
 
 

 

 

Pedro Alcides Lobo Penna Firme 

 

 

 

 

 

Salt geomechanics applied to strategic engineering 

projects  

 

 

 

 

Tese de Doutorado 

Thesis presented to the Programa de Pós-graduação 
em Engenharia Civil of PUC-Rio in partial fulfillment of 
the requirements for the degree of Doutor em Ciências 
– Engenharia Civil. 

 

Advisor: Profª. Deane de Mesquita Roehl 
Co-advisor: Prof. Celso Romanel 

 
 
 
 
 
 

Rio de Janeiro 
May 2022 

DBD
PUC-Rio - Certificação Digital Nº 1712785/CA



 
 

 

 

Pedro Alcides Lobo Penna Firme 

 

Salt geomechanics applied to strategic engineering 

projects 

 

Thesis presented to the Programa de Pós-graduação 
em Engenharia Civil of PUC-Rio in partial fulfillment of 
the requirements for the degree of Doutor em 
Engenharia Civil. Approved by the Examination 
Comittee: 

 

Profª. Deane de Mesquita Roehl 
Advisor 

Departamento de Engenharia Civil e Ambiental – PUC-Rio 
 

Prof. Celso Romanel 
Co-advisor 

Departamento de Engenharia Civil e Ambiental – PUC-Rio 
 

Prof. Luiz Fernando Campos Ramos Martha 
Departamento de Engenharia Civil e Ambiental – PUC-Rio 

 
Prof. Raul Rosas e Silva 

Departamento de Engenharia Civil e Ambiental – PUC-Rio 
 

Dr. Leonardo Cabral Pereira 
Cenpes – Petrobras 

 
Prof. Hans Joakim Skadsem 

UIS 
 
 
 
 

Rio de Janeiro, May 3rd, 2022

DBD
PUC-Rio - Certificação Digital Nº 1712785/CA



 
 

All rights reserved. 
 
 
 

 

Pedro Alcides Lobo Penna Firme  
 

Pedro A. L. P. Firme holds a bachelor’s (2010) and a 
master’s (2013) degrees in Civil Engineering from the 
Pontifical Catholic University of Rio de Janeiro (PUC-
Rio), Brazil. Pedro is a researcher in the Multiphysics 
Modeling and Simulation Group at Tecgraf Institute – 
PUC-Rio. His research is focused on numerical 
modelling and simulation of the multiphysical behavior of 
salt in wells, caverns, among others, besides topics 
related to reservoir geomechanics. His doctoral thesis, 
defended on May 3rd, 2022 consolidates a 
comprehensive research on salt geomechanics applied 
to strategic engineering projects. 

 
 
 
 

 
 
 

 Bibliographic data 

 

 

 

 

 

 

 

 

CDD: 624 

 
                                                                                             
 

 

 

Firme, Pedro Alcides Lobo Penna 
 
     Salt geomechanics applied to strategic engineering projects / Pedro 
Alcides Lobo Penna Firme ; advisor: Deane de Mesquita Roehl ; co-
advisor: Celso Romanel. – 2022. 
     248 f. : il. color. ; 30 cm 
 
     Tese (doutorado)–Pontifícia Universidade Católica do Rio de 
Janeiro, Departamento de Engenharia Civil e Ambiental, 2022. 
     Inclui bibliografia 
 
     1. Engenharia Civil e Ambiental - Teses. 2. Sal. 3. Fluência. 4. 
Abandono de poços. 5. Caverna de sal. 6. Comportamento 
termomecânico. I. Roehl, Deane de Mesquita. II. Romanel, Celso. III. 
Pontifícia Universidade Católica do Rio de Janeiro. Departamento de 
Engenharia Civil e Ambiental. IV. Título. 

DBD
PUC-Rio - Certificação Digital Nº 1712785/CA



 
 

Acknowledgments 

 

To God, in whom is the fountain of life, who has given me all the skills and the 
conditions necessary to carry out this work. 
 
To my parents, Maria Margarida and José Alcides, my wife, Débora, my 
grandmother, Maria Teresa (in memoriam) – she would certainly be very happy 
with this achievement –, my father-in-law, Paulo, my relatives and my friends. 
Thank you all for the great encouragement to my professional and academic 
activities and for the understanding in the moments of absence. 
 
To my advisor, Profª. Deane Roehl, for the encouragement, availability to 
supervise this thesis, and valuable contributions to the research on salt 
geomechanics. Thanks also for the opportunity to work as a researcher in the 
Multiphysics Modeling and Simulation Group at Tecgraf Institute, which has 
provided an excellent technical infrastructure and the research environment 
propitious to the development of this thesis. 
 
To my co-advisor, Prof. Celso Romanel, for the encouragement, availability to co-
supervise this thesis and valuable discussions and contributions to the research 
on salt geomechanics. 
 
To Dr. Eleazar Cristian Mejia Sanchez, for the constant assistance in GeMA 
framework, the simulation tool adopted in the applications of the thesis. This 
support was essential for the new developments on salt geomechanics. 
 
To the members of the examination committee, Prof. Luiz Fernando Campos 
Ramos Martha, Prof. Raul Rosas e Silva, Dr. Leonardo Cabral Pereira and Prof. 
Hans Joakim Skadsem, for taking time to analyze this work and for valuable 
considerations and suggestions that added value to the final version of the thesis. 
 
To my friends at the Multiphysics Modeling and Simulation Group at Tecgraf 
Institute for fruitful discussions on geomechanics and numerical simulations that 
contributed to the work in the context of the thesis. 
 
This study was financed in part by the Coordenação de Aperfeiçoamento de 
Pessoal de Nível Superior - Brasil (CAPES) - Finance Code 001 and in part by the 
R&D project registered as ANP no. 20234-1, ‘‘SONAR’’ (PUC-Rio/Petrobras/ANP), 
sponsored by Petrobras under the ANP R&D levy, Brazil as ‘‘Compromisso de 
Investimentos com Pesquisa e Desenvolvimento’’. 
 

 

 

 

 

 

 

 

DBD
PUC-Rio - Certificação Digital Nº 1712785/CA



 
 

Abstract 
 
 

Firme, Pedro Alcides Lobo Penna; Roehl, Deane de Mesquita (Advisor); 
Romanel, Celso (Co-advisor). Salt geomechanics applied to strategic 
engineering projects. Rio de Janeiro, 2022. 248p. Tese de Doutorado - 
Departamento de Engenharia Civil e Ambiental, Pontifícia Universidade 
Católica do Rio de Janeiro.  

 
 

The importance of salt in many human activities has accompanied the main 

phases of civilization. Strategic and innovative applications in salt rocks are 

planned until the present day, such as geological barriers for well abandonment 

and storage caverns for new energy sources or decarbonization. This thesis 

focuses on the geomechanical behavior of salt with special regards to creep, 

dilation, thermal effects and their impact on the hydraulic behavior. Models have 

supported the development of methodologies to assess integrity and tightness 

conditions of strategic projects in the context of energy. These include Pre-salt well 

abandonment, salt caverns and salt as caprock of carbonate reservoirs. Advanced 

numerical simulations using the framework GeMA have investigated 

representative scenarios of each project. To this end, creep constitutive models, 

customized boundary conditions and specific output variables have been 

implemented. Among the creep models, the EDMT has been developed in the 

context of this doctoral research, focusing on Brazilian salt. The case studies have 

led to important findings. A Pre-salt well can close completely by creep after casing 

removal. Pressure reduction and well heating have accelerated closure 

significantly. In the most critical scenario, the final permeability was slightly higher 

than 100 times the initial value. A salt cavern can mechanically support pressure 

cycles caused by a contingency hydrocarbon supply scheme; however, a final 

permeability of 6.5 times the initial value has been noticed. In reservoir 

geomechanics, the caprock creep contribution in the subsidence is small and 

irreversible even if the reservoir pressure is recovered. Permeability changes have 

been subtle despite the creep contribution and the reservoir pressure variation. 

The literature review, the creep models, the analysis methodologies, the 

capabilities incorporated into the framework and the discussions motivated by the 

case studies represent the added value of the thesis to the scientific community 

and industry regarding the strategic use of salt rocks. 

 

Keywords  
Salt rock; halite; creep; dilatancy; Pre-salt well; salt cavern; well 

abandonment; thermomechanical behavior.
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Resumo  
 
 

Firme, Pedro Alcides Lobo Penna; Roehl, Deane de Mesquita; Romanel, 
Celso. Geomecânica de rochas salinas aplicada a projetos 
estratégicos de engenharia. Rio de Janeiro, 2022. 248p. Tese de 
Doutorado - Departamento de Engenharia Civil e Ambiental, Pontifícia 
Universidade Católica do Rio de Janeiro.  

 
 

A importância do sal em diversas atividades humanas tem acompanhado as 

fases principais da civilização. Aplicações estratégicas e inovadoras envolvendo 

rochas salinas são planejadas até os dias atuais, tais como barreiras geológicas 

para abandono de poços e cavernas de estocagem para novas fontes de energia 

ou descarbonização. Esta tese foca no comportamento geomecânico do sal com 

atenção especial à fluência, dilatância, efeitos térmicos e seus impactos no 

comportamento hidráulico. Modelos deram suporte ao desenvolvimento de 

metodologias para avaliação de condições de integridade e estanqueidade de 

projetos estratégicos no contexto de energia. Eles incluem o abandono de poços 

do pré-sal, cavernas de sal e sal como rocha capeadora de reservatórios 

carbonáticos. Simulações numéricas avançadas utilizando o framework GeMA 

investigaram cenários representativos de cada projeto. Para tanto, modelos 

constitutivos de fluência, condições de contorno customizadas e variáveis de 

saída específicas foram implementados. Dentre os modelos de fluência, o EDMT 

foi desenvolvido no contexto desta pesquisa de doutorado, com foco no sal 

brasileiro. Os estudos de caso conduziram a observações importantes. Um poço 

do pré-sal pode fechar completamente por fluência após a remoção do 

revestimento. A redução da pressão e o aquecimento do poço aceleraram seu 

fechamento de modo significativo. No cenário mais crítico, a permeabilidade final 

foi ligeiramente superior a 100 vezes o valor inicial. Uma caverna de sal pode 

suportar mecanicamente ciclos de pressão causados por um esquema 

contingencial de fornecimento de hidrocarbonetos, embora uma permeabilidade 

final de 6,5 vezes o valor inicial tenha sido observada. Na geomecânica de 

reservatórios, a contribuição da fluência da rocha capeadora na subsidência é 

pequena e irreversível mesmo que a pressão do reservatório seja recuperada. As 

mudanças na permeabilidade foram sutis apesar da contribuição da fluência do 

sal e da variação de pressão do reservatório. A revisão da literatura, os modelos 

de fluência, as metodologias de análise, as funcionalidades incorporadas ao 

framework e as discussões motivadas pelos estudos de caso representam o valor 
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agregado da tese para a comunidade científica e para a indústria no que tange ao 

aproveitamento estratégico de rochas salinas. 

 

Palavras-chave  
Sal; halita; fluência; dilatância; poço do pré-sal; caverna de sal; abandono 

de poços; comportamento termomecânico. 
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1  
Introduction 

1.1.  
Motivation 

 

The importance of salt in many industrial and subsistence human activities 

has accompanied the main phases of civilization. As examples of that, one of the 

oldest known salt mines is the mine of Hallstatt (Austria), that dates from the Middle 

Bronze Age (Grabner et al., 2021). A number of salt caverns and wells crossing 

salt rocks have been opened in the last century for many purposes. Recently 

innovative applications involving salt rocks have been planned, such as using salt 

creep as an allied mechanism to seal abandoned wells and using salt caverns for 

strategic energy storage  (Evans et al., 2021; Wollenweber et al., 2018). More than 

a mineral commodity, salt has come to be seen as a rock formation of strategic 

value for hydrocarbon accumulation and as a host for the storage of energy 

sources or waste disposal.  

Salt rocks exhibit distinguished properties such as creep deformation, high 

ductility and very low permeability. The presence of salt as reservoir caprocks is 

evidence of trapped hydrocarbons below them. For the same reason, salt openings 

such as caverns are expected to be tight geological environments for strategic 

storage or waste disposal. Observing these characteristics, salt environments are 

likely adequate for carbon capture and storage (CCS) operations, being storage 

caverns and/or as caprocks of a reservoir for CO2 injection. More so, the combined 

effect of significant creep behavior without undergoing damage and very low 

permeability also suggests that salt rocks are propitious to form geological barriers 

for well abandonment. This topic has been suggested in the context of North Sea 

for shales (often referred to as “shale as barrier” in the literature). With this 

multiplicity of possible uses of salt rocks – some of them still innovative, particularly 

in the Brazilian context –, there is the need to develop workflows and enhance the 

existing ones for the analysis of mechanical integrity and tightness of salt strategic 

environments. Many of these applications are generally not accessible for on-site 

observations making predictions and mitigations challenging. 

DBD
PUC-Rio - Certificação Digital Nº 1712785/CA



23 
 

The recent events related to the Russo-Ukrainian War (since February 2022) 

have indirectly demonstrated the importance of the strategic use of salt rocks in 

basic circumstances of life. Brazil has shown a certain fragility regarding fertilizers 

in face of the risk of interruption or reduction of supply from abroad. The country is 

not yet self-sufficient in potash, obtained from sylvinite1, which is an important 

element for the production of fertilizers. There are potash mining projects to be 

implemented in the future in addition to the already existing Taquari-Vassouras 

potash mine (Farias et al., 2021). These developments would reduce Brazil’s need 

for potash importation. On the other hand, the United States has demonstrated the 

advantages of the strategic use of salt rocks. In March 2022, this country has 

committed to release 30 million barrels of crude oil from the Strategic Petroleum 

Reserves (SPR) in order to mitigate the reduction in oil supply due to this war (U.S. 

Energy Information Administration, 2022). These reserves are in a complex of salt 

caverns for petroleum strategic storage. Recent information in non-official papers 

indicate that this amount has increased to about 180 million barrels within a six-

month period (one million barrels per day). In Brazil, there is still no strategic 

storage in these proportions, so the country remains without more relevant 

alternatives to mitigate the effects of global fluctuations in the oil and gas supply. 

Considering this complexity and the current world facts, there is much room 

for technological advances in strategic engineering projects involving salt rocks, 

particularly in the context of well abandonment and strategic storage for energy or 

CCS purposes. This thesis aims at filling some gaps in these areas. 

1.2.  
Big picture of salt geomechanics in Brazil 

 

Hydrocarbon production triggers significant stress changes, reservoir 

compaction and surface subsidence. This can be even more critical in the Brazilian 

Pre-salt with the construction of wells crossing thick salt layers to reach 

heterogeneous carbonates, very often naturally fractured, karstified and 

overpressured. Brazilian Pre-salt fields (such as Santos basin) are typically 

overlain by more than 2,000 meters of stratified evaporites (Mohriak and Leroy, 

2012). In this context, there is still a gap in the subsidence analyses considering 

the creep contribution of the caprock, that may be being overlooked. Adequate 

predictions of the seafloor subsidence evolution in offshore fields are of utmost 

importance for safe production and decommissioning. Moreover, high pressure 

                                                
1 Type of salt rock. 
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and high temperature (HPHT) environments are challenging for reservoir 

geomechanics and well integrity. In wells, it tends to reduce the operational window 

and to damage the cement sheath (Ruiz, 2018; Shadravan and Amani, 2012). 

Salt geomechanics shall also be influenced by the current environmental 

concern with the trend towards zero emissions of carbon and greenhouse gases 

in the near future (Evans et al., 2021). The production of the Brazilian Pre-salt 

reservoirs often deals with high gas-oil ratio (GOR) hydrocarbons. Taking Libra 

field reservoirs as an example, the initial GOR is about 440 Sm³/Sm³, and 44% of 

the associated gas is carbon dioxide (CO2) (Anjos et al., 2019). The CO2 produced 

together with the hydrocarbons cannot be released into the atmosphere. To this 

end, CO2 injection methods in depleted carbonate reservoirs or in salt caverns 

would be a strategic alternative to enhance field production while promoting a safe 

CO2 destination. In this sense, depleted reservoirs and salt caverns have pros and 

cons in terms of implantation and usability. The Pre-salt carbonates are naturally 

fractured and exhibit a complex pore/fracture network. This can be troublesome to 

avoid CO2 leakage through the overburden layers. Nevertheless, using depleted 

Pre-salt reservoirs has the advantage that these spaces are readily available, while 

the caverns would have yet to be opened. On the other hand, Brazil has abundance 

of salt formations, and this type of rock has proven worldwide to be adequate for 

strategic storage. The salt openings are ideally free of the major complexities 

related to the pore network and natural fractures, typical of carbonates. 

Furthermore, the use of salt caverns for decarbonization purposes have been 

currently mentioned in the literature (Costa et al., 2019a; Evans et al., 2021). Both 

considering CO2 injection in a depleted reservoir or in a salt cavern, analyzing the 

impact of the salt creep behavior on subsidence is important to foresee the long-

term impact on the ground or on the seafloor and anticipate environmental and 

structural threats. Furthermore, advances in salt computational geomechanics for 

salt mining are strategic considering the projects to be implemented in Brazil in the 

future (Carnallite and Autazes projects), that involve solution mining and room-and-

pillar mining techniques. The ore extraction from these sites should be carried out 

in such a way to allow subsequent use of the resulting caverns for energy-related 

sources or decarbonization purposes. 

Besides these challenges, another issue to be considered for all the wells is 

the future abandonment. Well plug and abandonment (P&A) consists of a wide 

decommissioning process in fields where hydrocarbon production is no longer 

economically advantageous or feasible. Each well permanent abandonment may 
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cost a few million dollars considering standard P&A methods and this is an 

expense with no return to the operator. Some of the Brazilian onshore and offshore 

post-salt fields are reaching maturity (Souza, 2019). There are more than 60 

offshore installations and more than 165 wells to be decommissioned in the next 

years (Furtado et al., 2018; Soares, 2017), besides a significant number of wells 

temporarily abandoned that need to turn into permanent P&A (França, 2020). In 

the future, Pre-salt wells will have to be abandoned. Considering this recent reality, 

P&A is a still growing topic in the Brazilian industry and academia. The abundance 

of salt rock formations in the Pre-salt fields and the advantageous salt properties 

encourage the use of geological barriers formed by salt creep. The previous 

experience in integrity and stability analyses of Pre-salt wells supports the 

expectation that Brazilian salt would be able to meet requirements from standard 

regulations on P&A and to close around the casing (filling the annulus space) or 

around the entire well section. This technique is preceded by what has already 

been tested in North Sea shales and is mentioned in the guidelines for P&A 

developed by the Brazilian Petroleum and Gas Institute (IBP, 2017). 

An important and continuous research effort focused on Brazilian salt rocks 

has been made by means of laboratory testing and computational modelling since 

the potash exploration and especially since the discovery of the enormous 

hydrocarbon reserves in the Pre-salt reservoirs. This large scale research has 

promoted a great development in terms of methodologies and computational tools 

for the simulation of wells crossing salt formations (Costa, 1984; Poiate Jr., 2012). 

Recently, this experience has been extended to possible future offshore salt 

caverns for underground storage and decarbonization purposes (Costa et al., 

2015, 2019a, 2019b; Firme et al., 2018b, 2019). A preliminary assessment on well 

abandonment using salt as geological barrier has been carried out by the author 

of the thesis and is under continuous development.  

Having this big picture of the salt geomechanics in mind, the research in up-

to-date salt-related strategic projects is a contribution to better positioning Brazil in 

face of the energy and environmental challenges in the coming decades. 

1.3.  
Context of the thesis: the Multiphysics Modeling and Simulation 
Group at Tecgraf Institute – PUC-Rio 

 

The Multiphysics Modeling and Simulation Group at Tecgraf Institute of the 

Pontifical Catholic University of Rio de Janeiro (PUC-Rio) has been developing 
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computational solutions for challenges of the oil and gas (O&G) industry since the 

1990’s. Several methodologies for numerical simulations have been developed 

under research initiatives, projects and partnerships with the industry and 

university. The main topics addressed are reservoir geomechanics, Pre-salt well 

stability and integrity, geological fault reactivation, hydraulic fracturing, flow through 

porous and fractured media, salt caverns, karstification, geochemistry, coupled 

multiphysics/multiscale simulations, among others.  

A mature research and development (R&D) area in strategic projects 

involving salt rocks has been developed since then. This area includes conceptual 

and numerical developments on salt rock constitutive modelling with special 

regards to: i) creep, dilation and damage; ii) thermomechanical and 

hydromechanical coupled approaches; and iii) deterministic, probabilistic and 

artificial intelligence methods. These capabilities have been applied to well and 

cavern modelling, scenarios of local dissolution, reservoir simulations considering 

the salt behavior in the caprock, among other related applications. As academic 

production on salt geomechanics and related topics, several journal/conference 

papers and postgraduate papers have been produced by members of the group in 

the recent years (Brandão, 2016; Brandão et al., 2017; De Simone, 2016; De 

Simone et al., 2017; Firme et al., 2016a, 2015a, 2015b, 2014b; Firme, 2013; Firme 

et al., 2019, 2018a, 2018b, 2017, 2016b; Peña et al., 2019; Pereira et al., 2018; 

Quevedo et al., 2019; Santos, 2018; Santos et al., 2017; Teófilo et al., 2018).  

This thesis is inserted in the research area of salt geomechanics with a view 

of contributing to the Brazilian expertise and technology in current applications 

related to energy and decarbonization. It consolidates a series of advances and 

developments in the area after the master's research of the author (Firme, 2013) 

and during his involvement in salt geomechanics and multiphysics research 

partnerships with industry as a researcher in the group. 

1.4.  
Thesis goals and structure 

 

This thesis intends to address strategic engineering problems that involve 

salt rocks, more particularly in the Brazilian energy and decarbonization R&D 

contexts. As specific goal, the mechanical and thermomechanical behaviors of salt 

with regards to creep and dilation in scenarios of wells, caverns and as caprocks 

of Pre-salt reservoirs are analyzed. The changes in the hydraulic properties 

provoked by the geomechanical response is investigated. To this end, the thesis 
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provides a conceptual basis, workflows for numerical simulations of relevant 

applications and a critical discussion of the results. As an additional goal, the thesis 

aims at applying workflows and developing the attributes needed for advanced 

simulations in salt rocks using an existing in-house finite element framework fully 

developed in the context of the university (Mendes, 2016; Mendes et al., 2016). 

The engineering applications seek to ensure that the salt structure (e.g., well, 

cavern or caprock) remains sound and tight, in order to obtain the greatest 

advantage of the ductility and impermeability of salt. The findings of the research 

shall serve as a guide for further advanced or specific analyses. 

 

Figure 1. Thesis structure. The chapters are indicated in parentheses, in italics. 

The thesis is structured as shown in Figure 1, following five major topics: 

introduction, literature review, validations, case studies and conclusions. The 

manuscript is divided into eight chapters with contents briefly described below. 

Following this Introduction (Chapter 1), Chapter 2 (Salt multiphysics) consists 

of the literature review on the multiphysical behavior of salt. Essential aspects of 

the mechanical behavior of salt are analyzed – particularly those related to creep 

and dilation, as well as the thermomechanical and hydromechanical coupled 

behaviors. The governing equations, numerical methods, constitutive models 

adopted for salt and non-salt rocks and the main contributions of the thesis in the 

context are presented. Moreover, Chapter 3 (Strategic engineering projects 

involving salt rocks) consists of the review on the state of the art and innovative 

strategic engineering projects involving salt rocks. Among them, the thesis has 

focused on: i) the permanent P&A of Pre-salt wells using the salt as geological 

barrier; ii) the use of salt caverns for strategic underground storage; and iii) salt as 

caprock of a Pre-salt reservoir during hydrocarbon production or CO2 injection. 

Introduction (1)

Validation and 

reference examples (4)
Salt as barrier (5)

Salt cavern (6)

Salt as caprock (7)

Conclusions (8)

Strategic engineering 

projects involving salt 

rocks (3)

Salt multiphysics (2)

Literature review Validations Case studies

Using an in-house framework for numerical simulations.
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Next, Chapter 4 (Validation and reference examples) presents a number of 

reference simulations adopted to validate the implementations of the creep 

constitutive models and the workflows for mechanical and thermomechanical finite 

element analyses with repercussions on the hydraulic behavior in the in-house 

framework adopted as the simulation tool adopted in the thesis.  

In the case studies section, Chapter 5 (Case study of well abandonment 

using salt as geological barrier) presents a case study of a conceptual Pre-salt well 

to analyze the salt creep behavior as an allied mechanism to form a geological 

barrier for permanent well abandonment. Mechanical and thermomechanical 

analyses are carried out and the repercussion on the hydraulic behavior of salt is 

analyzed as the barrier is formed. Next, Chapter 6 (Case study of salt cavern) 

shows a case study of a synthetic salt cavern to analyze its mechanical behavior 

and the hydraulic changes from construction to the end of operation. More so, 

Chapter 7 (Case study of salt as caprock of Pre-salt reservoir) presents a case 

study of a synthetic Pre-salt section to analyze the effect of the reservoir pressure 

changes on the salt caprock creep deformation and how this combined effect 

affects the geomechanical behavior and triggers permeability changes. Partial 

conclusions follow in each of the case studies. 

Finally, the conclusions section, Chapter 8 (Conclusions and suggestions for 

future work) presents general and specific conclusions of the thesis. Limitations 

are discussed and suggestions for future work are given. 
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2  
Salt multiphysics 

Day-to-day rock mechanics often assumes salt rocks as creeping and 

impermeable materials. This approach is acceptable in mining, well and cavern 

practical applications as long as isolation from unsaturated water is fairly ensured. 

In these cases, the time-dependent deformation behavior – the creep – is one of 

the most important issues to be assessed to monitor the integrity and serviceability 

of engineering projects.  

Typical salt properties such as creep deformation and essentially null 

permeability are widely recognized as useful in strategic engineering projects. 

Examples include casting competent hydrocarbon traps and underground storage 

media, in addition to possibly being useful for P&A and as caprocks of reservoirs 

for CO2 storage. As more complex applications are planned, salt should be 

analyzed in a more comprehensive perspective, considering a sophisticated 

representation of the mechanical behavior and a multiphysical approach. 

 

Figure 2. Schematic summary of the multiphysical behavior of salt. The thermal, hydraulics, 

mechanics, and chemical physics are respectively denoted by “T”, “H”, “M” and “C”. 

This chapter is devoted to discussing the multiphysical behavior of salt, i.e., 

the mechanical and the main coupled behaviors which are relevant in the short- 

and long-term considering strategic projects involving salt rocks. Figure 2 shows a 

schematic summary of the multiphysical behavior of salt, where the main coupled 
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Mechanics (M)

Thermal (T)Hydraulics (H)

Interconnected pore network

by damage, percolation.

Reactive transport by fluid
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phenomena are indicated. Each of these physics and couplings are described 

below. Similar schemes have also been presented in the literature, see for instance 

the work of Cosenza and Ghoreychi (1996). 

2.1.  
Mechanical behavior (M) 

 

The mechanical behavior of salt has been widely studied over the last 

decades especially from the 1970’s on. Generally, solely mechanical studies focus 

on the time dependent deformation. A viscoelastic behavior using a linear-elastic 

model superimposed by empirical creep laws is often idealized. The creep 

behavior is ideally isochoric and salt accumulates considerable creep deformation 

without undergoing macroscopic failure (Schulze et al., 2001). According to this 

hypothesis, salt remains in a compressive regime and does not undergo significant 

changes in volume despite the changes in geometry. However, when high stress 

levels and strain accumulation are reached, salt undergoes dilation and it provokes 

the opening of microcracks and the generation of new ones. Percolation paths 

become effective and connected as microcracks open; therefore, the salt tightness 

hypothesis may be no longer valid. Although undergoing dilation does not properly 

mean rock failure, this is an undesirable condition in engineering projects. That 

said, a literature review on the mechanical behavior of salt should address at least 

creep and dilation behaviors. 

An in-depth assessment on the salt creep micromechanics goes beyond the 

scope of the thesis (which is more engineering oriented) and has been carried out 

by the author during his master’s degree and subsequent work (Firme, 2013; Firme 

et al., 2016b, 2018a, 2019). Here, the salt creep phases and their corresponding 

micromechanisms are briefly addressed. The general formulation of the salt creep 

mechanical problem is presented, which will facilitate the presentation of the 

constitutive models in the following sections. The mechanical behavior of salt is 

formulated based on the additive decomposition of the total strain tensor (휀𝑖𝑗 ) 

assuming a thermo-viscoelastic behavior, equation (1). 

휀𝑖𝑗 = 휀𝑖𝑗
𝑒𝑙 + 휀𝑖𝑗

𝑐𝑟 + 휀𝑖𝑗
𝑡ℎ (1) 

where 휀𝑖𝑗
𝑒𝑙, 휀𝑖𝑗

𝑐𝑟 and 휀𝑖𝑗
𝑡ℎ are respectively the elastic, creep and thermal contributions 

to the total strain tensor. The creep contribution to the total strain tensor is 

calculated from the creep strain rate tensor (휀�̇�𝑗
𝑐𝑟), equation (2): 
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휀�̇�𝑗
𝑐𝑟 =

3

2

휀�̇�𝑟
𝜎𝑑
𝑠𝑖𝑗 (2) 

in which 𝜎𝑑 is the uniaxial equivalent stress (scalar) generalized by the von Mises 

flow rule to the multiaxial problem (deviatoric stress) and 𝑠𝑖𝑗 is the deviatoric stress 

tensor. The deviatoric stress is a function of the second invariant of the deviatoric 

stresses (𝐽2), equation (3): 

𝜎𝑑 = √3𝐽2 (3) 

Still in equation (2), 휀�̇�𝑟 is the uniaxial equivalent creep strain rate (scalar) 

corresponding to the multiaxial problem. Its formulation depends on the creep 

constitutive model. Section 2.1.1 addresses some of these models. The thermal 

contribution (휀�̇�𝑗
𝑡ℎ) refers to the instantaneous thermal expansion, which couples the 

thermal and the mechanical physics, to be discussed in section 2.2. Lastly, dilation 

and damage are analyzed in an uncoupled way using a dilatancy boundary – this 

is addressed in more detail in section 2.1.2. 

