one-dimensional
consolidation problem.

For the linear elastic model, the results show thiat higher level of stress, the fluid
compressibility is more significant. The analysels petroleum reservoirs are greatly
influenced by this aspect, given the high levelstaéss to which the reservoir may subjected
at great depths.

For the modified Cam-clay model, however, fluidgmere dissipates faster for a 10000
kPa, the opposite of the expected behavior in thaagy/ses.

This can be explained by the specific featureshisf tonstitutive model. The volume
changes of the porous medium are better capturgdtiis model. Therewith, two possible
phenomena can occur. The fluid within the porousliore can be trapped in the voids or
fluid flow can be induced. In the simulations résult can be observed that the 10000 kPa
load induced flow, making the values of fluid pragslower.

Specifically for reservoir geomechanics, this phmeoon is characterized as
compaction drive mechanism, when oil flow is indiligkie to pore volume changes. This
explains the observed decrease in fluid pressura fiigher stress level.

Then, the simulations for sensitivity analysis $otids compressibility were performed,
only for the one-dimensional consolidation case.

The simulations were made for two different loa3) kPa and 10000 kPa, in order to
compare and verify if there could be noticed anhadweor tendency differences between
them. A comparison of the influence of stress leva$ also performed and finally, values of

Biot’s coefficient (o, ) were verified.
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These results showed that the influence of solaspressibility is not significant for
the numerical solution of the problem. This effexuld be neglected without great
interference in model response.

Biot’s coefficient (@,) may vary significantly for lower solids bulk mdds values.

When comparing the real values of solids bulk mosdlulo the performed simulations,

depending on the stress level to which the poroedium is subjected, the valuesaf may

be much lower than 1. In terms of physical behawsfothe medium, this could represent the
solid matrix compressibility influences more theuks for higher levels of stress.

An interesting aspect of these analyses was thécation of the difference of results
achieved when performing the simulations with Imekstic or modified Cam-clay models,
either for fluid and solids compressibility.

The comparison of the results show there is sorfiereince for initial time stages of
the simulation. Over time, this difference decrsasetil it is practically null. This can be
explained by the difference in concept betweeralitastic and elastoplastic models.

A linear elastic model has a linear stress-stralation, as an elastoplastic model has a
non-linear stress-strain relation. Thus, for certstiress levels, the straining for the linear
elastic model is higher than for the elastoplastadel. However, for a determined value of
stress, the curves which represent each model lmehaeet, indicating that the value of
strain for that level of stress is the same fohbabdels.

The analyses reported in this chapter were essdntigisualize the behavior of a
porous medium in a consolidation case, a simitaaion to the compaction of oil reservoirs.
The conclusions here presented help understandegnfluence of fluid compressibility in
soils and rocks behavior, facilitating the compredien of certain aspects of the involved
phenomena.

The numerical tool developed, validated and caldataso far shows great potential of

enhancing the quality of numerical simulation ofrpkeum reservoirs.
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6 SENSITIVITY ANALYSIS FOR HYDRAULIC
PARAMETERS

Similarly to the performed simulations presented cimapter 5, aspects regarding
hydraulic parameters, specifically permeability discussed in this part of the research.

For the evaluation of permeability features durihg simulation of soil consolidation
(or reservoir compaction, in reservoir geomechgnite study case is the same used in the
one-dimensional analysis in chapter 5. It is arddtg confined column of soil during
consolidation process.

The permeability is defined as function of voidiosadf the porous medium, and the
simulations are performed for three different cguafations of this function. Also, the fluid
compressibility is varied for the simulations, irder to being verified the combined effect of
compressibility and permeability changes.

These analyses are repeated for linear elasticradified Cam-clay models for the
solid matrix. The specific parameters of each aegaately described on its corresponding

sections throughout this chapter.

6.1 ONE-DIMENSIONAL CONSOLIDATION PROBLEM

This case is the same already presented in ch&p{section 5.1). It consists of a
laterally confined column of soil, 1 meter high asupporting an uniform load of a 10000
kPa. The soil is assumed to be totally saturatedflard flow is laterally restricted, but it can

occur at the top surface. The discretization isenadhree-dimensional 8-noded elements.