2.1.1.  
Creep behavior 

 

Studies on salt creep are often focused on micromechanisms and the 

theoretical background for that originates from plasticity applied to metals. Creep 

micromechanics is closely related to dislocations, which are defects in the crystal 

lattice of the material. The concept of dislocation has been introduced by Taylor 

(1935) apud Odqvist (1974), explaining why the crystal lattice of metals undergoes 

plastic deformations when subjected to stress levels in the elastic regime. Most of 

the deformation mechanisms in salt rocks are related to dislocation motions 

(Pouya, 2000), which are propagated by means of creep mechanisms. These 

mechanisms are influenced by the stress state, temperature, chemical 

composition, among other factors. Moreover, diffusion can contribute to salt creep 

in certain circumstances. 

Mechanically, creep occurs in order to dissipate the strain energy from stress 

changes provoked in an undisturbed viscous material. In the case of engineering 

projects involving salt rocks, stress changes are usually caused by excavation or 

drilling procedures and creep is observed as a non-instant response to them. More 

so, salt creep is also thermally-activated. Generally speaking, the higher the 

increase in the deviatoric stress or temperature, the higher the creep rate. The 
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examples shown in Chapter 4 highlight this creep sensitivity to deviatoric stress 

and temperature. 

Theoretically, creep behavior is divided into three phases: transient 

(primary), steady-state (secondary) and accelerative (tertiary). Figure 3 shows 

typical creep (휀) and creep rate (휀̇) curves represented by solid and dashed lines 

respectively. This curve is ideally applicable for any creeping material. The values 

in parenthesis provide an order of magnitude of the curve applied for salt rocks. 

 

Figure 3. Typical creep curve. The values in parenthesis provide an order of magnitude of the curve 

applied for salt rocks. 

The transient creep phase (I) is represented by the blue curves. It begins 

after an initial elastic strain that represents an instantaneous response to a 

perturbation in the undisturbed formation. The creep rate begins with a high value 

and decreases until a virtually constant value is reached. Micromechanically, this 

phase exhibits hardening behavior caused by an internal dislocation motion. The 

nature of this hardening is usually postulated in two ways. The first way is the time-

hardening concept, in which stress states present small variation over time, so that 

time remains as the relevant parameter for creep strain evolution. The second way 

is the strain-hardening concept, in which stress states vary significantly over time. 

Hence, strains are relevant to the creep strain evolution. Next, the steady-state 

creep (II) is represented by the green curves. In this creep phase, the strain rate is 

constant. Steady-state is possibly the most well-known creep phase, and several 

constitutive models have been formulated based on it. Micromechanically, this 
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phase represents the equilibrium condition in the density of dislocations when 

dislocation growth and piling up are balanced. Different micromechanisms that 

govern the steady-state creep have been identified, generally related to dislocation 

motions (glide, climb, cross-slip, among others). Lastly, the accelerative creep (III) 

is represented by the red curves. The strain rate increases and the material 

experiences relevant volumetric deformation (dilation). Because of the dilation 

behavior, the rock accumulates damage until it undergoes failure.  

Regarding salt creep constitutive modelling for geomechanical analyses, 

empirical power and/or Arrhenius expressions are often adopted to account for the 

contribution of dislocation micromechanisms such as those mentioned in the 

previous paragraph (Hansen, 2014; Urai and Spiers, 2007). Several creep 

constitutive models have been developed and enhanced over the last decades. 

Among these models, one mentions the power law (Lomenick and Bradshaw, 

1969; Yao et al., 2007), the double-mechanism creep law (Costa et al., 2000; 

Dusseault, 1989; Dusseault et al., 1987), the multi-mechanism deformation creep 

model (Munson, 2004; Munson and Dawson, 1979) and the Lubby2 model 

(Heusermann et al., 2003). Recently, a hybrid model that joins the steady-state 

creep rate of the double-mechanism creep law to the transient function of the multi-

mechanism creep model has been proposed and demonstrating good results. This 

constitutive model, which is a contribution of the current doctoral research, is called 

“Enhanced double-mechanism creep law using a transient function” (EDMT 

model). A dedicated paper to introduce the model and to present validation 

examples has been published (Firme et al., 2018a). The next sections describe 

briefly some of these models. None of them account for accelerative (tertiary) 

creep; however, salt damage is indirectly analyzed by means of dilation envelopes.   

2.1.1.1.  
Power law (PL) 

 

The power law (PL model) is a classic creep constitutive model formerly 

applied to metals and subsequently widely adopted in salt rock studies. This model 

has been formerly presented by Norton (1929) apud Yao et al. (2007) and 

considered only the effect of the stress state (deviatoric stress) in the creep 

deformation. Next, the contribution of time has been included using another power 

term (Bailey, 1935 apud Yao et al., 2007). Subsequently, the contribution of the 

temperature has been added by an Arrhenius expression (Dorn, 1955 apud Yao et 

al., 2007). The effect of the temperature is an important aspect when dealing with 
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salt rocks since salt creep is thermally activated. This generalized form of the 

power law that considers the creep strain (휀𝑐𝑟) as function of deviatoric stress, time 

and temperature is given by equation (4): 

휀𝑐𝑟 = 𝐴𝜎𝑑
𝑛𝑡𝑚exp(

−𝑄

𝑅𝑇
) (4) 

where 𝐴, 𝑛 and 𝑚 are empirical constants calibrated using experimental data, 𝜎𝑑 

is the deviatoric stress (uniaxial equivalent), 𝑡 is the time, 𝑇 is the temperature, 𝑄 

is the thermal activation energy and 𝑅 is the universal gas constant. 

This empirical model has been adopted for salt in the past in waste disposal 

and mining contexts (Costa, 1984; Lomenick and Bradshaw, 1969). However, the 

temperature contribution was regarded as a power law term rather than an 

Arrhenius expression. In these cases, the formulation is presented by equation (5): 

휀𝑐𝑟 = 𝐴𝜎𝑑
𝑛𝑡𝑚𝑇𝑘 (5) 

in which 𝑘 is an empirical constant. 

Although equations (4) and (5) are presented in terms of creep strain, salt 

creep constitutive models are often defined in terms of creep strain rate (휀�̇�𝑟) in the 

numerical simulators. Hence, taking the power law from equation (5), the creep 

strain rate is given by equation (6). After time differentiation, equation (6) is 

reshaped as shown in equation (7). 

휀�̇�𝑟 =
𝜕휀𝑐𝑟
𝜕𝑡

= (𝐴𝑚)𝜎𝑑
𝑛𝑡𝑚−1𝑇𝑘 (6) 

휀�̇�𝑟 = �̅�𝜎𝑑
𝑛𝑡�̅�𝑇𝑘 (7) 

where �̅� and �̅� are constants so that �̅� = 𝐴𝑚 and �̅� = 𝑚 − 1, respectively. 

In general, using the power law with the proper empirical constants leads to 

good fittings for the transient phase. However, the strain curve tends to become 

horizontal over time. It means that the strain rate converges to an almost null value 

(see Figure 7). This is not physically coherent with the fact that the steady-state 

creep rate is represented by a constant value (non-zero). Since the steady-state 

creep is the most import phase in typical salt rock-related geomechanical analyses, 

the power law should not be adopted in this context, except in short-term analyses 

where transient creep dominates. 
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2.1.1.2.  
Double-mechanism creep law (DM)2 

 

The double-mechanism creep law (DM model) is an empirical creep model 

widely employed in the Brazilian research on salt geomechanics. It originates from 

the mining research, from a “multiple mechanism viscoplastic law” (Dusseault, 

1989; Dusseault et al., 1987; Mraz et al., 1991). These authors point out that salt 

rocks exhibit purely steady-state creep behavior in the typical mining context due 

to its ionic structure that makes possible constant deformation rates. The premise 

of this constitutive model is that the salt formation is subjected mainly to two 

deformation regimes: viscoelastic and viscoplastic. The viscoelastic regime is 

composed by slow deformations associated to diffusion processes and to 

dislocation motions, originally called “solution precipitation” and “dislocation glide”, 

respectively. The viscoplastic regime involves plastic flow, crack generation, 

fissures and healing processes; it was originally called “steady-state cracking”. 

Physically, the DM model considers a governing mechanism responsible for 

the steady-state creep behavior depending on the stress level of the engineering 

problem. Two main mechanisms have been noticed for the Brazilian salt rocks: 

dislocation creep and steady-state cracking. The dislocation creep refers to the 

slow and continuous dislocation slippage in the viscoelastic regime under lower 

stress levels. This mechanism occurs in the salt crystal lattice (Urai and Spiers, 

2007). Steady-state cracking consists of the balance between cracking through the 

salt grain contacts and annealing by pressure solution along the microcracks 

(Dusseault, 1989; Poiate Jr., 2012; Urai and Spiers, 2007). For the sake of clarity, 

this thesis adopts “steady-state cracking” instead of “pressure solution” as often 

referred to in works using the DM model (Costa et al., 2015; Poiate Jr., 2012). 

Nonetheless, “pressure solution”, within the meaning expressed in those works, is 

understood as an essential mechanism for steady-state cracking. 

The analogy between the “multiple mechanism viscoplastic law” and the DM 

model is graphically illustrated by Figure 4. The threshold between the dominance 

of one mechanism and the other is a reference deviatoric stress – the former model 

adopts Prandtl’s limit (𝐾) as such, while the latter uses a reference stress (𝜎0). 

These stresses are related to corresponding creep strain rates (휀�̇� and 휀0̇, 

                                                
2 This section was updated for presentation from the article “Enhanced double-mechanism creep 
laws for salt rocks” written by the author and advisors of the thesis (Firme et al., 2018a) and published 
in Acta Geotechnica. 
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respectively). Prandtl’s limit is considered twofold since it is presented in terms of 

deviatoric stresses instead of shear stresses.  

The DM model formulates the steady-state creep rate (휀�̇�𝑠) as follows in 

equation (8), 

휀�̇�𝑠 = 휀0̇ exp (
𝑄

𝑅𝑇0
−
𝑄

𝑅𝑇
)(
𝜎𝑑
𝜎0
)
𝑛𝑖

 (8) 

where 휀0̇, 𝜎0 and 𝑇0 are the threshold strain rate, deviatoric stress and temperature 

respectively – they are related to the transition of governing mechanism noticed in 

laboratory. The stress power 𝑛𝑖 indicates that the mechanism 𝑖 is dominant (𝑛1 for 

dislocation creep and 𝑛2 for steady-state cracking). These powers are given by the 

curve inclinations illustrated in Figure 4 (right plot), where reference values are 

indicated. Other parameters have already been introduced (see equation (4)). 

 

Figure 4. Analogy between the “multiple mechanism viscoplastic law” and the double-mechanism 

creep law. Figure adapted from Firme et al. (2018a). 

The DM model does not account for transient creep; therefore, the steady-

state phase is directly coupled to the initial elastic strain. For this reason, the creep 

curve (strain versus time) remains lagged (see Figure 7). Neglecting salt transient 

creep is at first an acceptable simplification in reservoir geomechanics and in long-

term well simulations without major changes in stresses and/or temperatures. 

However, whenever early creep deformation estimates are necessary, the 

contribution of transient creep is relevant. An example of this is the early-stage 

creep prediction, which is important to monitor Pre-salt well closure since a 

minimum diameter to allow casing running and minimum cement sheath thickness 
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are mandatory. Another example are salt caverns for hydrocarbon storage or 

waste disposal, in which tightness is an essential condition. These media can be 

subject to cyclic internal pressures, resulting in cyclic stress changes; therefore, a 

comprehensive creep modelling is fundamental to forecast stress states prone to 

cause damage by dilation and, in turn, leakage. Apart from these limitations, the 

DM model is a straightforward creep constitutive model that has been extensively 

adopted over the last decades in well geomechanical analyses involving Brazilian 

salt rocks. Data calibrated against the DM model have proven to be reliable and 

good fittings for the steady-state creep rate are often obtained (Costa et al., 2019a, 

2010, 2005, 2000; Poiate Jr., 2012; Poiate Jr. et al., 2006). 

Lastly, a creep model similar to the DM model, often referred to as “Norton-

Hoff” law in the salt cavern literature, is widely adopted (Bérest et al., 2001; Sicsic 

and Bérest, 2014; L. Wang et al., 2015). 

2.1.1.3.  
Multi-mechanism deformation creep model (MD)3 

 

The multi-mechanism deformation creep model (MD model) is one of the 

most sophisticated salt creep constitutive models. It originates from work on the 

historical Waste Isolation Pilot Plant (WIPP, see Section 3.2.2) as a legacy from 

the large-scale program of research and testing conducted in the context. The MD 

model stands out in the simulation of both the transient and the steady-state 

phases of creep. A superposition of up to three micromechanical creep 

mechanisms composes the steady-state creep. The transient creep phase is 

calculated using the steady-state creep rate and a transient function with a 

hardening parameter.  

The MD model requires an in-depth understanding of salt creep 

micromechanics. The various conditions for the occurrence of creep can be cast 

in a deformation mechanism map, Figure 5, introduced by Ashby (1972) and 

applied to salt rocks by Munson (1979). According to this map, creep is governed 

by dislocation mechanisms or diffusion processes depending on the deviatoric 

stress and the temperature. In this abacus, 𝐺 is the elastic shear modulus and 𝑇𝑚 

is the salt melting temperature, adopted as 1077 K (Fossum and Fredrich, 2002; 

                                                
3 Parts of this section come from excerpts from the articles “An assessment of the creep behaviour 
of Brazilian salt rocks using the multi-mechanism deformation model” (Firme et al., 2016b) published 
in Acta Geotechnica and “Multi-mechanism deformation creep model applied to Brazilian salt rocks” 
(Firme et al., 2015b) published in the proceedings of the Mechanical Behavior of Salt VIII Conference 
(Salt Mech 8). Both articles were written by the author and advisors of the thesis. 
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Munson, 1979). The mechanisms of interest for geomechanical purposes are 

dislocation glide, dislocation climb and undefined mechanisms. They are briefly 

analyzed below. 

 

Figure 5. Deformation mechanism map for salt adapted from Munson (1979). Figure adapted from 

Firme et al. (2016b). 

The dislocation glide (DGL) is a slow creep mechanism arising from several 

slip modes in the crystal lattice of the material. At the microscopic scale, this 

mechanism occurs at any stress level unbalanced by a deviatoric stress. The 

successive migration of crystal grains through slip planes tends to generate tangles 

of dislocations. There is an increase in the density and in the amount of dislocations 

at the grain boundaries, leading to an obstruction in the dislocation motion – the 

hardening behavior (Fossum and Fredrich, 2002; Jeremic, 1994). Above a critical 

deviatoric stress, the transposition of the barriers for dislocation motion is once 

again enabled (Hambley et al., 1998). In this case, the contribution of dislocation 

glide for the steady-state creep rate (휀�̇�𝑠,𝐷𝐺𝐿) is given by equation (9): 

휀�̇�𝑠,𝐷𝐺𝐿 = |𝐻(𝜎𝑑 − 𝜎0,𝐷𝐺𝐿)| [𝐵1 exp (
−𝑄1
𝑅𝑇

)

+ 𝐵2 exp (
−𝑄2
𝑅𝑇

)] sinh [
𝑞(𝜎𝑑 − 𝜎0,𝐷𝐺𝐿)

𝐺
] 

(9) 

where |𝐻(𝜎𝑑 − 𝜎0,𝐷𝐺𝐿)| is a Heaviside step function that limits the occurrence of 

dislocation glide for a deviatoric stress (𝜎𝑑) higher than the reference stress of the 

mechanism (𝜎0,𝐷𝐺𝐿). Additionally, 𝐵1 and 𝐵2 are structure factors of the mechanism, 

𝑄1 and 𝑄2 are thermal activation energies and 𝑞 is a stress constant. The other 

parameters have already been introduced. 

Figure from Firme et al. (2016b)
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Based on the works of Fossum and Fredrich (2002) and Hansen (2014), the 

author of the thesis understands that even in cases with deviatoric stress levels 

(𝜎𝑑) lower than 𝜎0, the glide mechanism is active and implicitly regarded as plastic 

deformations in climb. When 𝜎𝑑 is higher than 𝜎0,𝐷𝐺𝐿, the contribution of equation 

(9) refers to the energy that allows the dislocations to transpose the tangles formed 

by the migration of crystal grains through slip planes – the concept of Peierl’s 

stress, from Hambley et al. (1998) and Hirth and Lothe (1982). 

The dislocation climb (DCL) is a dynamic recovery mechanism, controlled by 

a thermal activation phenomenon, and its contribution is very significant at high 

temperatures (Fossum and Fredrich, 2002; Jeremic, 1994). The high deformation 

energy generated by the dislocations during slip motion triggers plastic deformation 

and hardening. The climb mechanism acts by allowing the movement of the 

dislocations. In this sense, it is implicit that climb occurs in a context where 

dislocations are on the verge of moving. According to Fossum and Fredrich (2002), 

‘‘glide with climb is often called just climb because the climb process actually 

controls the deformation rate even though the plastic deformation results from glide 

(…).’’4 This definition is considered here. The contribution of dislocation climb to 

the steady-state creep rate (휀�̇�𝑠,𝐷𝐶𝐿) is given by a typical Arrhenius expression, 

equation (10): 

휀�̇�𝑠,𝐷𝐶𝐿 = 𝐴1 exp (
−𝑄1
𝑅𝑇

)(
𝜎𝑑
𝐺
)
𝑛1

 (10) 

where 𝐴1 and 𝑛1 are the structure factor and the stress power of the mechanism, 

respectively. The other parameters have already been introduced. 

Not only are undefined mechanisms expected to be distinct from the 

dislocation-based mechanisms, but they also contribute to salt creep. However, 

the association of these mechanisms to micromechanical models is not at all clear. 

The interpretation of such mechanisms is not unanimous among researchers and 

among the characteristics of each salt formation. Some researchers associate this 

mechanism to a pressure solution mechanism, which acts on the salt grain 

contacts (Costa et al., 2005; Poiate Jr., 2012). Other researchers consider a mass 

transfer by solution and precipitation in the viscoelastic regime (Dusseault, 1989; 

Dusseault et al., 1987). Additionally, an association between this undefined 

mechanism and dislocation cross-slip has been suggested (Hansen, 2014); this 

last definition is considered here. The undefined mechanism (UMC) is usually 

                                                
4 Excerpt from page 35 of the work of Fossum and Fredrich (2002). 
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taken into account empirically by an Arrhenius expression, analogous to the 

Dislocation Climb. Its rate (휀�̇�𝑠,𝑈𝑀𝐶) is given by equation (11): 

휀�̇�𝑠,𝑈𝑀𝐶 = 𝐴2 exp (
−𝑄2
𝑅𝑇

) (
𝜎𝑒𝑞
𝐺
)
𝑛2

 (11) 

where 𝐴2 and 𝑛2 are the structure factor and the stress power of the mechanism, 

respectively. The other parameters have already been defined.  

Finally, the steady-state creep rate (휀�̇�𝑠) is given by the superposition of the 

three micromechanical creep mechanisms previously presented (equations (9) to 

(11)), as shown in equation (12): 

휀�̇�𝑠 = 휀�̇�𝑠,𝐷𝐺𝐿 + 휀�̇�𝑠,𝐷𝐶𝐿 + 휀�̇�𝑠,𝑈𝑀𝐶 (12) 

The creep strain rate in the MD model is formulated as follows, equation (13): 

휀�̇�𝑟 = 𝐹휀�̇�𝑠 (13) 

where 𝐹 is the transient function given by equation (14): 

𝐹 =

{
 
 

 
 exp [𝛥 (1 −

휁

휀𝑡
∗)

2

] , 휁 ≤ 휀𝑡
∗

exp [−𝛿 (1 −
휁

휀𝑡
∗)

2

] , 휁 > 휀𝑡
∗

 (14) 

in which 𝛥 is a hardening parameter (equation (15)), 𝛿 is a softening parameter, 휀𝑡
∗ 

is the intersect of the steady-state creep rate with the ordinate axis in a strain 

versus time creep curve (equation (16)), and 휁 is an internal isotropic hardening 

variable subject to an evolutionary equation (equation (17)). 

𝛥 = 𝛼ℎ + 𝛽ℎ log (
𝜎𝑑
𝐺
) (15) 

휀𝑡
∗ = 𝐾0 exp(𝑐𝑇) (

𝜎𝑑
𝐺
)
𝑙

 (16) 

휁̇ = (𝐹 − 1)휀�̇�𝑠 (17) 

In the above equations,𝛼ℎ and 𝛽ℎ are fitting parameters,𝐾0 is a transient 

parameter and 𝑐 and 𝑙 are a theoretical constant and power, respectively. The 

evolutionary equation (17) for the parameter 휁 is solved explicitly by Euler’s forward 

scheme. A null initial value is assumed for 휁. One notices that when 휁 reaches 휀𝑡
∗, 

𝐹 is equal to one and 휁̇ is null. It represents that the steady-state creep rate has 

been reached. 
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The MD model stands out as a powerful model for the simulation of the 

transient and the steady-state phases of salt creep (see Figure 7). Very good 

results are often observed. In general, calculations using the MD model are quite 

cumbersome and short time increments must be adopted especially in the transient 

phase when hardening plays an important whole in the nonlinear analysis. As the 

steady-state is reached, computational cost tends to be comparable with those of 

other steady-state creep models. 

Dealing with sophisticate constitutive models has the side effect of the 

necessity of numerous parameters – and frequently only few data are available for 

calibration. One of the main contributions of the master’s research of the author 

was to calibrate the sensitive parameters of the Brazilian halite to use the MD 

model (Firme, 2013; Firme et al., 2016b). The calibration based on the 

experimental data has led to structure factors and stress powers quite distinct from 

the typical range of steady-state parameters of WIPP and Gulf of Mexico salts. The 

transient parameter (𝐾0) has also been calibrated and its value was in the typical 

range. Nonetheless, validation examples based on Brazilian scenarios have 

presented very good agreement between numerical analyses and experimental 

data. Both the transient and the steady-state creep phases have been adequately 

simulated. 

2.1.1.4.  
Enhanced double-mechanism creep law (EDMT) 

 

The enhanced double-mechanism creep law using a transient function 

(EDMT model) is a hybrid model that joins the steady-state creep rate of the DM 

model to the transient function of the MD model. This model is a contribution of this 

doctoral research, and a comprehensive description and validation examples are 

found in the work of Firme et al. (2018a). Considering that the steady-state creep 

formulation in the MD model is independent of the transient one, the EDMT model 

assumes that the standard DM model is validated for main Brazilian salt rocks and 

can be adopted “as is”. The transient phase is back-analyzed using MD model’s 

transient function (𝐹) that multiplies the steady-state creep rate. 

The formulation of the EDMT model revisits the transient/steady-state creep 

rate formulation of the MD model, equation (13). However, the steady-state creep 

rate from the DM model is adopted rather than that from MD model. It means to 

replace equation (8) in equation (13). Therefore, the constitutive equation of the 

creep strain rate is given by equation (18):  
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휀�̇�𝑟 = 𝐹 (휀0̇ exp (
𝑄

𝑅𝑇0
−
𝑄

𝑅𝑇
)(
𝜎𝑑
𝜎0
)
𝑛𝑖
) (18) 

where the transient function 𝐹 is the same of that of the MD model. Therefore, it is 

calculated using equations (14) to (17)). The other parameters have already been 

introduced. 

Using the EDMT model for Brazilian salt rocks is preferable to using the MD 

model since the price one pays to consider more sophisticated models is the lack 

of available information for calibration requiring assumptions or correlations that 

might be subjective. The calibrated data for the DM model have been producing 

adequate results and should continue to be adopted in creep analyses in Brazilian 

salt rocks. Moreover, the EDMT model holds the “strain-based transient creep 

response with nonlinear work-hardening and recovery processes”5 (van Sambeek 

et al., 1993a) developed for the MD model. This is a more intrinsic approach for 

transient creep (in comparison to mathematical fittings) since the parameter 𝐾0 is 

determined from experimental curves. This model has been adopted in simulations 

of triaxial creep tests, wells, mining galleries and salt caverns. Very good 

agreement with experimental data and physically coherent numerical results have 

been observed (Firme et al., 2018a, 2018b, 2019). 

2.1.1.5.  
Comparative performance of the creep constitutive models 

 

Four relevant creep constituive models have been briefly presented in 

sections 2.1.1.1 to 2.1.1.4 and their capabilities in terms of representing the creep 

phases are summarized in Table 1.  

Table 1. Comparative summary of the capabilities of the constitutive models to represent creep 

phases. 

Creep constitutive model 
Creep phase 

Transient 
(primary) 

Steady-state 
(secondary) 

Accelerative 
(tertiary) 

PL Yes No No 

DM No Yes* No 

MD Yes Yes No 

EDMT Yes Yes No 

*Only creep rate. 

                                                
5 Excerpt from page 131 of the work of van Sambeek et al. (1993a). 
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This section shows numerical simulations of a triaxial creep test carried out 

using Brazilian halite samples to compare the performance of these models. The 

in-house framework GeMA (to be introduced in Section 2.5) is adopted. The 

simulations are based on the experimental work presented by Costa et al. (2005). 

In laboratory, the salt (halite) samples are 17.6 cm high by 8.8 cm in diameter 

(Poiate Jr., 2012). Considering the axisymmetry and the symmetry at the half of 

the sample, the numerical models have 8.8 cm high by 4.4 cm in radius. The 

axisymmetric finite element model has 181 nodes and 50 8-node quadratic 

elements with reduced integration (elements type “Q8”). Figure 6 illustrates the 

workflow for the simulations. The sample is initially subjeted to a confinement 

stress that simulates a geostatic stress state. In this case, a confinement stress 

(𝜎𝑐) of 10 MPa is adopted. The test temperature is of 86ºC. Next, an axial load is 

instantaneously applied to the sample. A deviatoric stress (𝜎𝑑) of 14 MPa is 

considered. The new stress state is held during the simulation time, while the creep 

behavior is monitored. The test is carried out by 1,000 hours and the axial strain is 

measured at the top of the numerical models.  

 

Figure 6. Triaxial creep test: numerical simulation workflow. 

Figure 7 (a) depicts the performance of the creep constitutive models. The 

black dotted line represents the experimental curve of the triaxial creep test. 

Furthermore, Figure 7 (b) presents the corresponding creep rate curves. Although 

not originally available, the author of the thesis calculated the experimental rate 

based on the experimental creep curve points. The scattered rate points in the 

graph may be related to the discrete time differentiation (휀̇ = 𝜕휀 𝜕𝑡⁄ ≈ ∆휀 ∆𝑡⁄ ). Both 

EDMT (red curves) and MD (orange curves) models present a very good 

agreement with the experimental curve. This is expected as these models simulate 

the transient and the steady-state creep phases and the material sensitive 

parameters have been calibrated for the Brazilian halite. The strain rates obtained 

are in the range of the experimental rate calculated from the experimental creep 

curve. The DM model (green curves) shows good agreement with the experimental 
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creep curve in terms of strain rate, i.e., comparing curve inclinations. The constant 

creep rate obtained with the DM model is conceptually coherent since both 

deviatoric stress and temperature are constant during the test. The PL model (blue 

curves) presents a creep curve that tends to become horizontal with time, while 

the creep rate tends to a null value. The steady-state creep is not adequately 

represented by the PL model; therefore, this model should not be adopted in typical 

salt rock-related geomechanical analyses, except in the short-term, when transient 

creep dominates, or for comparison with other creep models. 

 

Figure 7. Triaxial creep test: comparison of the creep curves (a) and creep rate curves (b) obtained 

using each of the constitutive models previously discussed. Experimental data from Costa et al. 

(2005). 

2.1.2.  
Dilation behavior6 

 

In the mining industry, ore exploration is a target; therefore, the controlled 

fragmentation of the rock mass is an objective and not properly a risk to be avoided. 

The concern in covering the excavation walls is present only where there are 

critical instability threats. In hydrocarbon wells, drilling thick salt layers to access 

the Pre-salt reservoirs is a need, and boreholes are often cased and cemented. 

These components ensure not only structural stability but also hydraulic isolation. 

The scenario is more adverse in storage caverns. Cavern walls lie exposed in 

direct contact with the stored material. The access to the cavern is restricted and 

                                                
6 This section comes from excerpts from the article “Salt caverns history and geomechanics towards 
future natural gas strategic storage in Brazil” written by the author and advisors of the thesis (Firme 
et al., 2019) and published in Journal of Natural Gas Science and Engineering, with minor 
modifications. 
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direct visual inspection is impossible. A salt cavern for underground storage is 

subjected to several stress scenarios during its lifespan, especially considering 

cyclic schemes of internal pressure during the operation phase, and significant 

percolation through the walls cannot be allowed. In this context, the maintenance 

of integrity and tightness is of utmost importance in the short- and long-term. 

As previously mentioned, the salt creep behavior is ideally isochoric and salt 

accumulates significant creep deformation without undergoing failure. It is often 

associated to a compressive domain. However, once a threshold stress state is 

exceeded, the material reaches a dilation domain – volumetric deformation 

becomes relevant and microcracks open. This provokes damage accumulation, 

leading to strain hardening and rock strength decrease until failure happens 

(Schulze et al., 2001). Besides that, the opening of microcracks generates 

interconnected pore networks that enhance the permeability of the medium. 

Percolation paths are formed (or expanded) and leaching and/or dissolution may 

enlarge the paths. In such condition, analyses should consider the hydraulic 

behavior of the surroundings. If dissolution becomes relevant, geometry changes 

may also happen. The transition between compressive and dilation domains 

occurs over a band. In practice, this is stated as an envelope – the dilatancy 

boundary (DeVries et al., 2005b, 2005a; Hunsche, 1993; Hunsche and Hampel, 

1999; Schulze et al., 2001; van Sambeek et al., 1993b). The delimitation of this 

boundary is of utmost importance in the analysis of salt behavior. Dilatancy 

boundaries have been fitted on results of laboratory tests and the stress states 

influence them significantly. Schulze et al. (2001) postulate a small contribution of 

the load geometry and lithology. In general, the influence of the salt type, 

temperature and strain rate is considered small.  

Four widely known salt dilatancy boundaries are briefly introduced – they 

take the names of the respective researchers who developed them: Spiers’, 

Ratigan’s, Hunsche’s and DeVries’ boundaries. These criteria are useful to 

constrain the admissible domain for the stress paths in geomechanical analyses. 

The dilatancy boundaries are formulated here in terms of the mean stresses and 

the critical deviatoric stresses on the envelope. This methodology to account for 

dilation is a stress-based approach7 (Labaune et al., 2018). Since this thesis 

                                                
7 According to Labaune et al. (2018), an alternative for the stress-based approach for dilation is the 
strain-based approach. In this case, one establishes the norm of the viscoplastic strain or strain rate 
as limiting criterion. The analyses carried out by these authors in the context of salt caverns have 
shown that the strain-based approach presented more conservative results for the dilation zones. 
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considers the von Mises flow rule8, the corresponding dilation envelopes are 

presented in such a way to be easily coded in numerical simulators. 

2.1.2.1.  
Spiers’ boundary 

 

Spiers’ boundary (Spiers et al., 1989) derives from tests carried out in salt 

samples from the Asse mine (north of Germany). Triaxial tests were carried out 

under a temperature range from 20 to 200ºC, a confinement pressure range from 

0 to 50 MPa and a constant strain rate range from 10-7 to 10-4 s-1. Results obtained 

with samples from the salt dome of Avery Island and bedded salt from southeast 

New Mexico were added. The temperature and the strain rate of the test did not 

influence the results, even assuming comprehensive ranges. The critical deviatoric 

stress to trigger dilation (𝜎𝑑,𝑐𝑟) is given by a linear function of the mean stress (𝜎𝑚) 

that best fitted the experimental data, equation (19): 

𝜎𝑑,𝑐𝑟 = (𝑎𝜎𝑚 + 𝑏)√3 (19) 

where 𝑎 = 0.83 and 𝑏 = 1.9, assuming stresses in MPa. This envelope assumes a 

residual strength below which the material remains in a compressive regime even 

when it is totally unconfined (𝜎𝑚 = 0). 

2.1.2.2.  
Ratigan’s boundary 

 

Ratigan’s boundary (van Sambeek et al., 1993b) derives from triaxial tests 

performed on WIPP bedded salt and Avery Island dome salt. This dilatancy 

boundary is often adopted in the Brazilian halite in numerical simulations of wells 

and caverns (Costa et al., 2015; Firme et al., 2018a; Poiate Jr., 2012). Its 

formulation is similar to Spiers’ boundary, but does not consider a residual 

unconfined strength, equation (20):  

𝜎𝑑,𝑐𝑟 = (𝑎𝜎𝑚)√3 (20) 

in which 𝑎 = 0.81. 

2.1.2.3.  
Hunsche’s boundary 

 

Hunsche’s boundary (Hunsche, 1993) derives from a series of laboratory 

tests to identify salt failure under several conditions. Uniaxial and triaxial tests were 

                                                
8 The von Mises flow rule is adopted only for the multi-axial space generalization. 
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carried out on high-purity salt samples from the Asse mine, sited in Zechstein 3 

formation. True triaxial tests were conducted in pure samples obtained from five 

deep wells drilled in the Gorleben salt dome (north of Germany). A quadratic 

function of the mean stress best fitted the experimental data, equation (21): 

𝜎𝑑,𝑐𝑟 = (𝑓1𝜎𝑚
2 + 𝑓2𝜎𝑚) (

3

√2
) (21) 

in which 𝑓1 = -0.0168 and 𝑓2 = 0.86, assuming stresses in MPa. 

By plotting Hunsche’s envelope (see Figure 8), one observes that the curve 

crosses the mean stress axis by a little over 50 MPa. This should be interpreted as 

a mathematical implication of the parabolic function since it is not expected that 

the material would be in the imminence of dilation at a confinement (mean) stress 

of 50 MPa. Popp et al. (2001) have observed this peculiarity and pointed out that 

this boundary is defined as such “to emphasize that the microcracks are closed 

under hydrostatic pressures higher than this value [about 50 MPa] after a short 

time.”9 Those authors proposed a modification in this model by replacing the 

downward trend of the parabola by a band of low slope (see Figure 9 of their work). 

This band has been retrofitted by Firme et al. (2019) using the Matlab toolbox and 

two dilatancy boundaries have been derived – upper and lower boundaries.  These 

dilatancy boundaries are so called “Hunsche Modified” and are respectively given 

by equations (22) and (23): 

𝜎𝑑,𝑐𝑟 = 𝐴1 exp(𝐵1𝜎𝑚) − 𝐶1 exp(𝐺1𝜎𝑚) (22) 

𝜎𝑑,𝑐𝑟 = 𝐴2 exp(𝐵2𝜎𝑚) − 𝐶2 exp(𝐺2𝜎𝑚) (23) 

where the fitting parameters are 𝐴1 = 25.02, 𝐵1 = 0.004636, 𝐶1 = 17.9, 𝐺1 = -0.1285, 

𝐴2 = 19.06, 𝐵2 = 0.005629, 𝐶2 = 19.23 and 𝐺2 = -0.1139, assuming stresses in 

MPa. In these parameters, indexes “1” refer to the upper boundary and indexes “2” 

refer to the lower boundary. 

2.1.2.4.  
DeVries’ boundary 

 

DeVries’ boundary (DeVries et al., 2005a, 2005b) derives from a series of 

laboratory tests carried out on high-purity salt samples from a bedded salt 

formation near Cayuta, New York (Nieland et al., 2001). These authors considered 

a dilation criterion based on the Mohr-Coulomb constitutive model. Not only the 

                                                
9 Excerpt from page 4070 of the work of Popp et al. (2001). 
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role of the mean stresses in suppressing brittle deformation but also the effect of 

the intermediate stress on the rock strength and the different mechanical 

responses to compression and extension have been taken into account. The 

formulation depends on the mean stress (𝜎𝑚) and on the Lode angle (𝜃), as 

presented in equation (24): 

𝜎𝑑,𝑐𝑟 = (
𝐷1(|3𝜎𝑚|)

𝑘 + 𝑇0

√3 cos 𝜃 − 𝐷2 sin𝜃
)√3 (24) 

where 𝐷1 = 0.773, 𝐷2 = 0.524, 𝑇0 = 1.95 and 𝑘 = 0.693 for stresses in MPa. Note 

that equation (24) provides different boundaries for different loading conditions. 

Generally, the Lode angle is defined by (25): 

𝜃 =
1

3
asin(

−3√3𝐽3

2𝐽2
3 2⁄

) (25) 

in which 𝐽2 and 𝐽3 are respectively the second and the third invariants of the 

deviatoric stresses.  

Since this criterion derives from a Mohr-Coulomb criterion defined in terms 

of stress invariants, the triaxial compression and extension cast the limits, in which 

Lode angle is +30º (𝜋 6⁄ ) and -30º (−𝜋 6⁄ ) respectively10. 

2.1.2.5.  
Comparative performance of the dilatancy boundaries 

 

Figure 8 compares the dilatancy boundaries briefly presented in sections 

2.1.2.1 to 2.1.2.4 in the same stress space (p-q) diagram. Spiers’ and Ratingan’s 

boundaries (dark blue and light blue curves respectively) are linear envelopes so 

that the higher the mean stress, the proportionally higher the critical deviatoric 

stress for dilation. Hunsche’s boundary (green curve) is a parabola that crosses 

the mean stress axis by a little over 50 MPa as a mathematical implication of the 

equation (21). This is the only envelope (among those considered) that assumes 

that dilation can occur under hydrostatic loading besides deviatoric loading. The 

lower and the upper modified versions of Hunsche’s boundary (light green and 

yellow curves respectively) present a nonlinear behavior with the critical deviatoric 

stress for dilation increasing with the mean stress. Finally, DeVries’ boundaries are 

presented. The purple curve represents the DeVries’ boundary considering triaxial 

compression (𝜃 = 𝜋 6⁄ ), the dark red curve represents the boundary for isochoric 

                                                
10 The solid mechanics signal convention is considered. 
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shear (𝜃 = 0) and the red curve represents the boundary for triaxial extension 

(𝜃 = −𝜋 6⁄ ). The curves are nonlinear and quite similar to those of the modified 

versions of Hunsche’s boundary. One observes that the higher the mean stress, 

the higher the critical deviatoric stress for dilation, but not in a proportional way. In 

summary, with the exception of Hunsche’s boundary, all dilatancy boundaries 

indicate that the higher the mean stress, the higher the critical deviatoric stress for 

dilation. This is generally expected since the strength of the geotechnical materials 

tends to increase with confinement. The possibility of a well-consolidated salt 

(natural salt for instance) presenting an envelope analogous to a cap model such 

as that from Hunsche’s boundary – typical of poorly consolidated materials such 

as some carbonates and sandstones –, should be better analyzed. On the other 

hand, DeVries’ envelope has the advantage of making it possible to consider 

different loading conditions, better representing the particular conditions of the 

engineering problem analyzed. 

 

Figure 8. Dilatancy boundaries according to Spiers et al. (dark blue), Ratigan et al. (light blue), 

Hunsche (green), Hunsche Modified – lower boundary (light green), Hunsche Modified – upper 

boundary (yellow) and DeVries et al. (tension/extension in red, isochoric in dark red and compression 

in purple). Modified from Firme et al. (2019). 
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More so, these widely known dilatancy boundaries were calibrated from tests 

carried out on salt samples with a high overall purity level. Consequently, the 

conclusions about the variables of influence on the dilation behavior have derived 

from these tests and presuppose pure salt. Using these envelopes for more 

heterogeneous salt such as Brazilian ones (due to the lack of data) should be done 

with caution since a different mineralogy may reflect on a different mechanical 

behavior. 

So far, the mechanical behavior of salt has been analyzed in isolation from 

other physics; however, its behavior is multiphysical. In the next sections, the main 

couplings of interest to strategic engineering problems are addressed. 

2.2.  
Thermomechanical behavior (TM) 

 

The thermal behavior of salt is very important not only regarding heat transfer 

aspects but also because temperature has great influence on rock mechanics, 

especially on strength and deformability (Zhu and Arson, 2014). As seen in section 

2.1.1, salt creep constitutive models depend on stress and temperature, besides 

time. It means that the mechanical behavior of salt is intrinsically a coupled 

thermomechanical behavior even if the temperature field is known in advance and 

attributed to the model as a parameter. Furthermore, the micromechanical 

approach for creep using deformation mechanism maps also depends on 

temperature (Ashby, 1972; Munson, 1979). In this representation, the stress level, 

the shear modulus and the temperature of the salt formation dictate the dominance 

of some creep micromechanisms over others (see Figure 5). Regarding the 

macroscopic behavior of salt, Fossum and Fredrich (2002) point out that thermal 

changes influence the creep behavior, not only considering the stress changes, 

but also because salt creep is thermally-activated and shall also trigger stress 

changes including shear stresses. This may be critical at rock interfaces, especially 

between salt and non-salt rocks or weak materials, where interlayer slippage can 

occur. 

According to Cosenza and Ghoreychi (1996), undisturbed salt presents a 

high thermal diffusivity of about 3.0E-06 m²/s. This value is approximately three 

times higher than other geotechnical materials. The thermal convection is 

negligible for low porosity scenarios, i.e., undisturbed or slightly disturbed salt and 

well-compacted granular salt. On the other hand, it is significant in crushed or 

granular salt (high porosity scenarios, about 0.35). The thermal conductivity can 
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be ten times lower than that of undisturbed salt. Still according to these authors, 

salt rocks exhibit a high thermal linear expansion (about 4.0E-05ºC-1), which is 

often three times higher than other geomaterials. More so, the salt viscosity is the 

thermally activated term of solid mechanics-based constitutive models for creep. 

The viscosity, in turn, depends on the temperature so that the higher the 

temperature, the lower the viscosity. The halite effective viscosity is in the range of 

1.0E+15 to 1.0E+19 Pa.s depending not only on the temperature but also on the 

composition, moisture content and grain size (Weijermars and Jackson, 2014). 

Considering wells, Guenot and Santarelli (1989) point out that the 

temperature of the well fluids is a very important parameter. Rock properties may 

be modified by cyclic temperature variations. Cooling the well wall creates a stiffer 

zone around it due to contraction, generating a high stress concentration. This 

stiffer zone enhances the strength of the material as long as confinement generally 

enhances the strength of geotechnical materials. Thermal stresses are generated 

by non-uniform temperature distribution around the well, and this is the case of 

fluid circulation that cools or warms the well walls. Temperature changes provoke 

volumetric deformation in the formation and fluid expansion or contraction. Since 

creep/swelling mechanisms of rocks such as shale and salt depend on 

temperature, the changes in the reservoir temperature during production affect the 

behavior of the well vicinity. In general, cooling the well leads to wall stress 

reduction. These authors have commented that a cooling temperature gradient 

stabilizes wells with drilling muds of low density. However, up to a certain level, 

cooling may trigger unstable conditions regarding shear or fracturing. The thermal 

effects are of particular importance when considering shallow intervals subjected 

to significant heating and intervals without drilling fluid, with low friction angles and 

high Young’s moduli. Amaral et al. (2017) have presented an application of cold 

water injection in reservoirs for hydrocarbon recovery in the context of the Brazilian 

Pre-salt. In this scenario, caprocks are mainly evaporites. One-way coupled 

thermomechanical numerical simulations have been carried out considering a 

scenario of injection of water at 29 ºC for 16 years. Cold-water injection causes 

contraction and horizontal stress reduction, reducing also the pressure to initiate 

and propagate a fracture. Horizontal stresses have shown a significant decrease 

in the carbonate reservoir while no significant impact has been observed in the 

integrity of the salt rocks. The relevance of the cooling effect was such that 

reservoir underwent compaction even though it was subjected to water injection. 

The water-cooling effect prevailed over the poroelastic effect of the injection. 
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The literature related to salt caverns for underground storage presents 

physical similarities with well problems and in-depth aspects on rock mechanics. 

Sriapai et al. (2012) have carried out laboratory tests in pure halite samples from 

Khorat basin, northeast Thailand. The samples have been collected in depths from 

70 and 100 m and the tests have adopted temperatures compatible with 

underground storage caverns for gas or compressed air. Assuming isothermal 

conditions for a number of testing temperatures, these authors have observed a 

decrease in salt short-term strength as the temperature increases. The 

temperature effect is larger under higher mean stresses. The effect of temperature 

on rock strength may be intensified in a salt cavern operation considering a number 

of loading/unloading cycles over its lifespan. The maximum temperature due to 

injection and the maximum shear stress during fluid withdrawal should be 

determined. In the end, these critical values should be used to define the maximum 

and minimum working pressures in the cavern. Sicsic and Bérest (2014) have 

mentioned two scenarios in which thermal fractures showed up in wells and gas 

caverns (see figures 1 and 2 of their work). The first scenario was by heating due 

to the circulation of diesel-burned gases at 315ºC and the second scenario was by 

cooling due to the circulation of liquefied nitrogen at -196ºC. These events 

demonstrated the influence of the temperature on the mechanical behavior of the 

formation regardless of the internal pressure. These authors have highlighted that 

intense heating may generate spalling in caverns while intense cooling may 

generate fractures perpendicular to the cavern wall. Furthermore, Bérest et al. 

(2014, 2016) have analyzed the thermomechanical effects of depressurization of 

compressed air energy storage (CAES) caverns. They have observed that a rapid 

internal pressure decrease induces a significant temperature decrease and tensile 

stresses are prone to develop. However, the thermal contrast is superficial since 

that caverns operate in cycles and occurs over a short period. Hence, tensile 

stresses are developed but are superficial. Fractures emerge perpendicularly to 

the cavern wall and the blocks between fractures continue strongly bounded to the 

rock mass. These findings are likely extensible to any gas storage cavern (Bérest 

et al., 2016). More so, temperature reduction leads to tensile stresses proportional 

to Young’s modulus – usually one observes a stress reduction of 1 MPa/ºC. Since 

the salt tensile strength is lower than 2 MPa, sudden salt cooling may trigger tensile 

cracks and enhanced permeability (Cosenza and Ghoreychi, 1996). 

While the mechanical behavior strongly depends on the thermal behavior, 

the opposite does not happen in the same intensity. According to Cosenza and 
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Ghoreychi (1996), the thermal behavior shows small sensitivity to the mechanical 

behavior (stresses and strains) in undisturbed or slightly disturbed salt. However, 

the stress state may have a significant effect on the thermal properties of crushed 

salt since in this case porosity decreases as confinement increases – the grain 

package gradually consolidates forming a monolithic solid (and its properties tend 

to those of intact salt). The reduction on thermal conductivity is very important when 

the pores are filled with gas. Figure 9 presents a schematic representation of the 

coupled thermomechanical behavior of salt. 

 

Figure 9. Schematic representation of the coupled thermomechanical behavior of salt. 

Lastly, regarding heating generation under brine percolation, pure salt 

solution in water is endothermal in a mining room temperature while anhydrite 

solution is very exothermal; therefore, a solution of halite with anhydrite impurities 

is expected to be exothermal. 

In terms of formulation for numerical simulations, the thermal behavior of salt 

is accounted for in three instances. Firstly, revisiting the additive decomposition of 

the total strain tensor (휀𝑖𝑗 ), equation (1), the thermal strain contribution (휀𝑖𝑗
𝑡ℎ) is 

given by equation (26): 

휀𝑖𝑗
𝑡ℎ = 𝛼∆𝑇𝛿𝑖𝑗 (26) 

where 𝛼 is the thermal expansion, ∆𝑇 is the temperature change and 𝛿𝑖𝑗 is the 

Kronecker delta. This equation provides the coupling term between the thermal 

and the mechanical physics. Secondly, the mechanical behavior is also influenced 

by the thermal physics since the creep constitutive models (section 2.1.1) depend 

on the temperature. Thirdly, the thermal contribution to the multiphysical behavior 

of salt is related to heat transfer and is formulated by means of the transient Fourier 

law, equation (27)11. 

                                                
11 Source/sink terms are not considered in equation (27). 

MT

Impact on the thermal properties in granular salt.

Granular salt progressively turns into a solid salt –

properties comparable to those of intact/little disturbed

salt. (Limited and small impact)

Impact on the thermally activated creep (viscosity), 

expansion, thermal fractures, spalling. (Big impact)
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𝜌𝑐𝑝�̇� − ∇(𝜆∇𝑇) = 0 (27) 

in which 𝑇 and �̇� are the temperature and the temperature rate respectively, 𝜌 is 

the density, 𝑐𝑝 is the specific heat and 𝜆 is the thermal conductivity. 

2.3.  
Hydromechanical behavior (HM) 

 

The hydraulic behavior of salt is usually neglected in many engineering 

applications since intact (undisturbed/natural) salt is essentially impermeable. In 

fact, salt rocks are among the less permeable rocks if compared to rocks such as 

granite, claystone and dolomite (Schulze et al., 2001). However, salt hydraulics 

may become relevant when it undergoes dilation, microcracks open and there is a 

permeability enhancement. Depending on the chemical compatibility between the 

salt and the permeating fluid, dissolution may occur over the flow paths, affecting 

the integrity of the engineering work. For a better understanding, the hydraulic 

behavior of salt is addressed first and then the interaction with the mechanical (and 

thermomechanical) behavior is discussed. 

According to Cosenza and Ghoreychi (1996), the initial hydraulic state in salt 

is not well known. In the case of salt saturated with brine, flow is not necessarily 

triggered by a pressure gradient as usual in flow approaches. Brine and gas flow 

through salt is generally influenced by three factors: the pore structure (porosity 

and permeability), the fluid properties and the transport mechanisms. In the case 

of brine, a pressure gradient and chemical osmotic effects drive the flow. The gas 

transport, in turn, is mainly governed by convection and diffusion – macroscopic 

and molecular processes respectively. As reference values, the permeability of 

intact salt is by 1.0E-21 m² (reference from WIPP12) and 6.0E-20 m2 (reference 

from SMRI13 well 1-year test) (Bérest et al., 2001; Cosenza and Ghoreychi, 1996). 

Salt rocks exhibit a very low permeability even when heterogeneities are present. 

Based on laboratory and field tests, Cosenza et al. (1999) point out that salt can 

present very low permeability, although measurable, when it undergoes damage 

and in the presence of impurities since both represent preferential paths for fluid 

percolation. Observations made on high purity halite (halite mineral content higher 

than 90%) have identified the ductility of halite minerals as the most important 

reason for the low permeability values (Schulze et al., 2001). On the other hand, 

disturbed or mined salt rocks present higher permeability. Disturbed salt exhibits 

                                                
12 Waste Isolation Pilot Plant. 
13 Solution Mining Research Institute. 
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values between 1.0E-11 to 1.0E-21 m², compacted salt shows values between 

1.0E-11 to 1.0E-09 m² and crushed salt presents values higher than 1.0E-09 m² 

(Cosenza and Ghoreychi, 1996). This calls attention to the salt tightness 

hypothesis generally taken by engineering when one gets close to excavations and 

drillings where salt is disturbed or even damaged. Table 2 summarizes the 

permeability ranges mentioned in this paragraph. 

Table 2. Permeability ranges of salt rocks (Bérest et al., 2001; Cosenza and Ghoreychi, 1996) 

Salt rock condition Permeability range (m²) 

Intact / natural 1.0E-21 to 6.0E-20 

Disturbed 1.0E-21 to 1.0E-11 

Compacted 1.0E-11 to 1.0E-09 

Crushed / granular > 1.0E-09 

 

The work of Gloyna and Reynolds (1961) is a very important milestone on 

the topic of permeability in salt rocks. According to these authors, the possibility of 

salt rock formations becoming toxic waste disposal media has boosted hydraulic 

studies in this material. It was necessary to understand how salt encompasses the 

waste material and prevents its release into the environment. Permeability tests 

were carried out with dome and bedded salt samples. Several permeating fluids 

were adopted, such as kerosene, mineral oil, pure brine (sodium chloride solution), 

brine mixed with aluminum nitrate and helium gas. Based on these tests, important 

observations and conclusions were made: i) the flow occurs only through the grain 

contacts (boundaries). There is no flow through salt grains; ii) the bedded salt 

permeability is lower than that of dome salt. This is possibly due to bedded salt 

exhibits a higher impurity content; and iii) the permeability in field is expected to be 

significantly lower than that in laboratory since there is a stress relief when salt is 

collected from the field, and it induces the opening of fissures and cracks. 

Laboratory cannot reconsolidate the sample in such a manner that the formation 

consolidation in field over the geological periods is restored. 

The orientation of the discontinuities in salt formations also influences 

permeability. Muhammad et al. (2015) have presented permeability results of three 

types of salt samples composed by halite and glauberite separated by one 

discontinuity. In the first sample, the discontinuity is vertical; in the second, it is 

inclined; and in the third, the discontinuity is horizontal. The permeability change 

after loading the samples was more significant in the sample with the vertical 

discontinuity – the final permeability was 13 times the initial value. The final 
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permeability of the samples with the horizontal and the inclined discontinuities was 

of two and 0.12 times the initial values, respectively. Such observations highlight 

the role played by the discontinuities in the permeability, especially when the 

discontinuities are parallel to the flow direction. These findings are of particular 

interest for Brazilian salt formations since they are frequently in stratification with 

other evaporitic or sedimentary rocks such as anhydrite and shale.  

 

Figure 10. Conceptual representation of the phenomena involved in the hydromechanical behavior 

of salt. Adaptation from figures presented by Urai et al. (2008) (1) and Schulze et al. (2001) (2).  

Figure 10 represents conceptually the hydromechanical behavior of salt. 

According to Cosenza and Ghoreychi (1996), salt hydraulics is influenced by the 

mechanical behavior since the loads trigger porosity and flow changes. As 

confinement increases, pore interconnection reduces, microcracks are closed and 

therefore permeability decreases (see stage I in Figure 10). Moreover, deviatoric 

stresses can also affect the flow dynamics by the generation of damaged and/or 

disturbed rock zones in mining room walls for instance. If the dilatancy boundary 

is exceeded, salt dilation may trigger damage that in turn enhances permeability 

(see stages II and III in Figure 10). The interaction between geomechanics and 

flow in salt rocks is better understood considering their crystalline structure. Alkan 

Source: (2), adapted

Dilatancy boundary (envelope)

Source: (1), adapted

Source: (1), adapted

Source: (1), adapted
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(2009) points out that salt rocks are polycrystalline materials with grains of different 

shapes and textures. When natural salt is undisturbed, the cracks (grain contacts 

or fissures) are almost fully closed, casting an inactive microcrack network that 

results in very low permeability. The activation of the microcrack network occurs 

when cohesive forces are exceeded, as postulated by classical reservoir 

geomechanics (Zoback, 2010). This is represented by the stress state of the salt 

rock exceeding the dilatancy boundary so that the material undergoes volumetric 

expansion (dilation). The newly opened cracks and fissures generate 

interconnected pore networks and propagate, increasing the permeability. Well 

fluids, gases and internal brine percolate over these networks. Therefore, the 

delimitation of the dilatancy boundary is fundamental for assessing the 

hydromechanical behavior of salt (Alkan, 2009). 

Considering excavated regions – and, in particular, a Pre-salt well wall – 

dilation behavior is likely observed and hydrogeological contrasts are then 

expected. The technical literature refers to these regions as “disturbed rock zone” 

or “excavation damage zone” (DRZ and EDZ respectively) (Alkan, 2009; Stormont 

and Daemen, 1992). In openholes and storage caverns, DRZs may represent 

regions that allow some degree of fluid percolation. Estimating the internal 

extension of a DRZ in a formation is a challenge although it is fundamental for 

understanding the hydraulic behavior. According to Finley et al. (1994), the extent 

of a permeability-enhanced disturbed zone in fractured well surroundings varies 

with depth, host rock properties and stress state. Increases in natural salt 

permeability may be of six orders of magnitude for volumetric strains up to 1% 

(Finley et al., 1994 apud Peach, 1991). Stormont et al. (1991) have noticed in field 

tests carried out in WIPP site that the hydraulic disturbed radius was up to 1.5 

times the radius of the well wall. Furthermore, laboratory tests have been carried 

out to compare the mechanical performance of salt samples with and without fluid 

percolation. The damage criteria are more restrictive in samples with fluid 

percolation (Cosenza et al., 2002) – these samples represent DRZs. Geophysical 

and hydraulic field tests allow estimating the DRZ extent and correlating the results 

with the material structure. It allows identifying the existence of interconnected 

fissure networks, i.e., the porosity and permeability enhancement due to dilation 

behavior. In geophysical tests, electrical resistivity and acoustic wave velocity are 

measured. Permeability increase is indicated when there is a decrease in the wave 

velocities, which is correlated with a change in the material pore structure (see 

Figure 10). In the hydraulic tests, one measures the pore pressure and the 
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permeability related to the injection of gas, brine and other fluids. According to 

Stormont and Daemen (1992), the gas permeability of the intact salt is essentially 

null. Therefore, if the gas permeability is measurable, it means that a new pore 

structure has emerged due to rock damage. Hydraulic conductivity is then 

correlated with the pore structure of the formation. More so, the type of permeating 

fluid also influences the mechanical strength. Cosenza et al. (2002) have observed 

that samples subjected to brine percolation exhibited lower strength than those 

subjected to oil percolation. These authors have suggested that the nucleation and 

propagation of fissures expands the salt-brine contact surface, enhancing chemical 

activity and leading to rock weakening. Figure 11 shows a schematic 

representation of the coupled hydromechanical behavior of salt. 

 

Figure 11. Schematic representation of the coupled hydromechanical behavior of salt. 

Although the relation between salt hydraulics and mechanics is conceptually 

notorious, proper quantification of the hydromechanical behavior is challenging. 

Typical coupled flow-geomechanics reservoir analyses considers that flow affects 

geomechanics due to pore pressure evolution, which in turn triggers changes in 

the effective stresses. On the other hand, geomechanics affects flow due to the 

volumetric deformation, impacting porosity and permeability. Generally speaking, 

this is the concept of “stress-dependent permeability” (Chin et al., 2000). 

Considering aspects regarding thermally-activated salt creep, stress-related 

dilation, excavated regions (DRZs or EDZs) and the corresponding hydraulic 

consequences, the author of the thesis believes that this concept is valid for salt 

rocks, not so much for the porous medium itself, but due to the opening of 

microcracks creating and interconnected pore network. A major challenge is the 

proper choice of mathematical coupling expressions between these two physics. 

David et al. (2001) have presented experimental studies on the Rothbach 

sandstone (from Eastern France) in order to investigate the effect of stresses on 

rock permeability. They carried out hydrostatic and triaxial compaction tests – the 

hydrostatic tests are of particular interest in the context of the thesis. These authors 

have derived empirical relations (presented below) for the permeability evolution 

MT H C
Interconnected pore network by 

dilation/damage, porosity and 

permeability enhancement, percolation.

(Small impact)

Pore pressure variation.

(Negligible impact)

Dissolution over 

flow paths.
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in function of the effective stresses and porosity. Kuhlman and Matteo (2018) have 

presented a literature review on the relation between porosity and permeability with 

special regards to salt rocks. The authors have pointed out that there are a number 

of porosity and permeability correlations from the hydrocarbon-related rocks while 

salt-related information is still scarce. The salt creep behavior may be responsible 

for significant differences between salt rocks and sandstones with respect to 

variations in porosity and permeability. Still according to these authors, the 

excavation/drilling surroundings are DRZs and the pore network also includes 

microfractures and microcracks. The fracture porosity is sensitive to the effective 

stress (mean stress), and therefore a hydromechanical coupling expression that 

relates permeability and effective stresses is more representative. 