6.2 PERMEABILITY FUNCTIONS
In some cases, the permeability of a porous medaumronsidered constant during
consolidation. However, due to the mechanical aydtdulic phenomena which take place,
one can deduce this is not an accurate assumpti@nsolid matrix suffers stress changes and
straining during this process, implying on poresaig.
The observed reduction in pore volume influencesnpability and these two soil
characteristics may be related by the followingregpion:
K = Aexp(Be)
expBC)
where:k is the porous medium permeabiligyjs the void ratioA, B andC are the function

(6.1)

parameters.
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Initially, the permeability sensitivity analysis wid be performed for the one-
dimensional consolidation case for a 100 kPa Iétmvever, the results achieved with both
linear elastic and modified Cam-clay models showed the variation in void ratio values
was too small.

Given the importance of more significant void ratttanges for permeability analysis,
the simulations were performed for a 10000 kPa.l&aen though the void ratio variation
was not as expressive in these simulations, thdtsasere more visible, making the analysis
of the phenomenon clearer.

For this study, three different permeability fuocis were defined for the simulations
with the calibration of parametefs B andC. In literature, references to adequate parameters
for permeability functions are rarely reported. Hus reason, a methodology of calibration
for these functions was developed in this study.

The paramete’d corresponds to the initial permeability value) (for the porous
medium. The parameté& is equivalent to a reference void ratio value apkcifically, in
this case, it corresponds to initial void ratio ualy). The parameteB was calibrated
considering the void ratio variation range. Witistharameter, the function reaches constant
values of permeability (function;k values 10 times lower than the initial (functikg) or
values 100 times lower than the initial (functio) lwhen the porous medium reaches the
smallest final void ratio for the simulations (0837 The values of each parameter are
presented in Table 6.1 and its corresponding pdsititgeunctions are shown in Figure 6.1.
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—kl k2 —k3

Figure 6.1 - Permeability functions.
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Table 6.1 - Calibration parameters for the permgalbinction.

A 1,0x10°
B For function k 0,0
For function k 95,8
For function k 191,9
C 0,90

These permeability functions are used in simulatiasith incompressiblek( =1x10"
kPa) and compressible fluidg (=1x1F kPa), for linear elastic and modified Cam-clay
models. Thus, the effect of fluid compressibilityttwpermeability variation is evaluated.
With different permeability functions, any evidenakinterference in the physical behavior
of the porous medium should be remarked in the ggeg simulations. The results are

presented in sections 6.3 and 6.4.

6.3 LINEAR ELASTIC MODEL RESPONSES

The analyses performed with this model use thenpaters shown in Table 6.2. The

values of permeability vary according to the perbilég functions defined in section 6.2.

Table 6.2 - Parameters of linear elastic modebfeg-dimensional consolidation problem.

Young modulus E) 2500000 kPa
Poisson coefficient i) 0,31
Initial void ratio ( ep) 0,90
Density of the solids p,) 2,65 kg/m3
Solids bulk modulus k) 1,0x10° kPa
Density of the fluid (p; ) 1,00 kg/m3

For the linear elastic model analyses, the finaldvatio is 0,895, regardless the
permeability function used. The volume change islknbut the effects of permeability
variation can be noticed in fluid pressure resultse evolution of the fluid pressure during
the simulation of the consolidation process is noyed for specific time factors (T=0; 0,2;
0,5 e 0,8). The results for incompressible and gesygible fluid analysis are presented in

sections 6.3.1 and 6.3.2, respectively.
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6.3.1 INCOMPRESSIBLE FLUID

The simulations with incompressible fluits €1x10* kPa) were performed for the
three permeability functions,; kk, and k. The fluid pressure results for each time factor
(T=0; 0,2; 0,5 e 0,8) are presented in Figure Bi@re 6.3, Figure 6.4 and Figure 6.5.

1,0
0,9
0,8

0,7
0,6

E0,5-
>
0,4

0,3 ------

0,2 f------
e S e S o

ot
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Fluid pressure (kPa)

——T=0-KL oo T=0-k2 = - -T=0-k3

Figure 6.2 - Results of fluid pressure for linel@séc model - incompressible fluid (T=0).
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Figure 6.3 - Results of fluid pressure for linel@séc model - incompressible fluid (T=0,2).
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0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Fluid pressure (kPa)

=—=T=0,5-k1 =°°* T=0,5-k2 = - T=0,5-k3

Figure 6.4 - Results of fluid pressure for linel@séc model - incompressible fluid (T=0,5).
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Figure 6.5 - Results of fluid pressure for linel@séc model - incompressible fluid (T=0,8).

For the first time stage (T=0), there is no flumlW, so the fluid pressure is the same for
all permeability functions, corresponding only be toad applied on the soil.

For the following time stages, the effect of vagyipermeability due to void ratio
changes can be noticed in fluid pressure resultsadse it dissipates faster over time when
the medium is more permeable. Thus, the valuekiwf pressure decrease more rapidly for
the constant permeability function; (fkunction) and slower for the function which reastze
permeability value 100 times lower than the initialue (k function).

It can be noticed that the results of fluid pressare influenced by permeability, even
for low void ratio variation. However, it is impartt to highlight that the linear elastic model

is not adequate for representing the volume chamggsrous media solid matrix. The
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mechanical behavior results with this constitutimedel are not as accurate as the results
achieved with an elastoplastic model. The analysétsthe modified Cam-clay allow a better
understanding of permeability function influence porous medium behavior. They are
presented in section 6.4.

In order to complement this analysis, the voidoradnd permeability profiles for
functions k and k of this soil sample are shown in Figure 6.6, Fég@r7 and Figure 6.8,

respectively.

0,895 0,896 0,897 0,898 0,899 0,900
Void ratio
—=—T=0 T=0,2 —=-T=0,5 —=—T=0,8

Figure 6.6 - Void ratio profile (incompressibleiflu linear elastic model).
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Figure 6.7 - Permeability profile for function kncompressible fluid - linear elastic model).
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Figure 6.8 - Permeability profile for function kncompressible fluid - linear elastic model).

6.3.2 COMPRESSIBLE FLUID

The simulations with compressible fluikk E1x10° kPa) were performed for the three

permeability functions, & k, and k. The fluid pressure results for each time facter( 0,2;
0,5 e 0,8) are presented in Figure 6.9, Figure, &ifure 6.11 and Figure 6.12.
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Figure 6.9 - Results of fluid pressure for linel@séc model - compressible fluid (T=0).
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Figure 6.10 - Results of fluid pressure for linekstic model - compressible fluid (T
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Figure 6.11 - Results of fluid pressure for linekstic model - compressible fluid (T
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Figure 6.12 - Results of fluid pressure for linekastic model - compressible fluid (T
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The results for simulations with the compressilladf follow the same behavior
tendency of the incompressible fluid analysis. He first time stage, the fluid pressure is
equal for all permeability functions. Then, in ti@lowing time stages, fluid pressure
dissipates faster for constant permeability fiknction) and slower for the function which
reaches a permeability value 100 times lower tharirtitial value (ki function).

In comparison to the results achieved with incorsgitde fluid permeability analyses
simulations, it is fair to state that the differertwetween the values of pressure for both types
of fluids is related to its compressibility, notilog associated to the permeability functions.

The analysis of the fluid pressure curves over tionmat shows fluid flow tendency is
the same (the shape of the curves is maintaineglydless fluid compressibility.

In order to complement this analysis, the voidoradnd permeability profiles for
functions k and k of this soil sample are shown in Figure 6.13, iguFe 6.14 and Figure

6.15, respectively.
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Figure 6.13 - Void ratio profile (compressible @lui linear elastic model).
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Figure 6.14 - Permeability profile for function compressible fluid - linear elastic model).
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Figure 6.15 - Permeability profile for functiop (compressible fluid - linear elastic model).

6.4 MODIFIED CAM-CLAY MODEL RESPONSES
The analyses performed with this model use thenpeters shown in Table 6.3. The

values of permeability vary according to the perbilég functions defined in section 6.2.