In terms of formulation for numerical simulations, the changes in the 

hydraulic behavior of salt are accounted for in two ways. Firstly, the permeability is 

related to porosity by means of the power-law shown in equation (28) (Chin et al., 

2000; David et al., 2001): 

𝐾𝑡+𝛥𝑡 = 𝐾𝑡 (
𝜙𝑡+𝛥𝑡
𝜙𝑡

)
𝜒

 (28) 

where 𝐾 is the permeability (area unit), 𝜙 is the porosity and 𝜒 is an empirical 

power. Note that 𝑡 and 𝑡 + Δ𝑡 are two consecutive time steps. According to David 

et al. (2001), the empirical power 𝜒 ranges from 1 to 25, in which the higher values 

correspond to the high porosity rocks. Equation (28) requires a flow-geomechanics 

coupling relation between the permeability and the porosity. The porosity evolution 

is calculated based on the volumetric strain evolution, as shown in equation (29) 

(Chin et al., 2000; Otto and Kempka, 2015): 

𝜙𝑡+Δ𝑡 = 1 − (1 − 𝜙𝑡)exp(−Δ휀𝑣𝑜𝑙𝑡→𝑡+Δ𝑡) (29) 

in which Δ휀𝑣𝑜𝑙 is the volumetric strain increment between the time steps 𝑡 and 𝑡 +

Δ𝑡. The permeability calculated in function of the porosity is so called “porosity-

dependent permeability” (𝐾, 𝑓(𝜙)). Secondly, the permeability is related to the 

mean stress variation through the exponential expression shown in equation (30) 

(David et al., 2001; Kuhlman and Matteo, 2018): 

𝐾𝑡+𝛥𝑡 = 𝐾𝑡 exp(−𝜔Δ𝜎𝑚𝑡→𝑡+Δ𝑡) 
(30) 

where Δ𝜎𝑚 is the mean stress increment between the time steps 𝑡 and 𝑡 + Δ𝑡 and 

𝜔 is an empirical parameter. According to David et al. (2001), the empirical 

parameter 𝜔 ranges from 0.023 to 0.11 MPa-1 for low porosity and crystalline rocks 
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and from 0.001 to 0.020 for high porosity and granular rocks. The permeability 

calculated in function of the mean stress is so called “mean stress-dependent 

permeability” (𝐾, 𝑓(𝜎𝑚)). 

Moreover, the hydraulic behavior of salt is considered in terms of flow 

through a microfracture/microcrack network. Although one expects a low velocity 

flow that does not generate relevant pore pressure, the flow velocity field is an 

important input for reactive transport analyses. In this context, Darcy’s law likely 

provides pragmatic solutions although its applicability in salt rocks is questionable 

(Cosenza and Ghoreychi, 1996). 

2.4.  
Long-term behavior of salt 

 

The creep constitutive models presented in sections 2.1.1.1 to 2.1.1.4 are 

widely employed in salt structure analyses for engineering purposes. These 

models have been inherited either from metallurgy or from mining with the main 

purpose of predict strains and displacements following a solid mechanics 

framework. Although the most frequent way to simulate salt rock creep in 

engineering applications adopts solid mechanics models – typically linear-elasticity 

superimposed by an empirical creep constitutive model –, there is some concern if 

this approach represents properly the far-field rock formation and the long-term. 

The long-term perspective is very important when dealing with strategic projects 

involving salt rocks, such as well abandonment, salt caverns for mining, 

hydrocarbon storage or carbon capture and storage (CCS), and salt as caprocks 

of reservoirs. 

According to Bérest et al. (1979), researchers in the context of salt caverns 

agree that salt presents an elastic-ductile behavior in short-term compression, 

when creep is highly nonlinear and depends on deviatoric stress, temperature and 

time; an elastic-fragile behavior in short-term tension; and a fluid behavior in long-

term (flowing even at very lower deviatoric stresses). In the same sense, Urai et 

al. (2008, 1986) have called attention to the presence of relatively high creep rates 

in field in long-term under low deviatoric stresses. The standard creep constitutive 

models generally underestimate these long-term rates since they depend strongly 

on the deviatoric stresses. In a petroleum geology perspective (Mohriak and 

Szatmari, 2009), salts “are not exactly rocks – they are soluble, they came from 
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liquids and they return to them as soon as possible.”14 Analogously, in a fluid 

mechanics view oriented to well P&A (Vrålstad et al., 2019), salt “behaves 

essentially like a highly viscous fluid and will in the end always close the annulus 

given reduced annulus pressure and sufficient time.”15 Therefore, salt can be 

understood as a geomaterial that exhibits a hybrid character, which is considered 

as a rock or as a highly viscous fluid depending on the context. That said, there is 

a need to model salt as a viscous fluid rather than a solid material for long-term 

predictions. 

Typically, the knowledge area of geodynamics follows a “backward” long-

term perspective. Broadly and among other applications, geodynamics studies the 

evolution of the salt deformation in the crust over a geological timescale and the 

repercussions of this on the geological structures observed today. Salt is often 

regarded as high viscous fluid rather than a viscoelastic/viscoplastic solid. One of 

the main ideas in geodynamics is that “the flow of geomaterials over geological 

timescales is calculated by solving the momentum equation neglecting inertial 

terms (Stokes equations)”16 (Lobanov et al., 2014). Among other works in the area, 

Thieulot (2011) has simulated an extensional sandbox experiment with a viscous 

layer in the central bottom of the model considering 2D and 3D lithospheric 

extension models. Stokes’ equations have been adopted for the viscous layers. 

More so, the work of Popov et al. (2014) is recommended for a more extensive list 

of applications of Stokes solution in geodynamics. 

More specifically in salt rocks, according to Weijermars and Jackson (2014), 

salt behaves as an elastoplastic solid in short-term (up to 1,000 hours) and as 

viscoelastic (fluid) in long-term tectonic times (up to 100 million years). Viscous 

creep triggered by deviatoric stresses does not cease since salt tectonic flow 

continues. Salt may migrate in a horizontal direction for hundreds of kilometers due 

to creep flow. That generates a lateral pressure gradient (Poiseuille flow) and/or 

an overburden downslope horizontal movement (Couette flow) depending on the 

boundary conditions. In this sense, it ideally casts a creeping flow than can be 

simulated using Stokes’ equations. In the context of Pre-salt wells, Weijermars et 

al. (2014b) have presented an assessment on the closure of openholes. Salt wells 

are subjected to both elastic and viscous stresses imposed by surroundings until 

the elastic stresses are fully released by creep into the well. These authors have 

                                                
14 Excerpt from page 19 of the work of Mohriak and Szatmari (2009), freely translated from 
Portuguese. 
15 Excerpt from page 486 of the work of Vrålstad et al. (2019). 
16 Excerpt from page 18 of the work of Lobanov et al. (2014). 
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adopted a Rankine flow model (sink flow) to describe salt creep towards the well. 

This methodology has the advantage of considering the effect of the far-field creep 

on well closure while typical solid mechanics-based well analyses do not. 

Regarding cased wells, Weijermars et al. (2014a) discussed about drag forces 

acting on casings. The pre-existent flow prior well drilling is described by a 

combination of Couette and Poiseuille flows. Once the well is cased, a typical 

Stokes’ creeping flow past a cylinder (the casing) applies exerting drag forces upon 

the casing. Analogously, in a P&A context, the plug integrity should be checked 

against the drag forces triggered by salt flow. These simulations have highlighted 

the relevance of Stokes’ equations in the context of Pre-salt wells. Figure 12 

sketches the application of Stokes flow to Pre-salt-related simulations. 

 

Figure 12. Aplication of Stokes flow to Pre-salt well-related simulations. Adaptation from figures 

presented by Weijermars et al. (2014b) (1) and Weijermars et al. (2014a) (2). 

In a parallel development to the main theme of the thesis, the author has 

implemented the weak form of the Stokes-Brinkman equations (Brinkman, 1949) 

in the context of flow through karstified porous media. This implementation can be 

adopted in future simulations of the Pre-salt well scenarios mentioned in the 

previous paragraph. However, considering the broad scope of this doctoral 

research, this research line has been regarded for future studies. 

2.5.  
Formulations in the scope of the thesis 

 

This section presents the relevant formulations for this research line and, 

more in particular, the computational tool and the formulation adopted in the 

applications presented in the thesis. The results of the thesis are based on 

numerical simulations using the coupled temperature-displacement and/or the 

displacement-based finite element method. 

Source: (1) Source: (2)

DBD
PUC-Rio - Certificação Digital Nº 1712785/CA



63 
 

As computational tool, the thesis adopts the in-house multiphysics and 

multiscale framework Geo Modelling Analysis – GeMA17 (Mendes, 2016; Mendes 

et al., 2016). This framework holds a number of powerful solvers for a wide range 

of multiphysical problems and also works as an interactive environment for in-

house and external solvers by means of orchestrated procedures. GeMA 

framework has been adopted with success in related contexts such as mechanical 

and hydromechanical simulations in natural fractured reservoirs (Mejia Sanchez et 

al., 2019; Rueda et al., 2018), dual-porosity/dual-permeability models for flow 

through fractured media (Rueda et al., 2019), and extended finite elements (XFEM) 

to simulate hydraulic fracturing (Escobar et al., 2019). GeMA adopts the open-

source solver Armadillo (Sanderson and Curtin, 2018, 2016). The solid mechanics 

signal convention is considered. 

2.5.1.  
Thermo-viscoelastic behavior of salt and repercussion on the 
hydraulic behavior (TM+H approach) 

 

The approach adopted for salt in the applications of the thesis is to assume 

it as a thermo-viscoelastic material. A coupled thermomechanical behavior is 

considered to properly account for the temperature distribution over the model 

when there is a localized temperature variation (well heating for instance) in 

addition to the displacement, stress and strain fields. More specifically, this 

idealization consists of the linear thermoelasticity superimposed by a creep 

constitutive model coupled to the heat transfer equation (transient Fourier law).  As 

previously seen, the thermal changes influence the mechanical behavior by means 

of thermal stresses and thermally-activated creep deformation. 

Furthermore, plasticity is regarded sensu lato through the dilatancy boundary 

in a stress-based approach18. Unless otherwise stated, the applications of the 

thesis adopt the EDMT creep constitutive model (Section 2.1.1.4) and DeVries’ 

dilatancy boundary (Section 2.1.2.4). Once the thermomechanical problem is 

solved (displacements, temperatures, stresses and strains), the repercussion on 

the hydraulic behavior is analyzed, i.e., the changes in porosity and permeability. 

In the thesis, this methodology is so-called TM+H approach (to be detailed below). 

                                                
17 The in-house framework GeMA has been developed in the Multiphysics Modeling and Simulation 
Group at Tecgraf Institute of the Pontifical Catholic University of Rio de Janeiro (PUC-Rio). GeMA 
website: https://web.tecgraf.puc-rio.br/gema/gema/doxygen/html/index.html 
18 See note 7. 

https://web.tecgraf.puc-rio.br/gema/gema/doxygen/html/index.html
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The coupled thermomechanical finite element formulation is recurrent in 

commercial programs and finite element textbooks – see Potts and Zdravkovic 

(1999) for instance. Gonçalves (2011) and Lira et al. (2015) have presented a 

formulation focused on the context of salt creep thermomechanical analyses. From 

a combined approach of the works above, the thermo-viscoelasticity is considered 

in the stress incrementation between the time steps 𝑡 and 𝑡 + ∆𝑡 as (31): 

{∆𝜎𝑒𝑙} = [𝐷]{∆휀𝑒𝑙} (31) 

where {∆𝜎𝑒𝑙} is the (elastic) stress tensor increment, [𝐷] is the elasticity 

(constitutive) matrix and {∆휀𝑒𝑙} is the elastic strain tensor increment. Considering 

the additive decomposition of the total strain tensor into the elastic, creep (viscous) 

and thermal components, it follows that (incrementally) (32): 

{∆휀𝑒𝑙} = {∆휀} − {∆휀𝑐𝑟} − {∆휀𝑡ℎ} (32) 

in which {∆휀}, {∆휀𝑐𝑟} and {∆휀𝑡ℎ} are respectively the total, the creep (viscous) and 

the thermal strain increments. Therefore, the elastic stress tensor in the next step 

(𝑡 + ∆𝑡) is given by (33): 

{𝜎𝑒𝑙}𝑡+∆𝑡 = {𝜎
𝑒𝑙}𝑡 + [𝐷]{∆휀 − ∆휀

𝑐𝑟 − ∆휀𝑡ℎ}|
𝑡+∆𝑡

 (33) 

where {𝜎𝑒𝑙}𝑡 is the stress tensor of the previous step 𝑡 or, if one deals with the 

initial step, it represents the initial stress state (geostatic). 

Expressing the equilibrium of the body in terms of the Principle of Virtual 

Displacements, it follows that (34): 

𝛿𝑊𝑖𝑛𝑡|𝑡+∆𝑡 = 𝛿𝑊𝑒𝑥𝑡|𝑡+∆𝑡 (34) 

where 𝛿𝑊𝑖𝑛𝑡|𝑡+∆𝑡 is the internal virtual work given by (35): 

𝛿𝑊𝑖𝑛𝑡|𝑡+∆𝑡 = ∫{𝜎𝑒𝑙}𝑇𝛿{휀}𝑑𝑉

𝑉

|

𝑡+∆𝑡

 (35) 

and 𝛿𝑊𝑒𝑥𝑡|𝑡+∆𝑡 is the virtual work of the loads given by (36): 

𝛿𝑊𝑒𝑥𝑡|𝑡+∆𝑡 = ∫{𝐹𝑏}
𝑇𝛿{𝑈}𝑑𝑉

𝑉

|

𝑡+∆𝑡

+∫{𝐹𝛤}
𝑇𝛿{𝑈}𝑑𝛤

𝛤

|

𝑡+∆𝑡

 (36) 

in which 𝑉 and 𝛤 are respectively the volume and the surface of the body. 

Moreover, 𝑈 is the displacement of the body, 𝐹𝑏 are the body forces and 𝐹𝛤 are the 

surface loads. 
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According to equation (33) and considering the virtual deformation of an 

arbitrary change in the volume configuration as 𝛿{휀} = 𝛿{Δ휀}, the internal virtual 

work generated is (37): 

𝛿𝑊𝑖𝑛𝑡|𝑡+∆𝑡 = 𝛿{Δ휀}
𝑇∫{𝜎𝑒𝑙}𝑡 + [𝐷]{∆휀 − ∆휀

𝑐𝑟 − ∆휀𝑡ℎ}|
𝑡+∆𝑡

𝑑𝑉

𝑉

 (37) 

Assuming a von Mises flow rule and an explicit time integration of the creep 

rate, the creep strain increment is calculated by (38): 

{∆휀𝑐𝑟}𝑡+∆𝑡 = Δ𝑡{휀̇
𝑐𝑟}𝑡+∆𝑡 = ∆𝑡

3

2

휀�̇�𝑟
𝜎𝑑
{𝑠}|

𝑡+∆𝑡

 (38) 

where 휀�̇�𝑟 is the uniaxial equivalent creep strain rate and 𝜎𝑑 is the uniaxial 

equivalent stress generalized by von Mises flow rule (deviatoric stress, equation 

(3)) – both are scalar quantities that represent the multiaxial problem. Since the 

EDMT creep constitutive model is adopted, 휀�̇�𝑟 is given by equation (18). However, 

for the sake of generality, neither 휀�̇�𝑟 nor 𝜎𝑑 has been replaced in equation (38). 

By default, GeMA adopts an explicit time integration for creep. The explicit 

integration is conditionally stable and the time increment should not exceed a 

critical value. For more details on stable time incrementation in creep models, see 

section 4.9 of Stone (1997). Advances in the use of explicit integration methods in 

the context of creep of geomaterials are presented by Quevedo et al. (2019). 

Besides that, the thermal strain increment is calculated by (39):  

{∆휀𝑡ℎ}𝑡+∆𝑡 = {𝐼}𝛼{Δ𝑇}|𝑡+∆𝑡 (39) 

in which {∆𝑇} is the temperature change between steps 𝑡 and 𝑡 + Δ𝑡, {𝐼} is an 

auxiliary vector to consider only the volumetric component of the tensor and 𝛼 is 

the thermal expansion (scalar).  

Discretizing the entire volume into finite elements of domain 𝛺𝑒, the primary 

variables of the problem are the element displacement field (𝑈𝑒) and incremental 

temperatures (Δ𝑇𝑒). Polynomial functions (𝑁) are adopted to interpolate the 

displacement field inside the element so that {𝑈𝛺𝑒} = [𝑁]{𝑢𝑒} and a differential 

operator (𝐵) composed by the derivatives of the interpolation functions is adopted 

considering the strain-displacement compatibility relation so that {휀} = [𝐵]{𝑢𝑒}. 

Having in mind a coupled thermomechanical problem, polynomial functions (𝑁𝑇) 

are adopted to interpolate the change in the temperature field so that {Δ𝑇𝛺𝑒} =

[𝑁𝑇]{Δ𝑇𝑒}. Thus, the element equilibrium is given by equation (40): 
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[ ∫[𝐵]𝑇[𝐷][𝐵]𝑑𝛺𝑒
𝛺𝑒

] {𝑢𝑒}|

𝑡+Δ𝑡

− [ ∫[𝐵]𝑇[𝐷]{𝐼}𝛼{𝑁𝑇}𝑑𝛺𝑒
𝛺𝑒

] {Δ𝑇𝑒}|

𝑡+Δ𝑡

= { ∫[𝐵]𝑇[𝐷]∆𝑡
3

2

휀�̇�𝑟
𝜎𝑑
{𝑠}𝑑𝛺𝑒

𝛺𝑒

}|

𝑡+Δ𝑡

− { ∫[𝐵]𝑇{𝜎𝑒𝑙}𝑑𝛺𝑒
𝛺𝑒

}|

𝑡

+ { ∫[𝐵]𝑇[𝐷]{휀}𝑑𝛺𝑒
𝛺𝑒

}|

𝑡

+ { ∫[𝑁]𝑇{𝐹𝑏𝑒}𝑑𝛺𝑒
𝛺𝑒

}|

𝑡+Δ𝑡

+ {∫[𝑁]𝑇{𝐹𝛤𝑒}𝑑𝛤𝑒
𝛤𝑒

}|

𝑡+Δ𝑡

 

(40) 

In a compact form, equation (40) is reshaped into (41): 

[𝕂𝑢𝑢𝑒]{𝑢𝑒} + [𝕂𝑢𝑇𝑒]{Δ𝑇𝑒} = {𝕗𝑢𝑒} 
(41) 

where [𝕂𝑢𝑢𝑒] is the local (element) stiffness matrix of the mechanical problem, 

[𝕂𝑢𝑇𝑒] is the local thermomechanical coupling matrix and {𝕗𝑢𝑒} is the consistent 

force vector respectively given by (42), (43) and (44). 

[𝕂𝑢𝑢𝑒] = [ ∫[𝐵]
𝑇[𝐷][𝐵]𝑑𝛺𝑒

𝛺𝑒

] (42) 

[𝕂𝑢𝑇𝑒] = [− ∫[𝐵]𝑇[𝐷]{𝐼}𝛼{𝑁𝑇}𝑑𝛺𝑒
𝛺𝑒

] (43) 

{𝕗𝑢𝑒} = { ∫[𝐵]
𝑇[𝐷]∆𝑡

3

2

휀�̇�𝑟
𝜎𝑑
{𝑠}𝑑𝛺𝑒

𝛺𝑒

}|

𝑡+Δ𝑡

− { ∫[𝐵]𝑇{𝜎𝑒𝑙}𝑑𝛺𝑒
𝛺𝑒

}|

𝑡

+ { ∫[𝐵]𝑇[𝐷]{휀}𝑑𝛺𝑒
𝛺𝑒

}|

𝑡

+ { ∫[𝑁]𝑇{𝐹𝑏𝑒}𝑑𝛺𝑒
𝛺𝑒

}|

𝑡+Δ𝑡

+ {∫[𝑁]𝑇{𝐹𝛤𝑒}𝑑𝛤𝑒
𝛤𝑒

}|

𝑡+Δ𝑡

 

(44) 

The global matrices and vectors consist of the accumulation of the local 

matrices and vectors of all elements of the domain, so that (45): 

[𝕂𝑢𝑢]{𝑈} + [𝕂𝑢𝑇]{Δ𝑇} = {𝕗𝑢} (45) 

where [𝕂𝑢𝑢] = ∑ [𝕂𝑢𝑢𝑒]
#𝑒𝑙𝑒𝑚.
𝑗=1 , [𝕂𝑢𝑇] = ∑ [𝕂𝑢𝑇𝑒]

#𝑒𝑙𝑒𝑚.
𝑗=1  and {𝕗𝑢} = ∑ [𝕗𝑢𝑒]

#𝑒𝑙𝑒𝑚.
𝑗=1 . 

Furthermore, a second equation stands for the thermal problem which is 

governed by the transient Fourier law. A weak formulation of equation (27) is 
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assumed. Applying the weighed residual method using a set of weighting functions 

for temperature (𝑊𝑇) as shown in equation (46) for a 2D plane model (the thickness 

is unity), one gets: 

∫[𝑊𝑇]
𝑇 [𝜌𝑐𝑝

𝜕𝑇

𝜕𝑡
− 𝜆 (

𝜕2𝑇

𝜕𝑥2
+
𝜕2𝑇

𝜕𝑦2
)] 𝑑𝑉

𝑉

= 0 (46) 

The temperature field is obtained by solving the weighted integral formulation 

given by equation (46). Considering the entire volume discretized into finite 

elements of domain 𝛺𝑒, using the interpolation functions previously defined (𝑁𝑇) 

so that the element temperature {𝑇𝛺𝑒} = [𝑁𝑇]{𝑇𝑒} and the adopting the Galerkin 

method ([𝑊𝑇] = [𝑁𝑇]), it follows that (47): 

[𝕊𝑇𝑇𝑒]{�̇�𝑒} + [𝕂𝑇𝑇𝑒]{𝑇𝑒} = {𝕗𝑇𝑒} 
(47) 

in which 𝕊𝑇𝑇𝑒 is the local (element) heat capacity matrix, 𝕂𝑇𝑇𝑒 is the local 

conduction matrix and 𝕗𝑇𝑒 is the local thermal consistent forcing function 

respectively given by (48), (49) and (50).  

𝕊𝑇𝑇𝑒 = [ ∫ 𝜌𝑐𝑝[𝑁𝑇]
𝑇[𝑁𝑇]𝑑𝛺𝑒

𝛺𝑒

] (48) 

𝕂𝑇𝑇𝑒 = [ ∫ 𝜆 {
𝜕[𝑁𝑇]

𝑇

𝜕𝑥

𝜕[𝑁𝑇]

𝜕𝑥
+
𝜕[𝑁𝑇]

𝑇

𝜕𝑦

𝜕[𝑁𝑇]

𝜕𝑦
} 𝑑𝛺𝑒

𝛺𝑒

] (49) 

𝕗𝑇𝑒 = {∫[𝑁𝑇]
𝑇𝜆 {

𝜕[𝑁𝑇]

𝜕𝑥
𝑇𝑒 +

𝜕[𝑁𝑇]

𝜕𝑦
𝑇𝑒} 𝑑𝛤𝑒

𝛤𝑒

} (50) 

The global matrices and vectors consist of the accumulation of the local 

matrices and vectors of all elements of the domain, so that (51): 

[𝕊𝑇𝑇]{�̇�} + [𝕂𝑇𝑇]{𝑇} = {𝕗𝑇} (51) 

where [𝕊𝑇𝑇] = ∑ [𝕊𝑇𝑇𝑒]
#𝑒𝑙𝑒𝑚.
𝑗=1 , [𝕂𝑇𝑇] = ∑ [𝕂𝑇𝑇𝑒]

#𝑒𝑙𝑒𝑚.
𝑗=1  and {𝕗𝑇} = ∑ [𝕗𝑇𝑒]

#𝑒𝑙𝑒𝑚.
𝑗=1 . 

The time integration in the transient analysis follows using the finite 

difference method. Assuming that the temperature rate can be approximated by 

the temperature variations in a time increment ∆𝑡, equation (52),  

{�̇�} =
𝜕{𝑇}

𝜕𝑡
=
{𝑇}𝑡+𝛥𝑡 − {𝑇}𝑡

∆𝑡
 (52) 

and a typical theta-method for time integration, equation (53), 
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{𝑇} = (1 − 𝜃){𝑇}𝑡 + 𝜃{𝑇}𝑡+𝛥𝑡 (53) 

one gets equation (54) by replacing (52) and (53) in equation (51): 

([𝕊𝑇𝑇] + 𝜃∆𝑡[𝕂𝑇𝑇]){𝑇}𝑡+𝛥𝑡
= ([𝕊𝑇𝑇] − (1 − 𝜃)∆𝑡[𝕂𝑇𝑇]){𝑇}𝑡
+ ∆𝑡((1 − 𝜃){𝕗𝑇}𝑡 + 𝜃{𝕗𝑇}𝑡+Δ𝑡) 

(54) 

In the above equations, 𝜃 is a factor between 0 and 1 that indicates the finite 

difference scheme adopted19. By default, GeMA adopts an implicit time integration 

for the thermal problem.  

Finally, the thermomechanical problem is solved simultaneously for 

displacements and temperatures in GeMA through a fully coupled approach. 

Alternatively, the problem could be solved by calculating the temperature field for 

each time step using equation (54) and applying the results to calculate the 

displacement field using equation (45). This thermomechanical problem represents 

a one-way coupling since the thermal physics affects the mechanical physics by 

means of the thermal strains and the thermally activated creep behavior. On the 

other hand, the mechanical physics generally does not affect the thermal physics, 

except for the case of consolidating granular salt (see Section 2.2). 

 

Figure 13. Workflow of the TM+H finite element analysis. 

Having the solution of the thermomechanical problem, the next step is to 

calculate the repercussion on the hydraulic behavior of the salt, i.e., the porosity 

and permeability changes as the stress state of salt rock evolve. In the numerical 

analyses, the repercussion of the thermomechanical behavior on the salt 

hydraulics is calculated in each time step following this workflow: i) the initial 

                                                
19 The finite difference schemes typically employed in this context are the Explicit Euler or Forward 
Euler (𝜃 = 0), Central or Crank-Nicolson (𝜃 = 1/2), Implicit Euler or Backward Euler (𝜃 = 1) and 

Galerkin method (𝜃 = 2/3). 

Time t Time t + Δt

TM+H finite element analysis

- displacement (node)

- temperature (node)

- stress (Gauss point)

- strain (Gauss point)

Raw results

TM+H analysis workflow

• Stress and temperature initialization (i)

, 

• Displacement, temperature, stress, strain and integrity

analyses (ii)

, , , , 

• Volumetric strain and mean stress increments (iii)

, 

• Porosity and permeability using HM coupling

correlations (iv and v)
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stresses and temperatures are assigned in time 𝑡 = 0; ii) the displacement, stress, 

strain and temperature fields are calculated for time step 𝑡 + Δ𝑡 by means of the 

thermomechanical finite element simulation. Integrity analyses using dilatancy 

boundaries (see Section 2.1.2) can be carried out in this step; iii) the increments of 

volumetric strain and mean stress are calculated between the time steps 𝑡 and 𝑡 +

Δ𝑡; iv) the porosity is calculated in time step 𝑡 + Δ𝑡 using equation (29); and v) the 

porosity-dependent permeability and the mean stress-dependent permeability in 

time 𝑡 + Δ𝑡 are calculated using equations (28) and (30) respectively. In the end, 

two permeability values are obtained and compared in order to identify the most 

critical scenario. Figure 13 illustrates the workflow of the TM+H finite element 

analysis. More so, this methodology assumes that both porosity and mean stress 

are relevant quantities that influence salt permeability during creep of openings in 

salt. These dependencies have been discussed in Section 2.3. 

This TM+H approach has been inspired by Otto and Kempka (2015) in 

geomechanics although not applied to salt rocks. These authors have carried out 

simulations in the context of underground coal gasification, in which high 

temperature increases occur around the excavation. The porosity evolution has 

been calculated based on the volumetric deformation (equation (29)) and the 

influence of the porosity evolution on the permeability has been calculated based 

on equation (28). This thesis, however, sought to adapt this methodology to salt 

geomechanical analyses in strategic engineering projects. The contribution of the 

thesis to the existing approach is indicated in Table 3. 

Table 3. TM+H approach – thermomechanical problem and changes in the hydraulic behavior. 

Source – material TM problem Hydraulic problem20 

 Coupled Creep Dilation 𝜙 𝐾, 𝑓(𝜙) 𝐾, 𝑓(𝜎𝑚) 

Otto and Kempka 
(2015) – coal 

X - - X X - 

This thesis – salt X X X21 X X X 

 

 

 

                                                
20 Variables defined in Section 2.3. 
21 Dilation is analyzed in an uncoupled way using a dilatancy boundary. 
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2.5.2.  
Constitutive behavior of non-salt materials 

 

The mechanical behavior of the non-salt (standard elastoplastic) rocks is 

included in most of the applications of the thesis due to the interaction of these 

rocks with salt. As examples of the non-salt rocks considered in the thesis, one 

mentions: anhydrite22, basalt, calcirudite, carbonate (limestone), conglomerate, 

sandstone and shale23. The mechanical behavior of these rocks is described using 

a typical elastoplastic geotechnical constitutive model, Mohr-Coulomb. This 

section briefly presents the formulation adopted. 