Table 6.3 - Parameters of modified Cam-clay modebhe-dimensional consolidation
problem (permeability analysis).

M 1

Po 5000 kPa
Overconsolidation ratio (OCR) 0,20

A 0,0030
K 0,0003
Initial void ratio ( ep) 0,90
Poisson coefficient i) 0,31
Density of the solids p,) 2,65 kg/m3
Solids bulk modulus ks) 1,0x10° kPa
Density of the fluid (p; ) 1,00 kg/ms3

The values of final void ratio for the modified Calay model analyses are presented
in Table 6.4. There were no differences betweeal foid ratio values for incompressible
and compressible fluids. The volume change is srbatlthe effects of permeability variation
can be noticed in fluid pressure results due to cdhesen permeability functions. The
evolution of the fluid pressure during the simuatof the consolidation process is monitored
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for specific time factors (T=0; 0,2; 0,5 e 0,8). eThesults for incompressible and

compressible fluid analysis are presented in sestto4.1 and 6.4.2, respectively.

Table 6.4 - Final void ratio values for modifiedr@&lay model simulations.

Permeability Final void ratio
k; function 0,876
k, function 0,877
ks function 0,877

6.4.1 INCOMPRESSIBLE FLUID

The simulations with incompressible fluits €1x10* kPa) were performed for the
three permeability functions,; kk, and k. The fluid pressure results for each time factor
(T=0; 0,2; 0,5 e 0,8) are presented in Figure &Fidiyre 6.17, Figure 6.18 and Figure 6.19.
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Figure 6.16 - Results of fluid pressure for modifi@éam-clay model - incomp. fluid (T=0).
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Figure 6.17 - Results of fluid pressure for modifi@am-clay model - incomp. fluid (T=0,2).
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Figure 6.18 - Results of fluid pressure for modifi@éam-clay model - incomp. fluid (T=0,5).
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Figure 6.19 - Results of fluid pressure for modifi@éam-clay model - incomp. fluid (T=0,8).

The behavior tendency of the porous medium is dineesobserved for the linear elastic
model. In the first time stage (T=0), the valuedl@fl pressure are equal for all permeability
functions simulations. Then, in the following tireages, fluid pressure dissipates over time,
faster for the constant permeability function flunction) and slower for the function which
reaches a permeability value 100 times lower tharirtitial value (k function).

It can be inferred from these results that the eslof fluid pressure are influenced by
permeability, even for low void ratio changes. Taitests the effect observed with the linear
elastic model, confirming that the straining thequs medium suffers is sufficient to make

the permeability function influence noticeable.
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Analyzing the shape of the curves, it can be ndtitat for permeability functiofs,
fluid pressure is high for the lower layers of #wl sample and it decreases abruptly for the
superficial layers (surface at 1 m).

During the process, the superficial layers consdidfirst, having their pores closed,
forming a low-permeability zone. The observed pol@sing influences more drastically
permeability values for permeability functiég for these simulations. This causes fluid flow
decrease, making the values of fluid pressure highether layers of the sample.

The effect of pores closing in superficial layessexplained by the use of modified
Cam-clay model. This model represents the straipsraus medium suffers due to applied
stress more adequately than the linear elastic Inddhis, the void ratio of the soil is
appropriately calculated and updated during theukitions and the effect of pore closing
during the consolidation process is better reptesken

In order to complement this analysis, the voidoradnd permeability profiles for
functions k and k of this soil sample are shown in Figure 6.20, Fegb.21 and Figure 6.22,
respectively.

0,875 0,880 0,885 0,890 0,895 0,900
Void ratio

—&-T=0 T=0,2 —#-T=0,5 —=-T=0,8

Figure 6.20 - Void ratio profile (incompressiblaifl - modified Cam-clay model).
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Figure 6.21 - Permeability profile for function gncomp. fluid - modified Cam-clay model).
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Figure 6.22 - Permeability profile for functiop tincomp. fluid - modified Cam-clay model).

In Figure 6.23, two curves are plotted, one fordvrtio and other for permeability.
These curves complement the understanding of thee@osing process during consolidation
when performing simulations with modified Cam-claypdel. It can be observed how void
ratio gradually until it reaches initial stress @8kPa), when it starts to decrease abruptly. As
expected, being the permeability a function of vaitio, it follows the same tendency.
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Figure 6.23 - Void ratio and permeability changé\stress increase.

With these conclusions, one can deduce the needarfoappropriate permeability
function, with adequate parameters to representptite volume changes over time. The
porous medium permeability influences directly diypressure and flow, representing an

important aspect of numerical modeling.

6.4.2 COMPRESSIBLE FLUID
The simulations with compressible fluikk E1x10° kPa) were performed for the three
permeability functions, k k, and k. The fluid pressure results for each time facter(; 0,2;

0,5 e 0,8) are presented in Figure 6.24, Figurg,&Rure 6.26 and Figure 6.27.
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Figure 6.24 - Results of fluid pressure for modifi@éam-clay model - comp. fluid (T=0).
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Figure 6.25 - Results of fluid pressure for modifiéam-clay model - comp. fluid (T=0,2).

1,0 %
0,9 +-
0,8 -
0,7
0,6 -

Eos-

>
0,4 -
0,3
0,2 -
0,1
0,0

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Fluid pressure (kPa)

—T=0,5-k1 -c---- T=0,5-k2 = - -T=0,5-k3

Figure 6.26 - Results of fluid pressure for modifiéam-clay model - comp. fluid (T=0,5).
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Figure 6.27 - Results of fluid pressure for modif@éam-clay model - comp. fluid (T=0,8).
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As observed in the linear elastic analysis, thalltesof the simulations with the
compressible fluid follow the same behavior tengeot the incompressible fluid. For the
first time stage, the fluid pressure is equal firp@rmeability functions. Then, for the
following time stages, fluid pressure dissipatesdafor the constant permeability function
(k1 function) and slower for the function which reagl@epermeability value 100 times lower
than the initial value ¢kfunction).

Again, it is fair to state that the only differenoetween the values of pressure for both
types of fluids is related to its compressibilitypt being associated to the permeability
functions.

Thus, by analyzing the format of the fluid presscmeves over time, it can be inferred
that the fluid flow tendency is the same (the shafpthe curves is maintained), regardless the
fluid compressibility.

The effect of fluid pressure increase and abruptedese for the permeability function
ks is again observed. It can be explained by featofemodified Cam-clay model. The
superficial layers of the porous medium suffer abidation first. Thus, this process creates a
low-permeability zone at the surface of the samplaking difficult fluid flow through this
region. Therefore, fluid pressure within the poramedium increases, as observed for the
results of all time stages for permeability funoti@ curves.

In order to complement the analyses of influencefloifd compressibility in the
permeability of the soil sample, the void ratio gretmeability profiles are shown in Figure
6.28, in Figure 6.29 and Figure 6.30, respectively.
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Figure 6.28 - Void ratio profile (compressible fiui modified Cam-clay model).
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Figure 6.29 - Permeability profile for function gcomp. fluid - modified Cam-clay model).
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Figure 6.30 - Permeability profile for functiop ¢comp. fluid - modified Cam-clay model).

6.5 COMPARISON BETWEEN INCOMPRESSIBLE AND
COMPRESSIBLE FLUID RESULTS

The combined effect of fluid compressibility andrmpeability changes has already
been verified, being stated that fluid flow is omlifected by permeability, regardless fluid
properties.

Comparing the results for incompressible and cosgioée fluid simulations, it is
possible to observe that only the effect of delajluid pressure dissipation is associated to

fluid compressibility.
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Considering this, in Figure 6.31, Figure 6.32 arigufe 6.33, the results of the
simulations are plotted again, allowing the conguari between incompressible and
compressible fluid results and results for differpermeability functionsk; andks). The
plotted values of fluid pressure correspond tord#seilts of the simulations performed with

the linear elastic model.
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Figure 6.31 - Comparison between results of incasgible and compressible fluid
simulation for different permeability functions (U:2).
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Figure 6.32 - Comparison between results of incasgible and compressible fluid
simulation for different permeability functions (U5).
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Figure 6.33 - Comparison between results of incasgible and compressible fluid
simulation for different permeability functions (0:8).