The Mohr-Coulomb is a mean stress-sensitive frictional failure criterion for 

geomaterials. The critical deviatoric stress to trigger shear failure (𝜎𝑑,𝑐𝑟) depends 

on the mean effective stress (𝜎′𝑚) and on the Lode angle, as expressed in Equation 

(55) – see, for instance, Souza Neto et al. (2008): 

𝜎𝑑,𝑐𝑟 = (
𝑐 ∙ cos𝜑 −𝜎′𝑚 sin𝜑

cos𝜃 − (1 √3⁄ ) ∙ sin𝜃 sin𝜑
)√3 (55) 

where 𝜑 is the friction angle, 𝑐 is the cohesion and 𝜃 is the Lode angle (see 

Equation (25)). Since this criterion is formulated in terms of stress invariants, it is 

limited to Lode angles between +30º (𝜋 6⁄ ) and -30º (−𝜋 6⁄ ).  

2.5.3.  
Summary of properties 

 

Unless otherwise stated, the properties adopted in the applications of the 

thesis are summarized in this section. For the Brazilian halite, the thermal and the 

elastic properties are shown in Table 4. The properties of the PL model in a creep 

rate formulation are given by Table 5. Furthermore, the transient creep properties 

of the MD model are summarized in Table 6. The steady-state creep properties of 

the DM model are presented in Table 7. Note that the properties summarized in 

Table 6 and Table 7 also apply to the EDMT model. The steady-state creep 

properties of the MD model are presented in Table 8. In those tables, the properties 

indicated with an asterisk were calibrated specifically for the Brazilian halite.  

                                                
22 Anhydrite is an evaporitic rock without relevant creep behavior. It is generally modeled as an 
elastoplastic material. 
23 Although some shale groups exhibit creep behavior and are candidates for geological barriers, this 
thesis focuses on Brazilian Pre-salt scenarios in which shales are typically modelled an elastoplastic 
material without relevant creep behavior. 
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Table 4. Thermal and elastic properties adopted for the Brazilian halite (References: 1: Poiate Jr. 

(2012), 2: Pudewills and Droste (2003), 3: Bérest et al. (2014) and 4: Firme et al. (2016b)). 

Parameter Description Value Ref. 

𝜌 (kg/m³) Density 2170.0 * 1  

𝑐𝑝 (J/(kg.K)) Specific heat capacity 879.63 2 

𝜆 (W/m.K) Thermal conductivity 6.0 3 

𝛼 (K-1) Thermal expansion 4.2E-05 2 

𝐸 (GPa) Young’s modulus 25.37 * 1, 4 

𝜈 Poisson’s ratio 0.36 * 1 

 

Table 5. Creep properties adopted in the PL model (rate formulation) for the Brazilian halite, assuming 

stresses in kPa, times in seconds and temperatures in Kelvin (Lomenick and Bradshaw, 1969). 

Parameter Description Value 

�̅�  Empirical power law multiplier 1.01924E-41 

𝑛  Empirical stress power 3.0 

�̅�  Empirical time power -0.7 

𝑘 Empirical temperature power 9.5 

 

Table 6. Transient creep properties adopted in the MD and EDMT models for the Brazilian halite 

(References: 1: Firme et al. (2016b) and 2: Munson (2004)). 

Parameter Description Value Ref. 

𝐾0  Transient parameter 7.75E+04 * 1 

𝑐 (K-1) Theoretical constant 9.198E-03 2 

𝑚  Theoretical power 3.0 2 

ℎ  Fitting parameter for hardening -17.37 2 

ℎ  Fitting parameter for hardening -7.738 2 

𝛿  Softening parameter 0.58 2 

 

Table 7. Steady-state creep properties adopted in the DM and EDMT models for the Brazilian halite 

(Poiate Jr., 2012). 

Parameter Description Value 

𝑄 (J/mol) Thermal activation energy 50,160.0 

𝑅 (J/mol.K) Universal gas constant 8.314 

휀0̇ (h
-1) Threshold creep rate 1.888E-06 * 

𝜎0 (MPa) Threshold deviatoric stress 9.91 * 

𝑇0 (K) Threshold temperature 359.15 * 

𝑛1  Stress power for dislocation creep 3.36 * 

𝑛2  Stress power for steady-state cracking 7.55 * 
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Table 8. Steady-state creep properties adopted in the MD model for the Brazilian halite (References 

1: Firme et al. (2016b) and 2: Munson (1999)). 

Parameter Description Value Ref. 

𝐴1 (s
-1) Structure factor of the DCL 1.638E+27 * 1 

𝑄1 (J/mol) Thermal activation energy of the DCL 104,500 2 

𝑛1  Stress power of the DCL 7.2 * 1 

𝐴2 (s
-1) Structure factor of the UMC 1.924E+06 * 1 

𝑄2 (J/mol) Thermal activation energy of the UMC 41,800 2 

𝑛2  Stress power of the UMC 3.2 * 1 

𝜎0,𝐷𝐺𝐿 (MPa) Reference stress of the DGL 20.57 2 

𝑞  Stress constant 5,335 2 

𝐵1 (s
-1) Structure factor 1 of the DGL 9.981E+06 2 

𝐵2 (s
-1) Structure factor 2 of the DGL 4.976E-02 2 

 

In order to analyze the changes in the hydraulic behavior of salt, the 

parameters of the geomechanics-flow correlations are given in Table 9.  

Table 9. Geomechanics-flow correlation parameters adopted for the Brazilian halite (David et al., 

2001).  

Parameter Description Value 

𝜒 
Power in the porosity-permeability relation, 
equation (28) 

1.00 

𝜔  
Parameter in the mean stress-permeability 
relation, equation (30)  

0.11 

 

Lastly, the mechanical properties of the non-salt rocks are given by Table 10, 

Table 11 and Table 12. 

Table 10. Mechanical properties adopted for non-salt rocks – Part 1 of 3. 

Parameter Description Anhydrite Basalt Calcirudite 

𝜌 (kg/m³) Density 2,918.43 2,762.49 2,710.5 

𝐸 (GPa) Young’s modulus 55.11 33.28 40.56 

𝜈  Poisson’s ratio 0.36 0.32 0.23 

𝑐 (MPa) Cohesion (MC**) 0.9 66.20 11.08 

𝜑 (deg) Friction angle (MC**) 37 31 15.08 

𝜓 (deg) Dilation angle 17* 11* 8.9 

References: (see below) 6, 7 4 1-3 
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Table 11. Mechanical properties adopted for non-salt rocks – Part 2 of 3. 

Parameter Description Carbonate Sandstone Shale 

𝜌 (kg/m³) Density 2,604.49 2,200 2,299.69 

𝐸 (GPa) Young’s modulus 40.56 20.7 19.34 

𝜈  Poisson’s ratio 0.23 0.15 0.15 

𝑐 (MPa) Cohesion (MC**) 11.08 1.1 4.8 

𝜑 (deg) Friction angle (MC**) 15.08 32 22 

𝜓 (deg) Dilation angle 8.9 12* 2* 

References: (see below) 2, 3 5, 8 5 

 

Table 12. Mechanical properties adopted for non-salt rocks – Part 3 of 3. 

Parameter Description Conglomerate 

𝜌 (kg/m³) Density 2,710.5 

𝐸 (GPa) Young’s modulus 15.82 

𝜈  Poisson’s ratio 0.25 

𝑐 (MPa) Cohesion (MC**) 1.1 

𝜑 (deg) Friction angle (MC**) 32 

𝜓 (deg) Dilation angle 12* 

References: (see below) 1, 5 

 

The references in Table 10, Table 11 and Table 12 are: 1: Oliveira et al. 

(2014), 2: Domingues (2011), 3: Corrêa (2016), 4: Goodman (1989), 5: Costa et 

al. (2019a), 6: Firme et al. (2018a), 7: Poiate Jr. (2012) and 8: Otto and Kempka 

(2015). More so, when unavailable, the dilation angle was assumed as the friction 

angle minus 20 degrees (Alejano and Alonso, 2005) or null if the friction angle is 

lower than 20 degrees (indicated with an “*” in the tables). The abbreviation “MC” 

stands for Mohr-Coulomb (indicated with an “**” in the tables). 

2.5.4.  
Contributions of the thesis in modelling and simulation 

 

The governing equations and the simulation methodology established as the 

workplan of the thesis have required a number of adjustments and developments 

to be carried out using the existing in-house framework GeMA. These 

developments – mainly implementations –, represent part of the contribution of the 

thesis to this research area and to the framework.  
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Figure 14. Graphical abstract of the main contributions of the thesis in the workflow for numerical 

simulation of strategic projects involving salt rocks. 

Figure 14 shows a graphical abstract of the contributions. More specifically, 

the implementations in the context of thesis were24: 

• Creep constitutive models (PL, DM, MD, EDMT), subsequently validated in 

the workflow for coupled thermomechanical problems. 

                                                
24 Many developments in GeMA framework related to this research area have been made possible 
from fruitful discussions and code reviews with Dr. Eleazar Cristian Mejia Sanchez. His assistance is 
sincerely acknowledged.  

Temperature
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Standard outputs
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Shear failure indicator
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Creep constitutive models

(PL, DM, MD and EDMT)

Mohr-Coulomb model

DeVries’ dilatancy boundary
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*Function codes are folded.
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• Customized boundary conditions, such as transient pressure schemes to 

simulate solution mining, change of well fluids over time, gas operation 

cycles and pore pressure variation schemes. 

• Post-processing strength indicators regarding dilation and shear failure, 

and the corresponding output variables to be visualized in contour maps. 

• Hydromechanical coupling correlations, i.e., the porosity and permeability 

changes in function of the geomechanical response, and the corresponding 

output variables to be visualized in contour maps. 

Besides that, the workflow followed in the in-house framework and some 

example models for validation have also been added to the program content in 

order to guide future users and developments.
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3  
Strategic engineering projects involving salt rocks 

In the previous chapter, the essential fundamentals of the behavior of salt have 

been addressed. In this chapter, the continuation of the literature review is 

presented, focusing on more specific aspects of strategic engineering projects 

involving salt rocks, which are the scenarios of the thesis. 

Among the current projects worldwide, this research emphasizes the 

permanent P&A of wells crossing salt rocks using the creep behavior as an allied 

mechanism in the formation of geological barriers, the use of salt caverns for 

strategic underground storage of hydrocarbons, CO2 (CCS) or energy elements 

(compressed air energy system, CAES) and the salt caprock behavior in the 

context of Pre-salt reservoirs during hydrocarbon production or for CO2 storage. 

Each of these areas is discussed in the following sections. 

3.1.  
Salt creep as an allied mechanism in the formation of geological 
barriers for well P&A 

 

3.1.1.  
Overview on P&A 

 

Unproductive wells and those with irreparable damage have to be 

abandoned for economic and environmental reasons (Abshire et al., 2012; Khalifeh 

et al., 2013). Several fields in the North Sea and in the Gulf of Mexico, the largest 

mature oil fields in the world, are in the end of lifespan (Vrålstad et al., 2019) and 

the large number of wells to be abandoned in the next years is a concern for the 

O&G industry. P&A is a wide decommissioning process that, added to the structure 

removal, represents the major part in the decommissioning cost (Myrseth et al., 

2017). This cost is high and also of no return to the operator. Therefore, the O&G 

industry, assisted by the academy, faces the challenge of finding the best ways to 

plug and abandon wells at an efficient cost, while ensuring safety and reliability. 

P&A often consists of hydraulic isolation and protection of three key regions: 

reservoir zones (reservoir abandonment), freshwater zones such as aquifers 
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(intermediate abandonment) and future exploration zones, preventing them from 

leakage from/into the well. Ideally, surface equipment is removed. To this end, one 

has to remove wellhead, conductor and casings (if possible), and plug the wellhead 

with quality materials, usually cement (Abshire et al., 2012; Hallak, 2017). 

 

Figure 15. Conventional methods for well P&A. Adaptation from figures presented in 

https://energynorthern.com/2019/08/05/abrado-wins-major-multi-well-pa-contract-from-chevron/ (1), 

https://decomnorthsea.com/news/32-time-savings-on-cut-pull-operation (2) and Khalifeh and 

Saasen (2020) (3). 

There are a number of methods for well P&A considering different 

abandonment concepts, regulations around the world, geological scenarios, types 

of wells, the need for optimizing processes and budget. The conventional methods 

for P&A are didactically divided here into three groups: “section milling”, “casing 

cut and pull” and “perforate, wash and cement” (PWC), Figure 15. The “section 

milling” has been the most adopted P&A method. It is indicated specially when 

casing cannot be cut and pulled (Hallak, 2017; Halvorsen, 2016), the cementation 

behind the casing is not sufficient quality to cast an barrier with the proper hydraulic 

isolation (Khalifeh et al., 2013; Wang et al., 2016) or when the section is not able 

to be perforated, washed and cemented (Nelson et al., 2018). This method consists 

Source: (3)

Source: (2)

(1) https://energynorthern.com/2019/08/05/abrado-wins-major-multi-well-pa-contract-from-chevron/

(2) https://decomnorthsea.com/news/32-time-savings-on-cut-pull-operation

(3) Khalifeh and Saasen (2020).

Section milling

Casing cut and pull

Perforate, wash and 

cement (PWC)

Source: (1)

https://energynorthern.com/2019/08/05/abrado-wins-major-multi-well-pa-contract-from-chevron/
https://decomnorthsea.com/news/32-time-savings-on-cut-pull-operation
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of milling the casing, cement and part of the well along an interval in such a way to 

create an openhole to be plugged. The “casing cut and pull” is a method that 

consists of cutting casing above an uncemented interval and pulling it out of the 

well. This method is ideally applicable in intervals where well annulus is not 

sufficiently cemented or is not cemented. The casing uncemented intervals are 

detected via cement logs and stretch tests (Hallak, 2017). The casing cutting 

operations follow by explosives, abrasive, mechanical or chemical cutters, or also 

by thermal methods (Myrseth et al., 2017). The action on retrieving the casing cut 

is quite complex due to the uncertainties related to integrity of the formation and 

annulus cementation. To circumvent these difficulties, casing can be segmented 

to be pulled out in parts (Khalifeh and Saasen, 2020). Finally, PWC is an alternative 

and recent method for the conventional cut and pull and section milling methods 

(Delabroy et al., 2017; Hallak, 2017). Generally speaking, it consists of perforating 

an uncemented casing interval, washing the annular space with a modified water-

based mud (WBM) (Khalifeh and Saasen, 2020) and injecting cement behind the 

casing by the perforations and across the section, forming a plug. Although casing 

is perforated, it is neither removed nor milled. Thus, no significant amounts of 

debris and swarf are generated and there is no need to transport these fragments 

to the surface. The final plug comprises the perforations and the inner section of 

the casing (both cemented) besides the perforated casing. 

3.1.2.  
P&A numbers and concepts  

 

Some of the largest hydrocarbon provinces over the world are in the North 

Sea (Norwegian Contiental Shelf and United Kingdom sector), Gulf of Mexico 

(United States), British Columbia (Canada) and Brazil. These regions host an 

enormous number of wells and therefore are important scenarios to illustrate the 

discussions on the topic of well P&A. 

According to Khalifeh et al. (2013), the first hydrocarbon well in onshore 

Norway dates from 1966. Until 2012, more than 3,800 wells have been 

constructed. Among them, 170 wells are permanently abandoned, 800 are 

temporarily abandoned and the others are producing. Abshire et al. (2012) present 

a structure quantitative of the Norwegian Contiental Shelf in which there are more 

than 350 platforms and more than 3,700 wells to be abandoned. The United 

Kingdom (UK) sector of North Sea has more than 500 structures and nearly 3,000 

wells to be permanently abandoned in the next years. Recently, Vrålstad et al. 
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(2019) have indicated that nearly 2,000 wells in the North Sea are planned to be 

plugged and abandoned in the next decade. In the same context, Myrseth et al. 

(2017) point out approximately 3,000 wells are to be permanently abandoned the 

in Norwegian Continental Shelf. Laterly, Strand and Corina (2019) have mentioned 

that more than 1,900 wells that are classified as P&A in this hydrocarbon province. 

In parallel, the Gulf of Mexico is mentioned as the “largest and the most active 

decommissioning market in the world”25 (Kaiser, 2017) and hosts nearly 12,000 

unproductive wells, which are candidates for P&A (Abshire et al., 2012). Between 

2004 and 2014, about 3,000 wells have been temporarily abandoned and 8,000 

wells have been permanently abandoned (Kaiser, 2017).  

In British Columbia (Canada), the earliest reported well for hydrocarbon 

production dates from 1919 (Trudel et al., 2019). Public data from Western Canada 

shows that 24,802 wells have been drilled and nearly 7,614 wells have been 

already abandoned until December 2016. Among these wells, 6,070 have records. 

More so, there are more than 200 structures are to be abandoned in offshore 

Netherlands, Denmark, Ireland, Spain and Germany (Abshire et al., 2012). 

The cost of the P&A operations reflects the materials and methods needed 

to meet the requirements of the regulators and to cope with the geomechanical 

and flow context of the well site. As reference, P&A is responsible for 25% of the 

costs of drilling offshore exploration wells in Norway and North Sea (Khalifeh et al., 

2013; Strand and Corina, 2019). According to Abshire et al. (2012), the general 

cost of well P&A in the UK sector is US$ 1-2 million per well considering water 

depths lower than 100 meters and using a fixed platform, while it costs US$ 5-6 

million per well using a semisubmersible or dynamically positioned floating drilling 

unit. Adopting a support vessel-based abandonment has an intermediate cost. Still 

according to these authors, abandoning a Norwegian well is more expensive than 

a Middle East well due to the different requirements that have to be met. 

Regarding P&A concepts, different procedures reflect the many geological 

scenarios, wells types and different regulations around the world. Trudel et al. 

(2019) have presented a comparison among the P&A goals in important 

hydrocarbon provinces. The UK Oil and Gas Industry Association Limited (OGUK) 

considers P&A as a “rock to rock” sealing – the concept of caprock restoration. 

Two well barrier elements (WBEs) are required for each permeable interval, and 

30 meter-length plugs are required. The Norwegian oil and gas industry standards 

                                                
25 Excerpt from page 94 of the work of Kaiser (2017). 
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for operations (NORSOK) considers P&A in terms of permanent well abandonment 

by plugging it to prevent any chemical and geological complications in an eternal 

perspective. Two WBEs are also required for each permeable interval and 100 

meter-length plugs are required in openhole intervals. More so, according to Hou 

et al. (2012), the standards for well abandonment in Germany require a 100 meter-

length cement plug above perforations and water aquifers and a cement plug of 

same length ending in the well top. Kaiser (2017) has presented the view of the 

United States regulators in the context of the Gulf of Mexico. According to this 

author, the goal is to “to keep fluid isolated in the zones in which they naturally 

occur until the conditions that exist within the formation return to the well.”26 The 

standards are managed by the Bureau of Ocean Energy Management (BOEM) 

and by the Bureaus of Safety and Environmental Enforcement (BSEE). Some wells 

are temporarily abandoned when the field reaches exploration maturity. In this 

case, it is required two independent WBEs or at least a plug isolating the perforated 

intervals. The wells to be permanently abandoned must isolate openhole intervals, 

perforated intervals, casing ends and the annular spaces, and place a surface plug. 

When the WBEs are tested and casings are removed, temporary abandonment 

turns into permanent abandonment. According to Trudel et al. (2019), the Alberta 

Energy Regulator (AER) in the Western Canada considers the hydraulic isolation 

of the non-saline groundwater and of the porous zones as the objective of well 

P&A. In that context, it is not common to mill or to cut and pull casing. The use of 

two WBEs by permeable interval is not mandatory. The regulations are similar to 

those of onshore North America standards. Nevertheless, they would not meet 

offshore UK and Norwegian P&A regulations in some design aspects. 

Considering offshore applications such as those from North Sea, P&A has to 

be developed in an eternal perspective since re-entering a well in such conditions 

is highly challenging and costly. UK and Norwegian P&A regulations require to plug 

the well over its entire section, promoting the caprock restoration (Vrålstad et al., 

2019). On the other hand, Canadian wells are typically onshore and therefore 

accessible if necessary. This is an advantageous scenario since even the best 

sealing materials may undergo damage in very long timescales such as those of 

permanent abandonment (Trudel et al., 2019). 

When looking at the Brazilian scenario, P&A is a still growing topic in the 

industry and academia. The expertise in well P&A in Brazil is still being formed and 

                                                
26 Excerpt from page 94 of the work of Kaiser (2017). 

DBD
PUC-Rio - Certificação Digital Nº 1712785/CA



81 
 

there is a large room for technological advance this area. The large-scale oil 

production has begun in Brazil in the 1980’s (Furtado et al., 2018) and some of the 

onshore and post-salt hydrocarbon fields are reaching maturity (Souza, 2019). 

Brazil has about 30,000 wells and 7,000 among them are offshore. From these 

numbers, 20% of the wells are producing, and only about 8% are permanently 

abandoned (França, 2020)27. There are more than 60 offshore installations and 

more than 165 wells to be decommissioned in the next years (Furtado et al., 2018; 

Soares, 2017). More so, there is a significant number of wells (by 49%) temporarily 

abandoned waiting to turn into permanent P&A (França, 2020). Each offshore well 

abandonment is estimated in above 24 million dollars plus labor, services and 

materials expenses (Furtado et al., 2018). Regarding P&A methods, the use of two 

permanent WBEs (cement plugs) is a frequent choice. PWC procedure is not 

commonly employed in Brazilian onshore wells (França, 2020). According to Matos 

(2021)28, through-tubbing abandonment procedures are widely employed by the 

industry, and the use of PWC tools would be welcome to reduce the 

decommissioning time of the wells. P&A removing casing is exceptional.  

The regulations for O&G activities in force in Brazil are provided by the 

National Agency for Petroleum, Natural Gas and Biofuels (ANP). More specifically, 

ANP’s resolutions no. 25/2002 and the latest no. 46/2016 apply to well integrity 

and abandonment. Hallak (2017) observes that the number of WBEs required by 

the Brazilian resolution is similar that of NORSOK (D-010). This author highlights 

that the length of the WBEs is specified in the ANP’s former resolution (no. 

25/2002) but not in the latter (no. 46/2016) and therefore has taken NORSOK D-

010 and OGUK (issue 5) recommendations as reference. A guide that links the 

Brazilian regulations under ANP’s resolution no. 46/2016 to NORSOK and OGUK 

best practices is presented by the Brazilian Petroleum and Gas Institute (IBP, 

2017). Among the materials allowed as WBE, NORSOK D-010 recommendations 

also mention shale (abundant in the North Sea O&G provinces) as long as it 

exhibits creep behavior to close the annulus space around an uncemented casing 

interval and meets the integrity and tightness conditions expected from a WBE. 

IBP’s guide (IBP, 2017) also mentions this particular situation of using creeping 

formations such as some shales and salt rocks to seal the annulus between 

                                                
27 Information from the technical presentation at Webinar in Decommissioning and P&A Section – 
Brazil Norway held on December 09th, 2020. 
28 Information from the technical presentation at SPE Brazil Tech Tuesday held on March 30th, 2021. 
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formation and casing. In this case, each geological barrier casting a WBE has to 

be at least 30 meter-length and exhibit satisfactory integrity and tightness. 

From this brief literature review, one realizes that the number of candidate 

wells for P&A in the main hydrocarbon provinces around the world is worrying, 

highlighting the current relevance of this theme. Despite some divergences among 

the references, there are a few thousands wells to be abandoned in the most 

important hydrocarbon provinces. When not considered in the well construction 

period, the abandonment can be even more challenging. The records of old wells, 

candidates for P&A, are generally limited, bad, or even unavailable. This lack of 

information requires investigation especially about the condition of the cementation 

before plugging. The long-term isolation is also a concern since one has to avoid 

as much as possible the need for reentering a leaking well for further repair (Wang 

et al., 2016). Having that in mind, a strategic well design accounts for the 

abandonment period in advance and recognizes the importance of the first 

cementation for a successful P&A (Khalifeh et al., 2013). 

3.1.3.  
A brief review on materials for P&A and introduction to geological 
barriers 

 

Quality sealing materials for plugs are of utmost importance for an effective 

and safe well abandonment. According to Finley et al. (1994), a sealing system is 

more than choosing a long-life and low permeability material. Permanent seals (or 

plugs) require a high-quality emplacement and chemical compatibility with the host 

formation. Excavated structures (such as a well drilled in the rock formation) exhibit 

mechanical and hydraulic changes in the surroundings. Without the proper 

remediation, permanent flow paths caused by the rock damage around the plug 

likely persist regardless the properties of the isolation material. This concept in 

relation to sealing calls attention to the importance of an adequate choice of 

isolation materials, although other aspects related to host formation may also 

influence the (success of the) abandonment process. 

In the past, hydrocarbon wells were backfilled and abandoned using brush, 

wood, paper sacks, linen and other materials to form a basis for a cement plug 

(Strand and Corina, 2019). Fortunately, a stricter group of materials that qualifies 

as sealing material has nowadays been defined. As reference, the Norwegian oil 

and gas industry standards for operations (NORSOK) establishes that plugging 

materials have to be of very low permeability (or be impermeable), non-shrinking, 
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ductile, chemical resistant and maintain long-term integrity, besides presenting 

adequate surface-to-surface bonding (Khalifeh and Saasen, 2020). The main 

materials currently available for this purpose are Portland cement, materials 

derived from cement, and rock, grouts, thermally-activated materials, gels and 

metals (Khalifeh et al., 2013). Cement plugs are often the standard choice in P&A. 

Moreover, geomaterials such as a creeping rock formation (mainly shales and salt 

rocks) may qualify as WBEs. More specifically, one idealizes a geological barrier 

spontaneously formed by a creeping formation. In the case of wells crossing salt 

layers, the openhole could be backfilled using granular salt. The backfilling is 

followed by the consolidation of the granular package by the creep of the host 

formation, forming a virtually homogeneous well barrier. 

Using creeping formations to form a geological barrier either embracing the 

casing along uncemented intervals or closing completely an openhole is a recent 

trend in P&A. According to Orlic et al. (2019),  

“using the same caprock material for well (…) (P&A) is therefore an attractive option 

as the initial sealing capacity of caprocks penetrated by wells could be restored by 

well plugs made of the native caprock lithology.”29  

The topic is relatively latter-day and most of the literature on using formations 

as geological barriers for P&A is oriented to shales. Anyway, the shale-oriented 

literature provides useful insights for the potential use of salt in the same context. 

Firstly, it is important to identify the similar and the distinct characteristics of 

salt and shale. Consolidation is normally neglected when dealing with natural salt 

rocks that present essentially null pore pressure. This may be relevant in shales. 

Aspects related to creep behavior, more specifically with stimulation by reducing 

pressure and/or heating the rock, are similar for them. As seen before, salt creep 

behavior depends on the deviatoric stresses and is thermally-activated (see 

Section 2.1.1). Besides that, the fact that there are stress levels that trigger dilation 

followed by damage and permeability enhancement (see Section 2.1.2) and the 

attenuation by self-healing are another similar aspect between salt and shale. In a 

solid mechanics view, standard salt rocks exhibit ductile behavior and develop 

higher strain rates, suggesting the ability to close by creep an openhole forming a 

geologic barrier. In a fluid mechanics view, salt is seen as a highly viscous fluid 

which is expected to creep and to encompass the casing by closing an uncemented 

annulus space (Vrålstad et al., 2019). The salt capability to close by creep towards 

                                                
29 Excerpt from page 1 of the work of Orlic et al. (2019). 
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casing along uncemented intervals has also been addressed in the literature 

(Firme et al., 2016a, 2016b; Fossum and Fredrich, 2007; Willson et al., 2003), 

Figure 16. 

 

Figure 16. Well closure towards casing in an uncemented interval. Adapted from Firme et al. (2016b), 

based on a former simulation carried out by Fossum and Fredrich (2007). 

On the other hand, not all shales are capable of forming geological barriers. 

Those who qualifies as so are normally consolidated and exhibit high clay content 

and lower uniaxial compressive strength. As a consequence, this shale group 

exhibits ductile failure and develop large plastic deformation (Holt et al., 2020), and 

are potentially capable of closing an openhole or a drift. Lastly, a disadvantage of 

salt over shale is the high solubility of salt in contact with water or water-based 

fluids, introducing some challenges for the P&A operations. Table 13 summarizes 

the salt and shale characteristics of interest for geological barriers. In the following 

sections, the characteristics of each rock material are discussed in more detail. 

Table 13. Comparative summary of the salt and shale characteristics of interest for geological 

barriers. 

Characteristic / property Salt rock Shale 

Consolidation No* Yes 

Thermally-activated creep Yes** Yes** 

Damage / self-healing Yes Yes 

Ductile behavior Yes Yes*** 

Solubility in water Yes No 

Low permeability Yes Yes 

*If intact or little disturbed; **Salt often exhibits higher creep rates; *** If normally consolidated. 

3.1.3.1.  
Shales as geological barrier 

 

Using shales as geological barriers is an alternative which has been studied 

due to the great demand for P&A in the North Sea wells, where shale formations 

Beginning of the 

analysis
First contact between 

salt and casing

End of the analysis

(MPa) Salt

Casing

Annulus space

(uncemented)

Salt closed the 

annulus space

Figure adapted from 

Firme et al. (2016b)
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are abundant. A brief summary of the state of the art follows. Fjær et al. (2016) 

have presented an assessment on using creeping shales as well barriers. 