Analyzing the results for all three time stagesisipossible to observe two distinct
zones, A and B. The first zone, indicated by Aha graphs, refers to the difference in fluid
pressure values associated to the fluid comprdisgiblhe results of the curves that
delimitate zone A in the graphs are governed by shme permeability functionks).
Therewith, zone A corresponds only to the fluid poessibility effect.

The second zone, indicated by B in the graphsrgdéethe difference of fluid pressure
values due to permeability changes. The curvesdélahitate zone B correspond to results
of simulations made with the same fluid bulk modwalue. However, they are governed by
different permeability functiongk, andks. Thus, zone B corresponds only to the permeability
effect.

With this approach of results presentation, oneamartiude the influence limit of each
parameter effect, allowing a more accurate analysthe causes for fluid pressure increase

in porous media during consolidation.

6.6 SUMMARY

The objective of this chapter was to evaluate tifects of permeability variation in
fluid pressure dissipation during a consolidatioocess. Furthermore, the combined effect of
permeability changes and fluid compressibility wasalyzed. This allowed a better
understanding of the hydraulic behavior of poroesiia.

115



The analyses performed for permeability influencal@ation proved that there is need
of developing appropriate permeability functions porous media studies. The pore volume
changes influence directly fluid percolation througe porous medium, evidencing that the
different permeability functions may alter signéitly the responses achieved with the
proposed numerical model.

On the other hand, fluid compressibility does ritgrgoercolation through the porous
medium. The fluid flow takes place with the samadency observed in incompressible fluid
simulations. However, the effect of fluid pressdigsipation delay is still registered.

An interesting result was noticed in modified Calaycanalyses. For the simulations
made with permeability functioks, it could be observed that fluid pressure valuesavhigh
for lower layers of the soil sample. On the othandy fluid pressure for superficial layers
was extremely low, causing an abrupt change i fiuressure curve format, as observed in
the correspondent graphs. This is explained bycthesolidation process in this porous
medium. The modified Cam-clay model reproducedpbie closing effect more accurately
than the linear elastic model. Thus, the applied lavhich starts the consolidation process of
this soil sample reproduced significant changegoid ratio for the superficial layers of the
sample first. Therefore, a low-permeability zoneicihprevented fluid pressure dissipation
for lower layers (fluid flow out of the sample) wismed.

These analyses highlighted the importance of stgpyermeability functions for
porous medium, in order to better represent itgduyict behavior.

Finally, the results of incompressible and compbéssfluid simulations were
compared for two different permeability functionkhis allowed the division of zones of
causes for fluid pressure delay in dissipation, ameespondent only to fluid compressibility
influence, other to permeability decrease influence
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7 CONCLUSIONS

The main objective of this research was to definermerical model for coupled hydro-
mechanical analyses for compaction and subsidemoblgms in petroleum reservoirs
considering fluid compressibility valid.

Compaction during primary recovery simulation in @ih reservoir is a problem of
dissipation of fluid pressure, with no external dwey applied. This kind of problem is
adequately reproduced with formulation which usesiterative coupling strategy. In terms
of physical behavior of the porous medium, the ll@fecoupling of this kind of problem is
not so strong and the application of the iteratbegipling strategy would not imply on
numerical model accuracy loss.

On the other hand, the application in traditionabtgchnics of the same type of
formulation requires a stronger coupling strateljy.cases such as consolidation in soil
samples, where load is applied, the level of cagpinay influence more the results of the
simulation. The separate solution of the equatiahéch describe the problem does not
represent adequately the physics of the phenomehdully coupled model is the most
appropriate for representing the case, providimgigr accuracy to the simulations.

Considering these analyses, the formulation prapasethis research is based on a
fully coupled approach. Therewith, it can be applieot only in reservoir geomechanics
simulations, but also in consolidation analysegy@otechnics. This formulation has been
tested with parametric analyses related to mechhm@ind hydraulic behavior in porous
media.