According to them, a geological barrier candidate shale has to exhibit a low 

creep/plastic deformation threshold. Shales with low quartz content are prone to 

present a low threshold and a high capacity to absorb meaningful deformation 

without undergoing failure (breakout). Moreover, a significant reduction in the 

annulus pressure needs to be induced to stimulate creep along the interval to be 

plugged. As a consequence, this triggers deviatoric stresses and reduces the 

mean effective stresses. The stress changes around the well, if significant, may 

provoke dilation and this is undesirable for rock integrity, resulting in a damaged 

and permeable barrier unable for P&A. On the other hand, if the geological barrier 

forms adequately, significant financial savings related to well P&A are made. The 

authors, however, have pointed out that there are some open issues regarding the 

shale barrier development. Stavland (2017) has analyzed the thermal stimulation 

of shales to induce the formation of the geological barrier. This author has carried 

out numerical simulations adopting the Mohr-Coulomb criterion with tensile cutoff 

as the mechanical model for shale. Heating the shale triggers a pore pressure 

increase due to the expansion of the pore fluids. Consequently, the effective 

stresses decrease and the rock may undergo failure and plastic deformation 

closing the annular space. If the rock has undergone failure, the barrier may not 

be tight enough. Next, Kristiansen et al. (2018) have observed wells in which the 

uncemented annulus space in shale intervals has been found spontaneously 

closed by creep. These authors have made some considerations about the time-

dependent behavior of shales, especially consolidation and creep. The 

deformation related to consolidation results from the dissipation of the pore 

pressure excess when there is a stress change. It depends on shale permeability 

and often produces a low deformation level. Creep, in turn, depends significantly 

on the deviatoric stress and is thermally-activated. Thus, as the well is heated 

during the production period, creep rates increase; and the opposite occurs if the 

well is cooling during injection periods. The steady-state creep and especially the 

tertiary (accelerative) creep may lead shale to failure. More so, even if the strain 

rate increases and the shale embraces the casing, fractures may develop in the 

deformed rock, affecting tightness. According to Vrålstad et al. (2019), the shale 

behaves as solid with finite shear strength. Under a moderate stress level, it keeps 

a stable arch around the well. If this arch is broken, the formation undergoes 

fracturing instead of deforming uniformly, enhancing permeability. Although the 

porosity and permeability of the deformed shale are higher than those of 
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undisturbed shale, it is still a valuable alternative to cement. These authors believe 

that a self-sealing behavior (analogous to self-healing in salt) improves the sealing 

capacity of the shale over time. Holt et al. (2020) have studied the mechanical 

behavior of shale with regards to geological barriers. They have distinguished two 

groups of shales. The first group is the “sloughing shales”, which consists of 

overconsolidated or slightly cemented shales. These rocks exhibit brittle failure 

such as breakouts, releasing rock fragments inside the well. The second group is 

the “gumbo shales”, which is composed by normally consolidated shales with high 

clay content and lower uniaxial compressive strength. They exhibit ductile failure 

and develop large plastic deformation, promoting well closure. This last group is a 

preferable candidate for natural barriers using shale. Lastly, Xie et al. (2020) have 

analyzed the shale creep stimulated by heating using laboratory experiments and 

numerical simulations. In short, they have observed that heating the shale led to a 

pore pressure increase due to fluid expansion and it induced plastic deformation 

and failure. On the other hand, shale was able to embrace the casing casting a 

geological barrier due to the plastic deformation. According to the simulations, 

considering a well with 12.25 inches in diameter, temperature of 46ºC and vertical 

stress of 28.3 MPa, the wall should be heated by 220ºC during 100 hours for the 

shale embraces casing. However, there are still doubts about the sealing capacity 

of the barrier since tensile and shear failure are expected in this scenario. 

Furthermore, the interested reader is referred to other recent works in the area for 

additional information (Halvorsen, 2016; Skjerve, 2013; Vignes, 2011). 

 

Figure 17. Schematic illustration of the shale as geological barrier in the context of numerical 

modelling. 

A schematic illustration of the formation of shale barriers is presented in 

Figure 17. The complete cross section may not be closed by creep, although this 

mechanism can be effective to embrace the casing forming a tight annulus barrier. 

If the annulus is closed by creep and the barrier adequately isolates the interval, 

only the casing inner section needs to be plugged with cement (Xie et al., 2020). 

(a) Intermediate casing (b) Shale creep (c) Cement plug in 

the inner section

Shale Cement plug Casing
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3.1.3.2.  
Salt as geological barrier 

 

Using salt rocks as geological barriers is a natural alternative for the 

permanent abandonment of wells crossing salt layers. Salt properties such as 

creep deformation and essentially null permeability have been recognized for a 

long time as useful for casting competent hydrocarbon traps and strategic storage 

environments. Among the strategic storage purposes, the toxic waste disposal is 

one of the most important. The storage of these elements in subsurface salt 

caverns is a safe way to avoid their release into the environment. According to 

Finley et al. (1994), environments dedicated to toxic waste disposal have to meet 

severe regulatory standards. In this context, the long-term sealing performance of 

the cement is worrying considering the degradation of the properties with time. 

The possibility of salt rock formations becoming toxic or nuclear waste 

disposal media has boosted hydraulic studies in salt rocks (Gloyna and Reynolds, 

1961). Hansen (2011) has listed a number of advantages of using salt as disposal 

environment for heat generating high-level waste (HLW) and waste disposal in 

general. Five projects for disposal of dangerous waste were proposed in Texas 

(USA) in the early 1980’s (Brassow and Thoms, 2000). Among them, the Waste 

Isolation Pilot Plant (WIPP) in New Mexico (USA) is probably the best known. This 

is going to be dealt in more detail in Section 3.2.2. Promoting salt rock 

environments for the toxic waste disposal has demonstrated the strategic capacity 

of this material to encapsulate waste by creep and form competent hydraulic 

barriers in the short- and the long-term. Linking this to well abandonment, Orlic and 

Buijze (2014) have pointed out that the research on nuclear waste disposal in salt 

rock environments has been the basis for conceiving P&A by means of salt creep 

to close and seal a well. This highlights the relevance of the intention to adopt salt 

rocks as geological barriers in the context of well P&A. 

As previously mentioned, the salt capability to creep towards casing along 

uncemented intervals has also been recognized (see Figure 16). In a solid 

mechanics view, standard salt rocks exhibit ductile behavior and often develop 

higher strain rates. In parallel, in a fluid mechanics view, salt behaves as highly 

viscous fluid that ideally flows towards the openhole in a sink flow or Rankine flow 

scenario (Weijermars et al., 2014b). While integrity problems can occur especially 

in casings non-uniformly embraced by salt, the high creep rates developed by salt 

indicate that the annulus space and even the entire section can be naturally sealed.  
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Meanwhile, regarding P&A methods, UK and Norway regulations require 

plugging the well over its entire cross section, promoting a caprock restoration 

(“rock to rock” sealing) (Vrålstad et al., 2019). To this end, the background on salt 

rocks indicates that these formations can ideally cast a geological barrier that 

restores the pre-existent condition of the caprock before the existence of the well. 

In addition, there is the guarantee of short- and long-term chemical compatibility 

between the host rock and the sealing material since they are of same nature. 

Although still incipient, some applications have been carried out in the 

context of salt as geological barriers and contribute with insights and findings. A 

brief summary of the state of the art follows. Hou et al. (2012) have presented a 

case of a well abandonment in a depleted gas reservoir in Altmark area (Germany). 

To this end, conventional methods and a salt creep have been considered. In that 

context, the depleted reservoirs have been reused as CO2 storage media. These 

authors have pointed out that the injected CO2 in contact with the reservoir fluids 

generates carbonic acid that, in turn, affects the integrity of the cement plug under 

certain conditions. In parallel, the salt formation has exhibited strength and 

impermeability under HPHT conditions, evidenced by entrapped CO2 and 

hydrocarbons inclusions in the rock. The well abandonment procedure has 

involved section milling using a heavy water-based mud (WBM) as fluid. 

Posteriorly, the fluid has been replaced with a lighter mud (salt brine and nitrogen) 

to let the openhole wall release stresses and creep. The well closure around the 

milled section has been successfully verified, which conveys an idea of the 

effectiveness of the method. In parallel, the strength, creep behavior, porosity and 

permeability of the salt barrier are to be evaluated in laboratory. More so, a recent 

study of well sealing (abandonment) by salt rock has been developed in the 

Netherlands (Wollenweber et al., 2018), but it is yet to be implemented in the field. 

Numerical simulations have also been performed in this context. 

Furthermore, Orlic and Buijze (2014) have carried out simulations of well closure 

by salt creep with special regards to well abandonment. These authors have 

mentioned as criteria for evaluating the geological barrier: i) the time it takes for 

the salt to close the well; and ii) the maintenance of the barrier tightness (i.e., the 

evolution of the porosity and permeability). Conceptual 2D plane strain models 

have been considered and their results may be applicable to real-field cases such 

as the well P&A of a gas field in offshore the Netherlands. For the sake of 

reference, their application has considered a milled openhole of 9.45 inches in 

diameter and typical halite properties. Among the scenarios studied, the shortest 

DBD
PUC-Rio - Certificação Digital Nº 1712785/CA



89 
 

time for well closure was 500 days for a well sited at a depth of 3,500 meters. 

Subsequently, Orlic et al. (2019) have continued the studies on salt as geological 

barriers. They have presented conceptual axisymmetric and 2D plane strain 

models to analyze the openhole closure by creep. Similar to the previous work, 

their application has considered a milled openhole of 11 inches in diameter and 

typical halite properties. An internal pressure of 1 MPa inside the well has triggered 

a strong stress deviation in relation to the in-situ stresses, enhancing salt creep 

behavior. An internal monitoring pipe of 3 inches in diameter has been inserted 

inside the openhole; therefore, an effective closure of 8 inches is needed to close 

the well. The authors have noticed closure times from 2 to 4.5 weeks for a 3,100 

meter-depth well, from 2.5 to 6 months for a 2,500 meter-depth well and from 1 to 

3 years for a 2,000 meter-depth well. In the axisymmetric models, the openhole 

interval was of 1 meter and 10 meters – the longest interval avoids 

overconstraining the creep behavior. Creep stimulation techniques such as 

reducing internal pressure and/or increasing temperature have been mentioned. 

 

Figure 18. Schematic illustration of formation of a geological barrier by salt creep. 

The formation of geological barrier by salt creep ideally follows the schematic 

illustration30 shown in Figure 18. A well interval is considered before P&A, Figure 

18 (a). When the lifespan of the well is reached, the intervals to be isolated are 

milled (or casing is cut and pulled) leaving an openhole, Figure 18 (b). The 

openhole is cleaned and salt is free to creep and gradually closes the well section, 

Figure 18 (c). There are stimulation procedures to enhance the creep rate such as 

                                                
30 The figures that schematically illustrate the P&A methods presented throughout this thesis intend 
to illustrate the changes in the numerical models that represent the steps of each method. Since the 
thesis is oriented to numerical modeling and simulation, technical details related to equipment and 
processes have been disregarded in these representations. Although the figures represent a section 
milling, they apply for casing cut and pull with minor modifications. 

Schematic illustration of the geological barrier formation

Salt Non salt Cement sheath Casing

Salt creep

(a) Well before section milling (b) Well after section milling (c) Salt geological barrier formation
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reducing the internal pressure of the well and/or heating the well. When the entire 

well section is closed by the salt, the barrier borders are expected to reconsolidate 

by self-healing and form a tight barrier. The background of the area of backfilling 

with granular salt for further consolidation forming a solid barrier seems to support 

this expectation (see Section 3.1.3.3). 

Conversely, the casing may not be removed, just like the P&A using shale 

as barrier. In this case, salt creep is expected to close completely the annlus space 

forming a tight barrier, and the inner section of the casing needs to be plugged 

(see Figure 17). Having this scenario, the interface between salt and casing needs 

to be monitored in terms of tightness in order to not behave as a flow channel. 

3.1.3.3.  
Granular salt as backfilling (plug) material 

 

One of the essential questions regarding the use of salt as a geological 

barrier is the time that creep takes to close the well. Proof of concept analyses 

support that salt creep is able to close the openhole; however, the time required to 

this end is still much longer than that of conventional methods take to plug a well 

(see Chapter 5). Stimulation methods for creep such as reducing the internal 

pressure and heating the well accelerate the closure time; however, time may still 

be long considering reasonable values for pressure reduction and well heating. 

According to Orlic and Buijze (2014), as the well radius decrease as consequence 

of salt creep, the creep rate decreases exponentially. This is expected since 

deviatoric stresses decrease as strain energy is dissipated by creep. 

In the case of salt rocks, the formation of the geological barrier could be 

enhanced and accelerated by backfilling the openhole with granular salt. The 

granular package is subsequently encapsulated and consolidated by the host salt 

formation. As the grain boundaries merge due to the self-healing behavior, a tight 

seal (plug) is formed. The consolidation of granular (crushed) mined salt forming a 

solid and tight barrier has been studied over the last decades in the context of 

nuclear waste repository isolation (Bauer et al., 2015; Finley et al., 1994; Mills et 

al., 2018; Stormont et al., 2017). Additionally, Hou et al. (2012) have pointed out 

that DRZs (well surroundings for instance) can be sealed using granular (crushed) 

salt and presented simulations in the context. That said, granular salt is likely an 

ideal sealing material in wells drilled in salt if the barrier is not expected to form in 

a feasible time in terms of engineering. 
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According to the works cited in the previous paragraph, there are 

experimental evidences that granular/crushed salt consolidates under certain 

conditions, with porosity and permeability reduction over time, reaching similar 

values to those of the host rock. To this end, conditions for high quality density and 

for the self-healing capacity over time have to be ensured. In this scenario, the 

granular rock consolidation is driven by the creep behavior of the host formation. 

Cement bridge plugs are adopted to provide confinement for the granular salt. 

Small amounts of water accelerate consolidation and permeability reduction in 

comparison to a dry granular salt package. Regarding hydraulic properties, the 

immediate permeability of granular salt depends on the emplacement density. It 

usually varies from 1.0E-16 to 1.0E-18 m² considering a careful emplacement, and 

tends to approximate to that of the host formation (lower than 1.0E-21 m²) with time 

(Finley et al., 1994). A high compatibility level between the materials of plug and 

host formation is expected when using a granular salt backfilling into a well drilled 

in salt since they are materials of same nature. It represents a significant 

advantage over cement plugs since the permanent chemical compatibility between 

cement (and other sealing materials) and salt is not easily demonstrated. More so, 

using a chemically/mechanically incompatible seal material may be troublesome 

in terms of the barrier integrity and then tightness. 

Recent experimental studies have been developed in this area. Bauer et al. 

(2015) have carried out an experimental assessment of gas permeability of 

consolidating granular (crushed) salt. The experiment reported in this work aimed 

at measuring the deformation and the permeability evolution of a consolidating 

granular salt sample. It was carried out at a temperature of 250ºC, confinement 

stress of 20 MPa and took just under 500 hours. The material tested was granular 

salt mined from WIPP salt, whose formation is generally bedded and presents 

about 5% of impurities. The initial porosity of the sample was about 0.40. An inert 

gas was adopted as the permeating fluid to estimate permeability of the sample 

during consolidation. The authors have noticed that the apparent permeability 

strongly decreases to values lower than 1.0E-21 when porosities lower than 0.01 

and fractional densities31 higher than 0.995 are reached (see Figures 10 and 11 of 

their work). The consolidation of granular salt likely happened following similar 

mechanisms to those that drive self-healing. Thereby, the very low permeability of 

salt is recovered. Next, Stormont et al. (2017) have carried out gas permeability 

                                                
31 In this case, the factional density is the ratio between the densities of the consolidating salt package 
and the standard WIPP salt in an intact condition.  
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experiments in granular salt. The material tested was mined from WIPP salt 

(bedded formation) and Avery Island salt (domal formation). The tests were 

performed at temperatures ranging from 90ºC to 250ºC, confinement stresses from 

20 MPa to 40 MPa and samples exhibited initial porosities by 0.40. The 

experiments have presented important findings. Firstly, the permeability of the 

consolidating salt is directly affected by the evolution of the porosity so that it 

decreases as porosity decreases due to consolidation. Secondly, apart from a 

combined effect with porosity, other variables such as stress, the temperature and 

time seem not to affect the permeability. Thirdly, the relation between permeability 

and porosity presents three regions (see Figures 2 and 3 of their work). In the first 

region, the sample has a large interconnected pore network since it is actually a 

grain package. The test loading compacts the sample and the pore dimensions 

reduce. The reduction in permeability is not very significant. This region is 

represented in a power law porosity-permeability relation (such as equation (28)) 

using a power (such as variable 𝜒) about 3. In the second region, the ongoing 

consolidation process reduce the pore network connectivity. As a critical value for 

porosity is reached and exceeded, the permeability reduction is more significant. 

These authors have indicated values of 0.02-0.05 for this critical porosity. This 

region is represented in a power law porosity-permeability relation using a power 

higher than 10. Lastly, in the third region, the consolidation of the sample closes 

the interconnection of the pores almost entirely. From this moment on, the 

permeability becomes too low and cannot be measured. The authors have 

suggested this so-called threshold for the virtual impermeability happen for 

porosities lower than 0.01. In conclusion, while the expectation on the capacity of 

a consolidating granular salt sample to turn into an essentially impermeable 

sample is satisfied, a sufficiently low porosity value has to be reached for an 

impermeability condition (in terms of engineering) be verified. More so, according 

to Mills et al. (2018), the consolidation of granular salt depends fundamentally on 

the stress state, moisture availability, temperature, time and grain impurities. 

These authors have investigated the micromechanical processes in granular salt 

by means of experimental tests using material from WIPP and Avery Island salt. 

They have pointed out that granular salt consolidation follows brittle processes, 

grain rearrangement and cataclastic flow. As the void spaces are virtually 

eliminated, grain boundary processes and crystal-plastic mechanisms control 

additional porosity reduction. Without the adequate moisture, higher stresses are 

needed to consolidate granular salt as long as the void spaces reduce. Granular 

salt was consolidated in laboratory hydrostatic creep tests at a temperature of 
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250ºC and a confinement (hydrostatic) stress of 38 MPa. The authors have pointed 

out that a better understanding on the consolidated salt micromechanics and how 

it affects the constitutive models and the long-term porosity is still needed to the 

application of granular salt as sealing material.  

The formation of geological barrier by salt creep and backfilling with granular 

salt ideally follows the schematic illustration32 shown in Figure 19. A well interval 

with a cemented casing is considered before P&A, Figure 19 (a). When the lifespan 

of the well is reached, the intervals to be isolated are milled (or casing is cut and 

pulled) leaving an openhole, Figure 19 (b). After the openhole is cleaned and 

backfilled with granular salt, the host formation (also salt) is free to creep and it 

drives the consolidation of the granular salt, Figure 19 (c). With time, the grain 

boundaries merge by self-healing and a solid is progressively formed. 

 

Figure 19. Schematic illustration of formation of a geological barrier by granular salt backfilling.  

3.2.  
Salt caverns for strategic underground storage 

 

3.2.1.  
Overview on salt caverns33 

 

Salt rocks stand out in the mining and energy industries by playing an 

important role as potential ore sources and barriers for fluids and gases. 

Distinguished characteristics such as creep deformation and essentially null 

permeability make these rocks useful as underground storage media. 

                                                
32 See note 30. 
33 Sections 3.2.1, 3.2.2 and 3.2.3 were updated and expanded for presentation from the article “Salt 
caverns history and geomechanics towards future natural gas strategic storage in Brazil” written by 
the author and advisors of the thesis (Firme et al., 2019) and published in Journal of Natural Gas 
Science and Engineering. 

Schematic illustration of plugging with granular salt

Salt Non salt Cement sheath Casing Granular salt

Creep 

consolidates 

granular salt

(a) Well before section milling (b) Well after section milling (c) Granular salt backfilling
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The underground storage in salt caverns is a strategic initiative that dates 

from the 1940’s, almost always related to energy purposes. In the past, abandoned 

brine production wells were used as storage facilities. Therefore, there is a certain 

link between salt caverns and solution mining since the latter is the typical 

construction process of the former. Comprehensive knowledge on solution mining 

has been consolidated especially since the 1960’s. Reference papers approaching 

solution mining based on fluid mechanics formulations date from this decade 

(Durie and Jessen, 1964a, 1964b; Kazemi and Jessen, 1964; Sears and Jessen, 

1966). These works have been responsible for the “beginning of a quick 

development of modelling software used for salt cavern leaching”34 (Kunstman and 

Urbanczyk, 2000). On the other hand, open literature generally does not provide 

abundant information about solution mining on a more scientific basis. 

Nevertheless, a considerable number of papers approaching the main aspects 

related to hydrocarbon storage in salt caverns have been published. Using salt 

caverns as toxic or nuclear waste disposal media, for energy purposes and for 

CCS have proven to be additional fields of interest. 

The geomechanics research applied to salt caverns focuses on assessing 

the integrity of caverns and wells concerning the solution mining process, i.e., the 

construction period, the internal pressure cycles or schemes during the operation 

period and the abandonment period. A literature review of the overall history of salt 

caverns, a state of the art and other aspects of interest for salt geomechanics are 

presented in the following sections. It is followed by the fundamentals of the 

mechanical behavior of salt applicable to underground caverns during 

construction, operation and abandonment. 

3.2.2.  
A brief historic review of salt caverns opened by solution mining35 

 

The histories of salt caverns and of the solution mining technique link to each 

other – very often, hydrocarbon storage is a later use of abandoned brine 

production wells or caverns. According to Kostick (2006), the first records of using 

solution mining are from China, around 250 BC. Bamboo tubes were adopted at 

that time as the circulation pipes adopted today. Still according to this author, the 

current technology on solution mining originates from France, by 858. Possibly the 

                                                
34 Excerpt from page 279 of the work of Kunstman and Urbanczyk (2000). 
35 See note 33. 
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first record of the solution mining method at production scale is associated to the 

Spanish in 1752 (Jeremic, 1994). 

The storage of fluids and gases in underground salt caverns was first 

conceived in Canada during the 1940’s, in the context of World War II (Bays, 1962). 

In the early 1950’s, the storage of liquefied petroleum gas (LPG) and light 

hydrocarbons (LHC) spread out over the United States (USA) and Europe. The 

use of salt caverns to store natural gas began in the 1960’s. These caverns have 

been opened and explored for more than 50 years in Germany (Lux and Düsterloh, 

2015). Currently, salt caverns are the most growing alternative for gas storage 

(Barajas and Civan, 2014). Thoms and Gehle (2000) list some of the former gas 

storage caverns. Those caverns were constructed in Kansas (USA, by the 1960’s), 

Michigan (USA, 1961), Saskatchewan (Canada, 1963), Mississippi (USA, 1970), 

Tersanne (France, 1970) and Kiel (Germany, 1971). Additionally, the Jintan salt 

cavern (China, 2002-2010) is mentioned as the first one for gas storage in China 

(Wang et al., 2018). A well-known application in this context is the Strategic 

Petroleum Reserve (SPR), sited in the American states of Texas and Louisiana. In 

the mid 1970’s, the American government decided to create a reserve of crude oil 

in existing salt caverns. Subsequently, new caverns were opened. Currently, these 

caverns make up an authorized storage capacity of 714 thousand barrels36 (U. S. 

Department of Energy, 2022). The United States Department of Energy (DoE) 

supports that such geological hydrocarbon repositories have proven to be reliable 

and economically viable worldwide. The salt caverns “offer the best security and 

are the most affordable means of storage, costing up to 10 times less than 

aboveground tanks and 20 times less than hard rock mines.”37 The existence of 

these strategic reserves has proven to be very important in mitigating the reduction 

in oil supply due to the Russo-Ukrainian war (since February 2022) (U.S. Energy 

Information Administration, 2022).  

A next step is to consider salt caverns constructed offshore. The Gateway 

project (by 2007/2008) is possibly the precursor project in this way, which 

envisages the creation of 20 offshore salt caverns for strategic gas storage in the 

Irish Sea (Evans et al., 2008; Gateway, 2007). This region has also been 

                                                
36 Public data from January 31th, 2022 (https://www.energy.gov/fe/services/petroleum-
reserves/strategic-petroleum-reserve/spr-storage-sites). 
37 Excerpt from the U.S. Department of Energy (2022) 
 (https://www.eia.gov/todayinenergy/detail.php?id=51538). 

https://www.energy.gov/fe/services/petroleum-reserves/strategic-petroleum-reserve/spr-storage-sites
https://www.energy.gov/fe/services/petroleum-reserves/strategic-petroleum-reserve/spr-storage-sites
https://www.eia.gov/todayinenergy/detail.php?id=51538
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considered for compressed air energy storage (CAES) and currently for hydrogen 

processing and storage (Evans et al., 2021; Lee, 2021). 

In addition, there has long been the intention of using salt caverns for toxic 

or nuclear waste disposal. This initiative takes advantage of the salt tightness to 

isolate such materials and avoid their release in the atmosphere. As introduced 

before (see Section 3.1.3.2), there are many advantages to using salt formations 

as host medium for heat generating high-level waste (HLW) and waste disposal in 

general (Hansen, 2011). According to this author, salt formations are: i) 

geologically stable by millennials; ii) easy mining and essentially tight 

(impermeable); iii) exhibit high thermal conductivity and self-healing behavior; and 

iv) show wide geographic distribution. In the early 1980’s, five distinct projects for 

disposal of dangerous waste were proposed in Texas (USA) (Brassow and Thoms, 

2000). One of the well-known engineering works in this kind of application is the 

Waste Isolation Pilot Plant (WIPP). This is the first licensed geological repository 

for nuclear wastes in the world. The development of this repository has mobilized 

a significant program in characterization and modelling in salt rock mechanics. The 

WIPP caverns were opened by standard room-and-pillar underground mining. 

With the intensification of environmental awareness, there is need for 

alternatives to overcome the greenhouse effect. Decarbonization and CCS are 

now on the agenda of new developments. Salt caverns can be used as permanent 

storage for greenhouse gases such as carbonic gas and methane (CO2 and CH4 

respectively). Dusseault et al. (2004, 2001a) point out the options for this kind of 

storage or geologic sequestration, emphasizing the storage in salt caverns and 

showing that this is feasible in the Canadian context. 

In Brazil, possibly the main enterprise involving salt caverns is the Taquari-

Vassouras potash mining, sited in the state of Sergipe. This is the unique national 

source of potash for fertilizers. The salt-related geological peculiarities of the region 

such as the existence of high-mobility salt such as tachyhydrite and carnallite 

besides halite, sylvinite and non-salt layers have created a number of 

geomechanics challenges for the ore exploration. A large background on the 

Brazilian salt geomechanics have been inherited from there (Costa, 1984). The 

mine has started operation in 1985 (Farias et al., 2021) and adopts the standard 

room-and-pillar underground mining process. There are plans (to be implemented 

in the future) to increase the domestic production of potash by solution mining 

carnallite layers in the state of Sergipe (Carnallite Project) and by room-and-pillar 
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potash mining in the state of Amazonas (Autazes Project) (Farias et al., 2021). 

Hydrocarbon strategic storage is still under study; however, the main challenge to 

open and maintain offshore caverns has been the high cost involved in mobilizing 

equipment to deep waters. Solution mining has been employed in brine extraction 

in Alagoas (city of Maceió) and Recôncavo (Matarandiba Island) basins38. In both 

cases, the production started in the 1970’s and the cavity shapes have been 

controlled by sonar (Florêncio, 2009; Melo et al., 2008). The future conversion of 

onshore mined cavities into hydrocarbon storage caverns could serve as prototype 

for new caverns for this purpose. The major use of natural gas is quite recent since 

this source has progressively been taking part of the national energy mix only after 

a crisis in this sector in the late 1990’s. The extension of the expertise acquired 

over the potash and the Pre-salt hydrocarbon exploration to support offshore 

cavern applications in Brazil is a strategic step further in the state of the art of salt 

caverns worldwide. The works of Costa et al. (2015, 2012) have presented 

fundamentals and synthetic applications of that in Brazilian salt formations. This 

type of project has almost no precedent, with the exception of the Gateway project. 

In the context the ever-increasing decarbonization trend, Costa et al. (2019a, 

2019c, 2020) and Goulart et al. (2020) have proposed a “hybrid subsea CCS 

system”, through which the CO2 separation (from the fluid and the gas produced) 

would occur offshore in such a way that the residual CO2 steam is directly injected 

in offshore salt caverns at the field vicinity instead of being handled on the surface 

and injected in a supercritical state in the reservoir. An experimental salt cavern to 

be opened by solution mining using seawater has been proposed by these authors. 

3.2.3.  
Geomechanical aspects and cases of interest39 

 

Bays (1962) summarizes the essential conditions for a salt formation to 

qualify as host for a storage cavern. The formation must be sufficiently thick in 

order to prevent crushing due to stress transfer caused by cavern development. In 

parallel, the formation must be pure to avoid subsurface movements due to 

significant intercalations with impurities. The formation also has to be impermeable 

and insoluble to the stored material. The cavern must develop at a depth to allow 

efficient well construction, i.e., good cementing job and sufficient geostatic loads 

to confine the stored material. Additionally, the cavern roof or the caprock must 

present support capacity considering the fluctuation of the storage material 

                                                
38 The continuity of brine production in 2022 in these regions needs to be confirmed. 
39 See note 33. 
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(consequently, variation in the internal pressure). Finally, efficient surface 

infrastructure for cavern construction and operation must be available. More so, 

recent geological incidents/accidents involving salt caverns in operation or 

abandoned have shown that the structural geology context of the region is 

extremely relevant – caverns constructed close to fault regions or dome edges are 

disadvantaged in terms of safety. 

Since the main purpose of the industry in the past was to obtain ore-saturated 

brine for later beneficiation, there was less concern with the environment – solution 

mining was adopted with a minor effective constructive control (Jeremic, 1994). 

Consequently, caverns poorly located and with highly irregular shapes were 

generated. They have often presented integrity problems with catastrophic 

consequences such as excessive subsidence, sinkholes, damage and failure in 

regions and structures, among others (Johnson, 2005; Zechner et al., 2011). 

A relatively recent case of the damage caused by poorly located caverns is 

the Bayou Corne sinkhole, in Louisiana (USA, 2012). The Bayou Corne salt cavern 

was abandoned and roof-overlying layers have undergone successive failures until 

a large sinkhole was formed. Besides that, the rock failure also caused in situ gas 

release into the surface. It is believed that the major factor for this environmental 

disaster was the location of the cavern, which was less than 100 meters away from 

the salt dome edge. This geological boundary often has dominance of altered 

materials that may have slipped into the cavern, provoking progressive failure 

along the edge. This event has triggered a major concern on the long-term integrity 

of abandoned caverns (Bérest, 2013; Sobolik and Lord, 2014). 