There have been performed sensitivity analysefidm compressibility. Results show
that considering this affects fluid pressure resparsignificantly. It is important to highlight
that defining if a certain value of fluid bulk mdds is equivalent to a compressible fluid
property depends on the stress level to whichfling subjected. High stress levels magnify
the effects of fluid compressibility. This is extrely relevant for reservoir geomechanics
considering the stress level reservoirs are ussalbyected.

Important results have been achieved when perf@simulations with the modified
Cam-clay model. This constitutive model allowed thproduction of the compaction drive
mechanism. Values of fluid pressure reduced fohn kegels of stress due to this effect.

The consideration of fluid compressibility influesc greatly the results of fluid

pressure in numerical modeling for this type ofljpeon. Therefore, one can deduce that this
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assumption may improve reservoir simulations, mhog more accurate results of
geomechanical and hydraulic responses.

Besides this, solids compressibility has been desiée sensitivity analyses for this
parameter have revealed that the effect of conaglet does not influence fluid pressure
results significantly when the simulations are perfed for low stress levels (100 kPa).
Therefore, in these conditions, solids compressilibuld be neglected in numerical models
with no losses in model response adequacy.

However, for high stress levels (10000 kPa), Biapefficient is largely influenced.
This reflects on analyses performed with the medifCam-clay model. This effect could be
associated to specific features of this constieutivodel, not only to solids compressibility.
Nevertheless, considering the solids compressibéitect may be significant for reservoir
simulations. Values of Biot’s coefficient suffergsificant changes for typical solids bulk
modulus (quartz crystals - 4x1RPa), indicating the importance of taking into@aut solids
compressibility effects when high stress levelsiem@osed to the porous medium.

Finally, the influence of permeability changes dénel combined effect of permeability
variation and fluid compressibility have been amaly. It is important to state that the effect
of permeability changes is not influenced by fluidmpressibility. The two effects,
permeability changes and fluid compressibility, da@ separately analyzed. Thus, it is
possible to define to which point the fluid pregsuicrease is related only to permeability
changes or to fluid compressibility. In the presentesults, there were defined zones of
permeability changes influence and fluid comprabsitinfluence. This type of analysis is
extremely significant in practical terms, faciliteg the understanding of degree of influence
for each parameter.

Another interesting result is related to the medifCam-clay model. The consolidation
process is characterized by pore closing and floi in a porous medium. Depending on
the load this medium is subjected, the superfiegérs of the sample can consolidate first,
forming a low-permeability zone. This zone stopsdiflow, making fluid pressure increase
within the porous medium.

This analysis can be extremely relevant for reseryeomechanics application of the
model. Fluid flow may be disturbed or even intetegp by this low-permeability zone,
decreasing oil production rate.

In an overall analysis, the proposed formulatioadequate to describe the parameters

studied during this research. However, there amesd¢imitations. This formulation is
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exclusively for isothermal media and its applicatis limited to simulations of saturated
porous media, only for liquid fluids (regardlessacbmpressibility).

These assumptions were made in order to restecsithulations to analyses with fluid
compressibility influence consideration. Therefdhe simplifications proposed may prevent
a full representation of the problem, but are sigfit to allow the evaluation of the specific

mentioned effects.

7.1 RECOMMENDATIONS FOR FURTHER RESEARCH
Some aspects have not been studied during thisrdsand these are suggested as
themes for future work. This proposal includes sdhemes which are beyond the scope of
this dissertation and difficulties encountered ierfprming some tasks during the
development of this research. There are recommiendafor further research in other areas
which could contribute to improve the results wtike model proposed in this dissertation.
These suggestions are:
 To enhance reservoir modeling considering othersghasuch as gaseous phase and
water phase;
* To consider the effects of temperature in resersionulation;
* To consider the effects of gas compressibility;
» To develop a formulation appropriate to represéenacal interaction among phases;
* To simulate a real case of petroleum reservoir,pamg simulation and field responses;
* To employ different constitutive model in reservaiimulation, such as subloading model;
* To develop appropriate constitutive models for peahility, emphasizing the relation
between void ratio and transmissibility of fluids;
* To improve numerical simulation with ALLFINE by irfgmenting subroutines for the

non-linearity problems in flux for this proposedrfailation.
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