Brazil has very recent damage cases most likely associated with past 

solution mining in addition to geological peculiarities. As previously mentioned, 

Alagoas (city of Maceió) and Recôncavo (Matarandiba Island) salt basins have 

been brine exploration regions since the 1970’s. In Maceió, 35 brine wells located 

in the Mundaú Lagoon coast of the city have become large salt caverns. Over time, 

and possibly combined with specificities of the structural geology of the region, a 

significant subsidence has been verified and has begun to damage the 

constructions of the neighborhoods in the region (Pinheiro, Mutange and 

Bebedouro). Vassileva et al. (2021) have carried out an assessment on this 

geological incident. Their work shows that the subsidence has been monitored 

from 2004 to 2020, and the maximum subsidence in this period was of about two 

meters. Subsidence rates have varied from 4 cm/year to 27 cm/year, but have 
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reduced to 20 cm/year in the beginning of 2020. In the period of the high 

subsidence rate (by 27 cm/year), 2018, the damage caused in the constructions 

and roads have become notorious. The city was hit by heavy rains and posteriorly 

an earthquake of magnitude of 2.4 mR happened – the three events (infrastructure 

damage, heavy rain and earthquake) happened within three months. Some 

inhabitants of the region had to be relocated. Those authors have suggested that 

the extensive subsidence can be primarily associated to the solution-mined 

caverns. Shallow seismicity has also been observed by 2019. More so, Euillades 

et al. (2020) have also analyzed this case by means of SAR interferometry and 

suggested that the meaningful subsidence observed in the surface occurred as 

consequence of the displacement of normal faults that cross the area. This fault 

system has been reactivated likely due to the stress changes provoked by the brine 

exploration activities that resulted in the caverns in the subsurface. These events 

in Maceió have also been investigated by the Brazilian Geological Service (CPRM, 

2019) and by the company currently responsible for the mines. In the view of the 

author of the thesis, the upward growth of the caverns observed in field has 

overloaded the overburden layers that, in turn, might not support. If this is the case, 

progressive subsidence and sinkholes might be generated – a typical scenario of 

“chimney caving” (see the work of Augarde et al. (2003) for instance). Moreover, a 

cause and effect relationship among the salt cavern enlargement due to brine 

production, subsidence and seismic events may be possible, similar to what has 

already been mentioned elsewhere in the context of reservoir compaction (see 

Section 3.3.2). Regarding the Matarandiba Island (municipality of Vera Cruz, 

Bahia), the Brazilian Geological Service has investigated the emergence of a 

sinkhole in a region of salt brine exploration. Important information and findings are 

indicated in a preliminary report (Guimarães et al., 2018). The elliptical-shaped 

sinkhole was firstly noticed in May 2018, measuring 69.95 and 29.43 meters in the 

main axes and 45.4 meters in depth. By two months later, these dimensions 

evolved to 77.9, 33.0 and 44.9 meters respectively. More updated measurements 

(by June 2020) can be obtained on the website of the company responsible for the 

wells40: 112, 49.5 and 26.9 meters respectively. The first brine producing well was 

drilled in 1976, and in total 51 wells have been drilled until 2018. Ten of them have 

been operating until that year. In this region, the salt layer is at about 1,200-1,300 

meters-depth and exhibits thicknesses between 20 and 60 meters. The target layer 

is bedded, stratified (mainly with anhydrite) and presents a high purity level (by 

                                                
40 Public data. 
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92% halite). The report findings are in line with the general observations of the 

other cases involving solution mining. The 51 brine wells have become 51 caverns 

and some of them are interconnected, enlarging the underground void spaces. 

There is no further information on the hydrogeology, which could eventually 

support hypotheses of additional underground dissolution (other than those 

inherent to solution mining). The conjunction of these factors besides an eventual 

fault reactivation related to stress changes in the surroundings of the caverns could 

explain the appearance of the sinkhole. In terms of social impact, the village near 

the sinkhole has not been affected to date. As these incidents occurred in Brazil 

are still recent, it is expected that more academic research will provide more in-

depth answers in the near future. 

More so, another example of a mine accident that, at first, combines 

anthropogenic mining actions with geological particularities of the field was the 

collapse of the 3rd Berezniki potash mine (Russia) in 1986, until then one of the 

largest potash mines in world (Andrejchuk, 2002). 

Fortunately, nowadays there is engineering and environmental awareness in 

this kind of application. Johnson (2008) points out that most of the collapses are 

related to solution mining caverns opened about 50-100 years ago and the modern 

project criteria have practically eliminated these problems in recent mines. 

3.2.4.  
Introduction to solution mining 

 

Solution mining is a chemical/transport process and consists of in situ 

leaching or dissolution in which mineral extraction from subsurface is carried out 

by a solvent (Bays, 1962; Treybal, 1980). There are two processes to saturate the 

water injected with dissolved salt producing saturated brine: diffusion and 

circulation. The diffusion is a process through which sodium and chloride ions 

migrate from salt to water at the well wall (interface between salt and water). Since 

this is an ionic process and does not involve mass transfer, water saturation by 

diffusion is an extremely slow process. On the other hand, the circulation 

(convection) involves mass transfer. In the contact between salt and water over 

the well wall, temperature changes, gravity segregation and pressure gradients 

lead to a faster saturation process (Bays, 1962). According to Durie and Jessen 

(1964a), the natural convection is of utmost importance for the controlled 

dissolution of salt. The water density at the contact with the salt shall increase as 

the salt is dissolved and moves down by natural convection.  

DBD
PUC-Rio - Certificação Digital Nº 1712785/CA



101 
 

In an engineering view, considering evaporitic ores (generally salt and 

potash), solution mining consists on drilling a well until a certain depth of the ore 

and complete it (with casing and cement sheath) a few meters above the top of the 

target formation. Pipes are ran in the interior of the casing and unsaturated water 

is injected through them. As the salt (or the target ore) is dissolved in the solvent 

and the saturated solution is withdrawn, cavities are formed. 

 

Figure 20. Potential scenarios for casing damage in washout intervals. 

Besides the applications of mining and storage, modelling salt dissolution is 

also of interest to well engineering in the context of Pre-salt since any kind of 

engineering work that promotes significant contact between salt and unsaturated 

water may generate cavities. Using synthetic drilling muds such as oil-based muds 

(OBMs) prevents from salt dissolution around the well; however, these fluids are 

dangerous for the environment in case of leakage and more expensive (Calcada 

et al., 2015). The alternative is to use WBMs, which are safer for the environment 

and cheaper. Besides reducing costs and limitations, using seawater as drilling 

fluid increases considerably the rate of penetration (Willson et al., 2004), leading 

to a faster and consequently chapter drilling job. Nonetheless, due to the same 

principle of the solution mining, this kind of fluid is expected to dissolve the well 

wall, generating intervals with significantly enlarged sections or cavities (washout 

intervals). This may cause not only the instability in the rock formation around the 

cavities but also a bad cementing job. It results in an inefficient hydraulic isolation 

of the well and eventually in casing damage due to plastic collapse, buckling over 

the laterally unsupported intervals and nonuniform loads provoked by an irregular 

contact with the creeping salt (Firme et al., 2015a), Figure 20. Additionally, 

intercalations of halite and with less soluble evaporites such as anhydrite exposed 

to WBMs are expected to remain as undissolved intervals so-called “anhydrite 

mechanical stops”41 (Falcão, 2009).The Brazilian oil and gas industry has been 

                                                
41 Expression from the work of Falcão (2009), page 389, freely translated from “batentes de anidrita” 
in Portuguese. 

Plastic collapse Buckling Contact between salt and casing

DBD
PUC-Rio - Certificação Digital Nº 1712785/CA



102 
 

carrying out studies in this area, including the development of computational tools 

to simulate salt dissolution (Folsta et al., 2011; Lomba et al., 2013a, 2013b; 

Meneses et al., 2017; Plucenio et al., 2013; Silva et al., 2017). An example of 

unintentional salt dissolution is the case of the geological accident of Wink Sink #1 

(Johnson, 1989). It occurred in West Texas, in early 1980’s. An oil well was drilled 

in 1928, produced between 1928 and 1951 and remained plugged between 1951 

and 1964. When the well was drilled, a WBM may has been adopted (creating 

washouts) and the cementing job was not efficient. During the period when the well 

was plugged, progressive dissolution of the Salado formation (halite and anhydrite) 

occurred due to fresh water percolation from the above aquifers. Casing underwent 

partially corrosion due to the contact with salt water from the formation. Apart from 

that, the well left openhole intervals between Tecovas (siltstone and sandstone) 

and Dewey Lake (shale and siltstone) formations when it was plugged. When the 

dissolved region became sufficiently big, the overlying layers could not support and 

successive failures occurred until the surface was reached, generating a sinkhole 

of average diameter of 110 meters and about 34 meters depth. 

It should be noted that not only salt and potash are prone to dissolution by 

solution mining or analogous processes. There is the dissolution by 

hydrogeological mechanisms (sometimes unrelated to engineering works) forming 

sinkholes and karstic cavities. Surface and subsurface karstic landscapes 

correspond to about 20% of the Earth exposures disregarding ice zones (Ford and 

Williams, 2007) and account for underground flow networks that are often unknown 

since they may be submerged, filled with material (Luu et al., 2019) or buried by 

sediments. An introduction to the karst research in Brazil have been presented by 

Auler and Farrant (1996), who estimated that epigenic karst is seen on 5% to 7% 

of Brazilian outcrops. Other karstic features such as paleokarst and hypogenic 

karst have not been accounted for in this percentage, besides offshore karstified 

carbonates. The geology of the Northeast Brazilian onshore karstified carbonates 

has been a widely developed research line in the recent years. Furthermore, 

evaporitic rocks composed by calcium sulphate (anhydrite and gypsum) are also 

susceptible to alterations and dissolution in contact with water, although to a lesser 

extent. As an example, almost all regions in Italy have gypsum cavities, in addition 

to natural and anthropogenic sinkholes (Waele et al., 2017). For comparison, 

gypsum/anhydrite solubility is about 2.4 g/L while halite solubility is about 360 g/L 

(Johnson, 2008). Cavities generated by anhydrite/gypsum dissolution are also an 

important hazard. This phenomenon is prone to happen in water tunnels and 
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especially in water injection wells. Calcium sulphate is generally deposited forming 

gypsum. It completely loses water in subsurface, turning into anhydrite and 

undergoing volume reduction. With water injection in the formation (by a well for 

instance), the inverse process may happen, with volume expansion (Mohriak and 

Szatmari, 2009; Szatmari et al., 2009). Johnson (2008) also mentions the anhydrite 

tendency to turn into gypsum when it is in contact with water. Case studies 

(quantitative) involving anhydrite/gypsum dissolution in engineering works are 

quite rare in open literature. One of the studies that mentions the anhydrite 

dissolution around water tunnels in hydroelectric plants has been presented by 

Gysel (2002). In a somewhat similar context, the author of the thesis has been 

involved in the recent past in a project with industry to develop a workflow for 

numerical analyses of integrity of injection wells under local anhydrite dissolution 

intervals. The dissolution was attributed to the water ascending flow from the 

reservoir and reaching the evaporitic stratum. The interested reader in more details 

and results of this work is referred to the work of Pereira et al. (2018). 

Finally, another important aspect to consider is the differences in mineralogy 

and geological structure among the evaporitic deposits worldwide. This variability 

has significant influence on the mechanical behavior and solubility performance of 

the formation. Much of the scientific literature available is in the context of Europe 

(Asse mine and Gorleben salts) and North-America (WIPP and Gulf of Mexico 

salts). In general, these salt formations exhibit high purity and homogeneity levels 

(Fredrich et al., 2007; Hunsche, 1993; Willson et al., 2003). On the other hand, 

Brazilian salt formations frequently exhibit stratifications. Halite is often intercalated 

with highly soluble and mobile salts such as carnallite and tachyhydrite, or with less 

soluble and mobile rocks such as anhydrite. Considering the structure, Brazilian 

evaporitic formations often consist of thick bedded layers or massive domes (Costa 

et al., 2019a; Ribeiro da Silva and Pereira, 2017). The latter casts a positive 

scenario for vertical-developing caverns. Chinese salt formations, in turn, generally 

develop in relatively thin bedded layers, are stratified and of low purity level, 

motivating the generation of horizontal-developing caverns (Li et al., 2014; Liang 

et al., 2016; Ma et al., 2013; T. Wang et al., 2015; Xing et al., 2015). Naturally, 

excessively soluble or insoluble rocks affect the solution mining effectiveness 

especially when these intervals are unforeseen. As consequence, the final shape 

of the cavern and even its integrity can be harmed (Keime et al., 2012; Li et al., 

2017, 2016). 
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3.2.5.  
Cavern construction (opening) by solution mining 

 

The construction process of a solution mined cavern starts with a well, which 

is drilled until close to the planned cavern floor. A casing is run and cemented a 

few meters above the planned roof and pipes are run inside this casing. Water is 

injected through these pipes to dissolve the salt. The resultant brine (the targeted 

solute) is withdrawn, resulting in the underground cavern. The annular space 

between the injection and extraction pipes is filled with an inert fluid (blanket). Since 

the blanket does not react with the salt and the injected fluid, it creates an isolated 

layer along the annulus space and around the cavern roof, preventing them from 

excessive dissolution. Figure 21 sketches the main steps of solution mining. 

 

Figure 21. Sketch of salt cavern opening by solution mining (Evans et al., 2008).  

Based on the works of Durie and Jessen (1964b, 1964a), there are two 

alternatives for the water injection in the formation: direct circulation and reverse 

circulation. Figure 22 illustrates these circulation methods. When the circulation is 

direct, water is injected by the internal pipe and brine is withdrawn by the annular 

space. Once initially the injection pipe is placed close to the planed cavern floor, 

the cavity is likely more spread in the floor than in the roof. In general, a conical 

geometry is expected, with the widest section at the cavity floor. More so, the 

injection pipe can be displaced to adjust the cavity geometry. When the circulation 

is reverse, water is injected through the annulus space and the brine is withdrawn 

by the internal section of the pipe. The disadvantage of this method is that the 

focus of water injection is fixed since it is sited in the annular space and not in the 

pipe. The expected geometry is also conical, but with the widest section at the 

Figure from Evans et al. (2008)
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cavity roof. These circulation methods can be combined for a better shape 

adjustment. Moreover, Simoes (2010) points out that the distance between 

injection and production pipes should be as large as possible in order to brine 

reaches the ideal concentration. The dissolved layer must be thick enough to 

comply with this practice. It is also possible to use more than one well so that water 

injection and brine withdrawal occur in distinct wells. This separation of functions 

between the wells also allows the use of higher temperatures in the injection water, 

what likely accelerates the dissolution. Besides that, depending on the distribution 

of the wells, the cavern shape adjustment may be favored. Lastly, directional and 

horizontal wells for solution mining can be constructed when the cavern host rock 

cannot be accessed by a vertical well or is significantly thin. 

 

Figure 22. Skecth of solution mining technique: direct (a) and reverse (b) circulation (Kazemi and 

Jessen, 1964). 

3.2.6.  
Cavern destination and operation 

 

The destination and the type of operation of the cavern mainly impacts its 

internal pressure, temperature and eventually percolation through the vicinity. 

Besides creep deformation, changes in the cavern geometry may happen in case 

of dissolution. As a consequence, mechanical integrity and tightness problems 

may arise in the short- and/or in the long-term. The purpose of the cavern and the 

type of stored material are also determinant to forecast possible engineering and 

environmental complications. Simplistically, this section has addressed four types 

of destination and operation: mining, hydrocarbon storage, new energy 

applications and waste disposal. 

Figure from Kazemi and Jessen (1964)
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In mining applications, the controlled dismantling of the rock formation is 

necessary for the ore extraction. The face advance of the mine modifes the 

geometry increasing the void spaces; however, it is expected to happen under 

controlled excavation levels keeping the stability of the openings (cavities, room, 

galleries, among others) in such a way that underground catastrophic collapses 

and/or sinkholes at surface are avoided. Considering a solution-mined cavern for 

brine production, analogous safe practices regarding the brine extraction rates and 

the monitorement of the cavern geometry using sonar are needed. Provided that 

the mine is with an adequate hydraulic isolation and far from potentially problematic 

geological regions, the main concern is the evolution of the underground spaces 

regarding the support capacity of the pillars and the overburden rock layers. 

In hydrocarbon storage, the cavern geometry tends not to change 

significantly over time except by shrinkage due to salt creep. On the other hand, 

the internal pressure and the temperature are expected to change periodically. 

Considering underground gas storage, there is often a contingency operation 

scheme. Costa et al. (2012) presents an example of that. During a year, in one 

month the maximum gas storage is achieved, and during this period, the internal 

pressure is raised to the maximum. In other month, the internal pressure is reduced 

to the minimum value and the cavern remain so until the next cycle. Other 

examples of cyclic internal pressures during the cavern operation can be found in 

the works of Xing et al. (2015), Khaledi et al. (2016), Mahmoudi et al. (2017), Wang 

et al. (2018), among others. This periodic reduction in the gas pressure raises 

questions on the cavern integrity. According to Cosenza et al. (2002), during the 

cavern operation, the changes in the internal pressure may trigger dilation. With 

the opening of cracks and fissures, percolation paths for fluids and gases are 

opened (see Section 2.1.2) and dissolution may happen over these paths. 

Chemical reactions may influence the mechanical strength. Regarding (only) the 

temperature effect, Sicsic and Bérest (2014) have mentioned two scenarios in 

which thermal fractures have been observed in wells and gas caverns. According 

to these authors, an intense heating may cause spalling in caverns and an intense 

cooling may generate fractures perpendicular to the cavern wall (see Section 2.2).  

More so, a rapid gas depressurization implies cavern cooling, and therefore 

one has the mechanical, the thermal and the coupled effects of pressure reduction 

together. Sriapai et al. (2012) have carried out experiments in pure halite samples 

subjected to temperatures similar to underground storage caverns for gas or 

compressed air. They have observed that the temperature effect is larger under 
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higher mean stresses and that salt short-term strength decreased as the 

temperature increased. The effect of temperature in the rock strength may be 

intensified in a salt cavern operation considering a number of loading/unloading 

cycles over the lifespan. For reference purposes, usually one observes a stress 

reduction of 1 MPa per ºC. Since salt tensile strength is lower than 2 MPa, a sudden 

salt cooling may trigger tensile cracks and enhance permeability (Cosenza and 

Ghoreychi, 1996). 

In the new energy applications such as CAES, there are similarities with the 

behavior of gas caverns. Many observations made for the thermomechanical 

behavior of salt come from this context – see Section 2.2 and references therein.  

Lastly, in the waste disposal, some of the materials may be high heat-

generating. This is the case of high-level waste (HLW) for instance, that may reach 

temperatures of order of 230ºC (Hansen, 2012; Hansen and Leigh, 2011). In these 

circumstances, the mechanical, hydraulic and chemical response of the salt cavern 

still needs to be more investigated.  On the other hand, still according these 

authors, the previous experience with (isothermal) transuranic waste has 

demonstrated the adequate performance of salt as storage medium. 

3.2.7.  
Cavern abandonment 

 

Once the cavern has reached its operational lifespan or has presented an 

incident that prevents it from continuing to work, it has to be abandoned. The 

cavern abandonment tends to be a little more complex than well abandonment 

because the cavern internal pressure increases over time as consequence of the 

multiphysical processes inherent to the interaction between the brine and the 

cavern walls. Briefly, according to Bérest et al. (1996, 2001), the cavern 

abandonment consists of plugging the access well with cement isolating a large 

bubble of saturated brine (or waste plus brine) inside the cavern. This 

“abandonment” brine inside the cavern is initially at a pressure called in the caverns 

literature “halmostatic” – the brine column height. These abandonment procedure 

has not changed significantly with time – by 2015, Thoraval et al. (2015) has 

presented a similar approach as the most accepted technique. In the “end” of the 

abandonment process, the brine pressure inside the cavern likely reaches an 

equilibrium pressure, between the halmostatic pressure and the geostatic mean 

stress – this equilibrium pressure often tends more to the halmostatic pressure. 

The exceptions are the very deep caverns, caverns with large volumes or heights, 
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salt rocks with very low permeability and with high creep rates. In these cases, the 

equilibrium pressure tends more to the geostatic mean stress. 

This abandonment procedure carries with it the risk of the formation 

undergoing fracture since there is a pressure increase inside the plugged (closed) 

cavern. Tensile stresses are expected at the cavern roof. The brine pressure is 

expected to exceed the geostatic stresses, raising the risk of fracturing upwards. 

The authors above point out that the dynamics of the pressure increase in closed 

caverns is related to: i) the elastic compressibility of the brine-filled cavern; ii) the 

brine heating over time and the corresponding thermal expansion; iii) the brine 

saturation evolution resulting from to the cavern wall dissolution (enlarging the 

cavern); iv) the creep of the host formation (confining the brine); and v) the brine 

percolation throughout the salt formation – salt permeability is very low (from about 

1.0E-21 to 1.0E-17 m²) and a little percolation of brine is expected since a hydraulic 

gradient is maintained by salt creep and brine thermal expansion in a closed 

cavern.  

Regarding the brine heating with time, it happens due to the thermal gradient 

between cold water adopted in the solution mining (and in the abandonment brine) 

and the warmer rock formation. There is a practical rule that states that a 

temperature variation of 1ºC provokes an internal pressure variation of 1 MPa in 

the brine inside the closed cavern. If the abandoned cavern is fractured due to a 

very high internal pressure, excessive brine flow may pollute the overlying aquifers. 

There is also the risk of brine leaks through the well plug since cement degrades 

over time. At the same time, brine percolation has the positive effect of relieving 

the pressure inside the abandoned cavern. Still regarding brine leakage, Thoraval 

et al. (2015) point out that shallow caverns with low permeabilities and creep rates 

exhibit very low leakage rates (several L/year). On the other hand, deep caverns 

with not low permeability and high creep rates exhibit high leakage rates (several 

hundred m³/year). It also depends on the durability of the cement plug and on the 

occurrence of a mechanical failure in the cavern. With respect to salt dissolution, 

Durup et al. (2007) mention that, in general, the abandonment brine is not fully 

saturated when the cavern is closed. Thus, dissolution occurs until brine reaches 

about 100% saturation. It triggers an increase in the cavern volume and reduction 

of internal pressure. If freshwater is injected in the cavern to be abandoned, the 

cavern volume is expected to increase by 15% beyond the water injected volume 

until it becomes saturated. More so, the salt dissolution is endothermal – the rock 

formation absorbs heat, reducing the brine temperature. 
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Still according to Thoraval et al. (2015), if the cavern is sealed right after to 

be filled with brine, the increasing brine pressure due to thermal expansion may 

fracture the salt cavern – this is a key difficult in cavern abandonment. Shallow and 

small caverns reach or come close to the thermal equilibrium temperature faster 

than deep and large caverns. In the latter case, it may need several decades to 

reach the thermal equilibrium. There are some practices recommended to 

minimize these effects that lead to internal pressure increase. Bérest et al. (1996) 

suggest to retard the well plugging to let the salt host formation heats the brine. 

Thus, the subsequent thermal expansion happens while the well is still opened, in 

such a way that the brine has enough space to dilate and eventually flow out of the 

well. A reference brine withdrawal rate is between 1 and 10 m³/day at the beginning 

of the warming process. This value tends to reduce as the thermal equilibrium is 

being reached (Thoraval et al., 2015). This minimizes the pressure increase due 

to confined fluid; however, the problem of this technique is the time required for the 

thermal equilibrium. It may raise legal problems due to the schedule of the operator 

responsible for abandoning the cavern. A second practice is to reduce brine 

pressure inside the cavity (using a pump), letting the cavern shrinks by creep and 

the abandoned space becoming smaller. However, even being efficient for deep 

caverns, a severe pressure reduction may lead to rock integrity problems. The third 

practice is to inject gas in the cavern before plugging to increase its compressibility. 

A fourth practice is mentioned by Durup et al. (2007), and consists of the heating 

the abandonment brine before injecting to anticipate the thermal expansion before 

the confined fluid condition (when the cavern is closed). The main obstacle for this 

practice is the cost. 

Naturally, these abandonment practices must adapt to each field and 

engineering reality, considering the variability in the geomechanical conditions and 

the infrastructure available in each cavern site. Three cases of cavern 

abandonment are presented in the literature (Bérest et al., 2001; Durup et al., 2007; 

van Heekeren et al., 2009).These cases have shown that reaching the brine 

equilibrium pressure – a value between the halmostatic pressure and the geostatic 

mean stress – is of utmost importance; however, it is challenging to monitor the 

changes in this pressure over time since the cavern shrinks by creep and brine 

percolates throughout the host formation.  

Computational simulations play a very important role in cavern abandonment 

predictions. According to Durup et al. (2007), the cavern abandonment dynamics 

casts two coupling relations. The changes in the brine temperature trigger pressure 
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variation, but the opposite does not happen (one-way coupling). This may not be 

the case of natural gas filling the cavern rather than brine. More so, the cavern 

shrinkage by salt creep increases the brine pressure (due to confined fluid effect), 

and the opposite also happens, i.e., the high internal pressure deaccelerates creep 

deformation (analogous effect to the drilling muds in wells crossing salt layers). 

Therefore, it casts a two-way coupling. Similarly, Thoraval et al. (2015)  suggest 

coupled analyses in the contexts of creep and percolation (HM), and brine thermal 

expansion, creep and percolation (THM). The well leakage likely reduces the risk 

of hydrofracturing the cavern wall. Considering the risk of long-term pollution of 

groundwaters, it depends on the cavern geometry and the durability of the cement 

plug. That said, two scenarios should be considered: one assuming brine 

percolation through the rock mass and along the well and other considering also a 

serious damage in the plugs.  

3.3.  
Salt caprock of Pre-salt reservoirs 

 

3.3.1.  
Overview on reservoir compaction and subsidence42 

 

Hydrocarbon production from deep-buried reservoirs casts geomechanical 

threats that result from reservoir compaction such as surface subsidence, faulting, 

and casing collapse (Dusseault et al., 2001b; Zoback, 2010). These consequences 

are expected since hydrocarbon production causes reservoir depletion and 

compaction that, in turn, triggers significant stress changes in the surroundings. 

Doornhof et al. (2006) have presented an assessment on the physics involved in 

reservoir compaction and surface subsidence. Although not always, in most cases 

subsidence results from anthropogenic exploration activities in subsurface that 

impacts the surface (ground). In general lines, the surface subsidence is noticed 

as a bowl which is wider than the reservoir depleted radius that undergoes 

compaction, and tends to be symmetric even if the compacted region is not. While 

reservoir compaction depends substantially on its properties, the subsidence 

response tends to exhibit an average mechanical response of the overburden rock 

formations since the bowl results from the superposition of the mechanical 

response of each subsurface component (above the reservoir). 

                                                
42 Parts of this section were updated for presentation from the article “Mechanical behavior of 
carbonate reservoirs with single karst cavities” written by the author and the first advisor of the thesis 
(Firme et al., 2021) and published in Geomechanics for Energy and the Environment. 
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Initial and straightforward compaction and subsidence estimations for 

particular scenarios such as homogeneous lithology, linear poroelasticity and 

regular reservoir shapes can be obtained using classic analytical solutions 

available in the literature (Geertsma, 1973; Tempone et al., 2010; van Opstal, 

1974). Recent analytical works have enhanced these classical solutions by 

supporting discretized non-regular 3D geometries with elementary pressure 

variations (Muñoz and Roehl, 2017; Quevedo et al., 2015) and plane strain 

overpressured reservoir models (Wangen et al., 2018). In the latter, the model is 

composed by reservoir and overburden, and overpressure is represented by a 

Fourier series. On the other hand, numerical simulations have led to more realistic 

modeling by allowing significant flexibility in terms of heterogeneities, irregular 

geometries, more sophisticated constitutive models and boundary conditions, 

multiphysical coupling, among others (Chin et al., 2000; Firme et al., 2014a; Yin et 

al., 2010). These simulations have reduced the level of uncertainty inherent to 

reservoir geomechanics (Pereira et al., 2016) while required more in-depth 

knowledge and computational resources. 

It is common knowledge that 60% of world’s oil and 40% of world’s natural 

gas are stored in carbonate reservoirs (Montaron, 2008). It is also generally 

accepted that approximately 85% of the carbonate reservoirs are naturally 

fractured (Lamarche et al., 2012) and therefore exhibit complex hydromechanical 

behavior. In addition, carbonate reservoirs have likely experienced karstification at 

different scales, resulting in a heterogeneous porous structure composed by pores, 

fissures, conduits, vugs and caverns (Klimchouk, 2006). Li et al. (2018) point out 

that “carbonate strata are rich in oil and natural gas resources, and are one of the 

riskiest bedrocks for construction of highways, railways, tunnels, and other 

infrastructure”43. From the O&G perspective, the intricate pore structure of 

carbonates plays antagonist roles. Considering the adverse effects, unpredicted 

karstic features such as void spaces and conduits may be catastrophic for the 

integrity of the drilling equipment and the formation surroundings. Many drilling bit 

drops along karstic cavities have been reported (Loucks, 1999). Those features, 

eventually associated to fracture corridors, may also cast a severe or total lost 

circulation zone and promote the communication between injection and production 

wells. In the more critical scenario, hydrocarbon recovery is unfeasible (Akbar et 

al., 2001; Bagni et al., 2020; Lamarche et al., 2012; Loucks, 1999; Rabelo et al., 

2015). On the other hand, karstification has positive effects. According to Cazarin 

                                                
43 Excerpt from page 153 of the work of Li et al. (2018). 
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et al. (2019), karstification is an essential process to generate secondary porosity 

and permeability in carbonate reservoirs and aquifers. Despite the difficulty in 

estimating porosity and permeability over an intricate porous structure, vuggy 

zones often exhibit high permeability (Akbar et al., 2001; Camacho-Velázquez et 

al., 2005). Fractures may also enhance oil recovery (Lamarche et al., 2012), and 

karstic features may act as hydrocarbon storage environments (Loucks, 1999). In 

line with the above, Balsamo et al. (2020) characterize fractured and karstified 

carbonates as “often major aquifers and hydrocarbon reservoirs”44. 

In spite of the study of carbonate rocks is an extensive line of research and 

this thesis is dedicated to salt rocks, a brief introduction to carbonate rocks is 

welcome in the sense of expressing their importance in the O&G engineering 

projects. Carbonate rocks, which constitute reservoirs with large hydrocarbon 

reserves, are generally sealed by salt rocks. That said, these two rock groups are 

of particular relevance in reservoir geomechanics since they are fundamental for 

the Pre-salt O&G system. The basics of the mechanical behavior of carbonate 

rocks in this context has been previously discussed in a dedicated paper (Firme et 

al., 2021) and references therein. Fokker et al. (2018) have presented an 

assessment on subsidence in the Dutch Wadden sea, whose observations can be 

generally extended for similar contexts. These authors have divided the processes 

that originate subsidence into natural and anthropogenic. Among the natural 

causes, their work mention sediment compaction, isostacy and tectonics. By 

anthropogenic causes, they mention hydrocarbon production, solution mining, coal 

mining, gas storage, geothermal activities. This section is dedicated to the 

theoretical basis of salt rocks as caprocks of Pre-salt reservoirs; therefore, the 

focus is on the subsidence due to hydrocarbon exploration. 

3.3.2.  
A brief historic review of subsidence due to hydrocarbon exploration 

 

One of the first records of surface subsidence resulting from exploration 

activities was in the Gosse Creek field (Texas, USA), 1918. An article presented 

by Pratt and Johnson (1926) has reported this case. The producing area of Gosse 

Creek field consists of unconsolidated clays and sands. Excluding other causes 

such as erosion or a sinkhole generation due to subsurface dissolution – although 

it is a salt dome area, the dome is deeper than the producing region –, the 

excessive fluid (oil and water), gas and sand withdrawal from the producing region 

                                                
44 Excerpt from page 1 of the work of Balsamo et al. (2020). 
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has triggered the surface subsidence. The sunken area coincides with the 

production region, where the wells are sited (see Figure 7 of their work). 

Furthermore, the periods of surface sinking and of production coincide. Still 

according to these authors, before 1917 – year when the production started –, no 

sinking (subsidence) was noticed in the region. Another important field in North 

America that has undergone significant surface subsidence is the Wilmington field 

(California, USA). According to Nagel (2001), this field was discovered in 1932 and 

the production started in 1936. The subsidence has been monitored since 1940. In 

1958, the subsidence rate was about 38 cm/year and water injection (to recover 

the reservoir pressure) started. In 1966, the subsidence rate was almost null. The 

total subsidence has reached a value of about nine meters in 1968. 

The North Sea chalk reservoirs are critical scenarios of compaction and 

subsidence. According to Risnes (2001), the North Sea chalk is characterized as 

a granular material with high porosity (sometimes higher than 40%). The basic 

failure mode of high porosity chalks is the shear failure between grains. This mode 

can occur by compression at low confinement stresses, pore collapse at high 

confinement stresses and tensile failure. The pore collapse mechanism may 

happen even if a purely hydrostatic loading applies. Additionally, the chalk strength 

is influenced by porosity, silica content and by the type of fluid in the pores. In this 

context, two widely studied fields have to be commented: Valhall and Ekofisk. Njå 

(2012) has studied the decommissioning of Valhall field due to well integrity 

problems. In this field, the water depth is by 70 meters. The reservoir is composed 

by unconsolidated high porous (weak) chalk (by 2,450 meters deep) and the 

caprock consists of a 1,000 meters-thick soft and weak claystone. It exhibits 

microfractures due to the high pressure of the chalk reservoir below (pressure of 

44.81 MPa and temperature of 93ºC). Oil and gas migration has created a gas 

cloud at 1,350 meters deep. The production in this field has started in 1982, and it 

has reached more than 500 MMbbls. The reservoir underwent severe depletion, 

exhibiting a compaction of more than 10 meters. The seafloor subsidence was of 

about 6.3 meters. For a long time, subsidence rate was of 25 cm/year. These high 

compaction and subsidence displacements have collapsed many wells. After a 

repressurization of Valhall reservoir, the subsidence rate reduced to 12 cm/year. 

Furthermore, Larsen (2007) has analyzed a number of aspects of Ekofisk field with 

focus on gas in overburden. The reservoir is also chalk. As a reference, the initial 

pressure and temperature were of 49.2 MPa and 131ºC considering an elevation 

of 3,170 meters. Still according to this author, the field was discovered in 1969 and 
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production has stared in 1971. Gas injection to attenuate reservoir depletion 

started in 1975. In 1984, a significant level of subsidence was observed, and a 

more focused subsidence bowl monitoring has started since then (Rentsch and 

Mes, 1988). Water injection to recover reservoir pressure started in 1986/7; 

however, it failed in the objective of controlling compaction and subsidence. A 

water weakening effect occurred in chalk reservoir, allowing compaction and 

subsidence to continue despite reservoir pressure recovery (Sylte et al., 1999). 

The maximum seafloor subsidence was about 8.5 meters, and subsidence rate 

was about 10-15 cm/year by 2007 (Larsen, 2007). Close to this field, the West 

Ekofisk has similarities in terms of materials and field conditions. It underwent a 

reservoir depletion of 41 MPa between 1977 and 1998, and a subsidence over 3.5 

meters was noticed (Nagel, 2001). Still in the context of the chalk reservoirs of 

North Sea, Eiksund et al. (1995) have studied the impact of reservoir creep (during 

compaction) on subsidence of Ekofisk. Chalk creep has been analyzed considering 

a strain-hardening model originally developed for soft soils. It has been observed 

that the material depends strongly on the initial porosity – what is generally the 

case of chalks and carbonates. The authors have concluded that, although chalk 

creep had a contribution to the reservoir compaction, this contribution alone was 

not sufficiently high to justify the amount of subsidence experienced in the field by 

1984/5. Subsidence can be reduced by recovering reservoir pressure; however, 

there will still be a contribution from reservoir creep. 

The subsidence values of these North Sea fields, despite being large, have 

only affected exploration structures. The implications of that on the structure 

integrity and serviceability could be mitigated despite the costs involved. However, 

depending on the context, significantly lower subsistence levels can have serious 

engineering and safety consequences. This is the case of the Netherlands for 

instance, where subsidence values of order of centimeters can structurally affect 

the dikes in the regions below the sea level, constituting a serious threat to the 

surrounding inhabited regions (Nagel, 2001). In this context, one mentions the 

Groningen onshore field, which largest gas field in Europe and one of the largest 

in the world. According to van Thienen-Visser et al. (2015), the production has 

started in 1963 and has been projected to continue (at first) by 2080. The reservoir 

is the Rotliegend sandstone. It is at burial depths of 2,600 and 3,200 meters, and 

exhibit thicknesses between 100 and 300 meters and porosities from 0.12 to 0.22. 

The pressure in the reservoir was reduced from 35 MPa to 10 MPa due to 

production between 1963 and 2012. The Rotliegend sandstone is overlain by a salt 
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caprock with variable thickness (Zechstein formation), representing a highly non-

homogenous overburden. The center subsidence was of 35 cm in 2015 (Waal et 

al., 2015) and the predicted value in 2080 is by 60 cm (van Thienen-Visser et al., 

2015b). Although these subsidence values are much lower than those of North Sea 

fields such as Valhall and Ekofisk, there is a major concern in terms of the structural 

damage in constructions which are close to the sea level. In addition to that, 

seismic events (earthquakes) have been noticed since when subsidence 

accelerates. As Verdoes and Boin (2021) point out,  

“in the northern part of the Netherlands, earthquakes never occurred – until recently. 

In December 1986, an earthquake struck the Drenthe province, near a gas extraction 

site. (…) the number of earthquakes really accelerated in the Groningen province, 

where (…) gas has been extracted since 2000. At the time of writing, in late 2020, 

over 1700 small earthquakes have been registered in the northern provinces of the 

Netherlands.”45  

Among these events, Waal et al. (2015) mention the case of Huizinge village, 

where an earthquake with a magnitude of 3.6 occurred in 2012, damaging 

constructions and making the inhabitants insecure to continue living there. van 

Wees et al. (2018) have analyzed relation between the reservoir creep 

(compaction) and the induced seismic events in Groningen field. The time-

dependent hydrocarbon reservoir compaction is a well-known phenomenon. Its 

contribution to compaction can be of same magnitude of the elastic contribution, 

both in clastic and shale reservoirs. The reservoir creep is expected to be by 10% 

of the time-dependent compaction after the production ends, in addition to the 

contribution of the overburden and the sideburden. It is expected to reduce the 

seismic events in a more gradual way after the production ends. The challenge still 

in open is to adequately identify the creep mechanisms that govern Groningen 

reservoir. Given the impact of earthquakes, a significant reduction in production 

(80%) was applied to the central area of the field in January 2014. It was observed 

that when the production has reduced, there was a massive reduction in the 

seismic events. Even so, a lower earthquake (magnitude of 3.4) occurred in Zeerijp 

city (also in the Groningen region) in 2018 and, in the light of the previous events 

and the possible future ones, the gas production has been suspended in the region 

(Verdoes and Boin, 2021). Another Dutch field to be analyzed is the Ameland gas 

field. This is the first gas sited in the Wadden Sea area, North Netherlands. The 

gas production has started in 1986 and lasted by 25 years (van Thienen-Visser et 

                                                
45 Excerpt from page 150 of the work of Verdoes and Boin (2021). 
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al., 2015a). According to these authors, the subsidence reached 35 cm in 2011 

and a prediction for 2050 would be of 42 cm. The reservoir is the Rotliegend 

sandstone, overlain by Zechstein salt. Marketos et al. (2015b) have presented an 

assessment on the long-term subsidence of this field. These authors point out that 

a large number of natural gas fields in the Netherlands are overlain by thick salt 

layers (such as Groningen field). The production has stopped almost completely 

by 2000, but subsidence has still evolved. As a differential in relation to standard 

approaches, salt caprock creep has been investigated as a possible reason for the 

continued subsidence. Among other findings (to be addressed in the next section), 

they have observed that the caprock creep can enhance the subsidence calculated 

using elastic approaches by over 50%. 

From the above cases (as well as in the case of salt caverns), it is observed 

that studying subsidence as a consequence of depleted hydrocarbon fields is of 

strategic importance in related engineering projects. The reservoir and/or caprock 

creep is discreetly considered as an influencing factor in compaction and 

subsidence. Although the damage to constructions and populations may vary from 

case to case, rock damage resulting from a not stood subsidence may generate 

sinkholes or create significant discontinuities (eventually allowing polluting fluid 

leakage), which may be catastrophic. Once the reader is introduced to the general 

subsidence problem, the next section addresses the contribution of salt creep to 

the mechanical response of the overburden and therefore to the subsidence. 

3.3.3.  
The influence of salt caprock creep on subsidence 

 

To analyze the role that salt creep plays on subsidence, an important concept 

in subsidence resulting from reservoir depletion is introduced: the “subsidence-

depletion delay” effect (hereinafter “subsidence delay”) (Hettema et al., 2002). It 

consists of the time interval between the beginning of reservoir depletion and the 

beginning of relevant subsidence in the surface. Graphically, the subsidence delay 

is measured by means of a linear extrapolation of the subsidence curve interval 

when a near-linear behavior is observed (Figure 23).  

The subsidence delay has been observed a number of depleted fields, such 

as Lacq gas field (carbonate reservoir, France), Groningen and Ameland gas fields 

(sandstone reservoirs, Netherlands), Bachaquero and Tia Juana heavy oil fields 

(uncemented sandstone reservoirs, Venezuela), Valhall and Ekofisk oil fields 

(chalk reservoirs, Norway), and Troll East gas field (poorly cemented sandstone 
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reservoir, Norway). As a reference, the time delays are of the order 0.70 and 10 

MPa in depletion or 1.6 to 13 years. 

 

Figure 23. Schematic illustration of the subsidence delay (Hettema et al., 2002). 

According to these authors, the subsidence delay can be caused by pressure 

diffusion, overburden inertia, reservoir compaction mechanisms and surroundings 

deformation. The pressure diffusion has found to be of little relevance although it 

always present. The same has been observed for the overburden inertia in most 

reservoirs a few minutes after depletion starts. On the other hand, the reservoir 

compaction mechanisms have a greater impact on the subsidence delay. The four 

mechanisms analyzed by the authors are the natural overcompaction, reservoir 

creep, loading rate effect and elastic-plastic transition. The natural overcompaction 

is more relevant in causing subsidence delay in shallow reservoirs. The reservoir 

creep is a possible mechanism to cause the subsidence delay, although creep (of 

the reservoir analogue material) seems to have a greater influence on the 

deformability of the samples in laboratory tests than what is expected in the 

reservoir. The loading rate effect refers to the ratio between the geological and the 

reservoir depletion loading rates. Since the depletion rates are significantly higher 

than the geological rates, the subsidence delay can be a consequence. The 

elastic-plastic transition can occur if reservoir undergoes plastic deformation during 

the depletion period. In this case, compaction and subsidence rates increase and 

it is reflected as a subsidence delay. Lastly, the surroundings deformation is 

influenced by the reservoir geometry and depletion, eventually in a nonlinear way. 

This source of subsidence delay demands a comprehensive geomechanical 

analysis, since it can be affected by compaction-induced deformations, stress 

Figure from Hettema et al. (2002)
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paths, nonuniformities in depletion, creep, among others. Otherwise, these effects 

cannot be adequately considered. In summary, based on the above study, rock 

creep – either in reservoir or in overburden layers – is indicated as possible 

mechanism responsible for subsidence delay. 

In a past work, Firme et al. (2014a) have presented a comparative numerical 

study of constitutive models to simulate reservoir compaction and surface 

subsidence, where all the rock layers (reservoir, overburden, sideburden and 

underburden) have been simulated using linear-elastic, Mohr-Coulomb and 

Modified Cam-Clay constitutive models. A conceptual geomechanical model 

representative of a North Sea-like field has been considered. When the Modified 

Cam-Clay model was adopted, a shear-enhanced compaction mechanism 

triggered plastic deformations in the reservoir during depletion. It reflected on the 

compaction and subsidence results by a meaningful increase in the displacement 

rates, as shown in Figure 24 (a). This is an illustrative example of a subsidence 

delay caused by the elastic-plastic transition mentioned above.  

Considering the giant gas fields in the world, about 62% of the caprocks are 

shales and 38% are evaporites (Grunau, 1981). In oil fields, these numbers are 

expected not to vary much. Both of these caprocks exhibit creep behavior; 

however, to the author’s best knowledge, just a few works analyzing the salt 

caprock creep in the context of reservoir geomechanics are available in the 

literature – apart from well, cavern or dome simulations. 

 

Figure 24. Subsidence in the center of the depleted radius in function of reservoir depletion. 

Representation of the subsidence delay due to elastic-plastic transition (a) and salt caprock creep 

(b). Adapted from Firme et al. (2014a) and Firme et al. (2021). 
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In the context of the gas fields in the Netherlands, Marketos et al. (2016a, 

2016b, 2015a, 2015c, 2015b) have presented a series of studies about the 

combined effect of reservoir depletion and salt caprock creep on subsidence. Salt 

creep has been simulated using a viscoelastic model (Maxwell material) and using 

a power law/Arrhenius creep model analogous to the DM model (see Section 

2.1.1.2). Their main conclusions are: i) the salt caprock creep can enhance the 

subsidence calculated using elastic approaches by over 50%; ii) the time-

dependent subsidence can be divided into two mechanisms. The first is called 

“shear stress-driven flow” and consists of a rapid and significant subsidence 

contribution (increase) beyond the elastic response, and the second is called 

“pressure-driven flow”, which is a slow decrease in subsidence over time – 

therefore, the subsidence bowl is initially deep and narrow and with time becomes 

shallower and wider; iii) the time-dependent subsidence is not proportional to the 

content withdrawn from the reservoir; and iv) the salt steady-state creep governs 

the caprock response – the transient creep has little effect on subsidence results; 

however, there is still the challenge of choosing the adequate creep constitutive 

model and parameters. 

In Brazil, Amaral et al. (2017) have analyzed the impact of injecting cold 

water (at 29ºC) for hydrocarbon recovery in a carbonate reservoir during 16 years. 

In this scenario, caprocks are mainly evaporites (salt). Considering the Pre-salt 

scenario, salt is the caprock. Salt creep has been simulated using the Mohr-

Coulomb model with a low cohesion value and a null friction angle. These authors 

have observed that the reservoir underwent compaction despite being subjected 

to water injection. The horizontal stresses have decreased significantly in the 

carbonate reservoir while no significant changes have been observed in the salt 

formation. Since the salt caprock integrity has been kept, it seems that thermal 

stresses have been alleviated by creep. Recently, Firme et al. (2021) have shown 

an study on the mechanical behavior of carbonate reservoirs with a centered 

karstic cavity. A conceptual Brazilian Pre-salt lithology has been considered. 

Although the focus of the study is the mechanical response of the carbonate in 

terms of compaction, subsidence and stress paths, salt caprock creep has been 

considered using the DM model, that simulates the steady-state creep rate. The 

results have shown that salt creep adds a subtle nonlinearity in the subsidence, 

and the values are slightly higher than those considering only elasticity. For the 

conditions considered in the work, the creep contribution for subsidence was of 
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small magnitude. This context illustrates a subsidence delay due to surroundings 

deformation – salt caprock creep in particular, Figure 24 (b). 

Lastly, an up-to-date topic in worldwide hydrocarbon plays is CCS. In this 

particular context, one mentions the strategic injection of CO2 in depleted 

reservoirs to reduce (and ideally to eliminate) carbon emissions. To this end, 

ensuring the caprock integrity is essential to reduce risks of fluid migration to 

overlying formations (Li and Laloui, 2017). Reinjecting CO2 at high flow rates 

promotes reservoir overpressurization and, therefore, reduction in the effective 

stresses. The stress state perturbation can induce seismic effects and fault 

reactivation (just like hydrocarbon production and solution mining, both previously 

discussed). The reservoir deformation and the surface or seafloor uplift triggered 

by the CO2 injection are mechanical responses that should be assessed (Li et al., 

2015). More so, since CO2 is handled on the surface and injected in a supercritical 

state, significant cooling occurs around the injection well in reaction to the new 

conditions of temperature and pressure in the reservoir depth (Joule-Thompson 

effect). This effect can generate cooling of over 20ºC in the rock formation around 

the injection well (Oldenburg, 2007), inducing tensile thermal stresses. A stratified 

overburden can be beneficial to hydraulic isolation by casting several flow barriers 

between reservoir and surface (Rutqvist, 2012). In these circumstances, 

comprehensive analyses to check the caprock integrity in order to predict and avoid 

CO2 leakage are of utmost importance. Regarding the salt caprock, special 

attention has to be paid to the creep behavior due to cooling since the latter may 

be more relevant than the poroelastic/poroelastoplastic effect (Amaral et al., 2017) 

and thermal (tensile) fractures have already been noticed in salt caverns subjected 

to severe temperature drops due to rapid depressurization (Bérest et al., 2016, 

2014; Sicsic and Bérest, 2014). 

3.4.  
Relevance of the strategic engineering projects in the Brazilian 
context 

 

The previous sections have presented a survey of the state of the art in three 

important groups of strategic engineering projects involving salt rocks: geological 

barriers, caverns and caprocks. Here, the reasons why the author believes that 

these projects are of particular relevance to the Brazilian context are presented. 

Considering that Brazil has a large number of wells to be abandoned in the 

near future and the abundance of salt rock formations in the Pre-salt fields, there 
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is a context that naturally encourages the use of geological barriers formed by salt 

creep. As mentioned before, the NORSOK D-010 and IBP’s guide (IBP, 2017) 

mention the use a creeping formation (such as shale or salt) to seal the annulus 

space between the formation and the casing as long as it exhibits creep behavior 

to close the annulus space forming (at least) 30 meter-length natural plugs and 

meets the integrity and tightness conditions expected from a WBE. P&A 

procedures for Brazilian offshore wells are more aligned with the characteristics of 

North Sea wells, although Brazilian Pre-salt water depths are often greater (about 

2,000 meters deep). The properties such as creep deformation and essentially null 

permeability generally observed in the salt layers that overlain the Pre-salt 

reservoirs are useful to form geological barriers and isolate hydraulically wells in 

the terms mentioned by NORSOK in its immediate context in relation to shales. 

This is considered an innovative alternative for P&A by the Brazilian industry as 

long as the same requirements as a cement WBE are also met by the salt rock 

barrier46. The past experience in integrity and stability analyses of Pre-salt wells 

supports the expectation that Brazilian salt would be able to meet these 

requirements, in addition to possibly being able to close completely the well section 

(not only the annulus space). This latter alternative depends on removing the 

casing, what adds technical challenges although it would ensure a rock-to-rock 

sealing, not affected by material heterogeneities. 

Furthermore, salt caverns are strategic applications for Brazil for 

environmental and economic reasons. Nowadays, there is the trend towards zero 

emissions of carbon and greenhouse gases in the near future (Evans et al., 2021) 

and therefore investing on CCS is a need for the industry. The production of the 

Brazilian Pre-salt reservoirs often deals with high gas-oil ratio (GOR) 

hydrocarbons. Taking Libra field reservoirs as an example, the initial GOR is about 

440 Sm³/Sm³, and 44% of the associated gas is carbon dioxide (CO2) (Anjos et al., 

2019). For environmental reasons, the CO2 should be stored rather than released 

into the atmosphere. To this end, using CO2 reinjection methods in depleted 

carbonate reservoirs would be an alternative that extends field production and 

promotes CO2 safe storage. Nevertheless, the Pre-salt carbonates are often 

naturally fractured and often exhibit vugs and karsts (see Section 3.3.1). The 

carbonate reactivity to CO2 and its complex pore structure make it a challenging 

medium for CO2 storage. On the other hand, the Pre-salt reservoirs are overlain by 

thick salt formations whose properties have proven to be adequate to create tight 

                                                
46 See the context of notes 27 and 28. 
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media for strategic storage. Salt caverns for decarbonization purposes are already 

cited in the international literature as a means of contributing to this goal (Evans et 

al., 2021). The Brazilian industry should be encouraged in this sense considering 

the abundance of salt formations in the country (onshore and offshore).  

In parallel, a current issue is Brazil’s need for fertilizers. The potash, one of 

the main raw materials for fertilizers in agriculture, is obtained from sylvinite, which 

is a salt rock composed of halite (NaCl) and sylvite (KCl) minerals. Brazil has never 

been self-sufficient in the potash production and all of its domestic production 

comes from the Taquari-Vassouras mine, in the state of Sergipe. According to 

Farias et al. (2021), Brazil is the fourth largest fertilizer consumer in the world is 

currently the largest potash importer. In 2019, 80% of the potash consumed in the 

country was imported. The main suppliers are Canada, Russia and Belarus. The 

recent events related to the Russo-Ukrainian War (since February 2022) have 

showed a little more Brazil’s fragility in relation to potash by the risk of the fertilizer 

supply from abroad being interrupted or reduced. Considering not only the existing 

Taquari-Vassouras mine but also the projects to be implemented in the future 

(Carnallite and Autazes projects), advances in salt computational geomechanics 

applied to the mining area are a strategic need. As a legacy, the salt mining 

caverns could be reused for strategic hydrocarbon storage, energy or 

decarbonization purposes after being decommissioned for mining. 

Finally, there is still a gap in the subsidence analyses with regards to the salt 

caprock creep contribution in the reservoir geomechanics applied to the Brazilian 

Pre-salt fields. The effect of that in the subsidence delay may be being overlooked 

and structural problems arising from unforeseen subsidence values may occur. 

Just like the need for well P&A, Brazil has a number of fields to be abandoned and 

the Pre-salt fields will have to be abandoned in the future. Thus, adequate 

predictions of the seafloor subsidence evolution in offshore fields are of utmost 

importance for environmentally safe decommissioning. Also for an environmental 

reason, analyzing the salt caprock behavior is a strategic application for Brazil 

having in mind the trend for decarbonization in the near future (Evans et al., 2021), 

that demands research efforts on CCS. Although there is some criticism regarding 

the CO2 injection in depleted Pre-salt reservoirs due to the complex pore/fracture 

network of carbonate reservoirs, this is still an alternative to the salt caverns, and 

has the advantage of the reservoirs would be already available while the caverns 

would have yet to be solution-mined. Rutqvist (2012) has indicated as beneficial a 

stratified overburden in casting flow barriers that would oppose to eventual CO2 
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leakage. This is generally the case in Brazilian fields. Santos basin for instance is 

typically overlain by more than 2,000 meters of stratified evaporites (Mohriak and 

Leroy, 2012), besides the layers above them. Among other challenges, 

understanding how the salt caprock responds mechanically and 

thermomechanically to the reservoir pressure variations and more specifically to 

the cooling caused by the Joule-Thompson effect due to the CO2 injection is 

essential to verify the safety ensured by the caprock to the CO2 stored below it. 

In the light of the above, this thesis adds value to the research and industry 

communities by making use of computational geomechanics by means of an in-

house and flexible framework for numerical simulations to analyze part of these 

Brazilian up-to-date salt-related strategic engineering projects. 
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4  
Validation and reference examples 

This chapter revisits a number of validation and reference examples available in 

the literature which have been tested by the author in the verification of salt creep 

implementations and analyses since his introduction to the salt geomechanics 

research (Firme, 2013) and subsequent work. The examples in this section include 

numerical simulations of triaxial creep tests, a hydrostatic compaction test, mining 

convergence measurements and Pre-salt well closure scenarios. The main 

purpose is to verify the results obtained using GeMA having experimental data 

and/or past simulations using other finite element codes as referential. 

4.1.  
Triaxial creep tests 

 

4.1.1.  
Brazilian halite 

 

The first group of simulations is the triaxial creep tests to analyze the time-

dependent mechanical behavior of the Brazilian halite. These tests have been part 

of an extensive experimental program in the context of the exploration of the 

Brazilian Pre-salt fields. Halite samples formerly from Taquari-Vassouras potash 

mine and posteriorly from Muribeca formation have been tested (Costa et al., 2005; 

Poiate Jr., 2012; Poiate Jr. et al., 2006). For the sake of simplicity, this thesis refers 

to these materials as “Brazilian” halite. Information and results of four single-stage 

experimental tests carried out in Brazilian halite samples have been compiled from 

the works above. Table 14 summarizes the test specifications.  

Table 14. Specifications of the triaxial creep tests carried out in Brazilian halite (Costa et al., 2005; 

Poiate Jr., 2012; Poiate Jr. et al., 2006). Identifications (A-D) attributed by the author of the thesis. 

Test Deviatoric stress (𝜎𝑑, MPa) Duration (h) 

A 10 1,600 

B 14 1,000 

C 16-18 2,200 

D 20 620 
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Numerical simulations have been carried out to reproduce the tests as much 

as possible. The simulations are mechanical and the salt creep behavior is 

predicted adopting the methodology described in the Section 2.1.1.5. The 

information about the numerical model given by that section also applies. This 

procedure is adopted for the four creep constitutive models introduced in Section 

2.1.1 (PL, DM, MD, and EDMT) since all of them have been calibrated for the 

Brazilian halite or have compatible data available. The Brazilian halite properties 

are summarized in Section 2.5.3. The simulations A, B and D directly correspond 

to the deviatoric stresses adopted in the laboratory. In test C, the deviatoric stress 

varied linearly from 16 to 18 MPa over 2,200 hours. The simulations consider this 

effect in three ways: simulation C1 assumes the initial deviatoric value of 16 MPa 

applies throughout the test duration; simulation C2 assumes that an average 

deviatoric stress of 17 MPa applies throughout the test duration; and simulation C3 

applies the linear variation in the deviatoric stresses over time. Moreover, all the 

tests have been carried out at a temperature of 86ºC and at a confinement stress 

of 10 MPa. In the end, the axial strain curves produced by the numerical 

simulations are compared with the corresponding experimental curves. 

With the exception of the recently included test D, these simulations have 

already been carried out in previous creep model validation efforts by the author 

using the commercial finite element code AbaqusTM and the in-house THM finite 

element simulator GeoFlux3D (Quevedo et al., 2019; Quevedo, 2012). These past 

simulations are presented elsewhere (Firme et al., 2018a, 2017, 2016b, 2014b). In 

this thesis, GeMA has been adopted to perform the simulations. Figure 25 presents 

the experimental and the numerical results (empty circles and solid lines 

respectively). The corresponding results using AbaqusTM are also plotted as 

reference (solid dots). Each graph corresponds to one creep constitutive model.  

Observing the results using the PL model, Figure 25 (a), the curves have 

fitted relatively well in most of the experimental results up to 100 hours, but 

deviated after that time, becoming nearly horizontal. This is expected since the 

power law often produces fairly good results for transient creep but creep rates 

tend to become null with time, not predicting adequately the steady-steady creep. 

The subtle differences between GeMA and AbaqusTM results are due to the 

peculiarities of each time integration algorithm – in the case of the power law, small 

differences in the time variation may take large proportions because they are raised 

to a power of 3. 
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Figure 25. Results of triaxial creep tests carried out in Brazilian halite. Simulations considering PL 

(a), DM (b), MD (c) and EDMT (d) creep constitutive models. 
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From the results adopting the DM model, Figure 25 (b), good calculations of 

steady-state creep rate (the curve inclination) are noticed in the simulations of tests 

A and B. The curves of simulations C1 (𝜎𝑑 = 16 MPa) and C2 (𝜎𝑑 = 17 MPa) have 

deviated slightly from the experimental curve of the test C. The average creep rate 

observed in laboratory is between these curves. The curve of simulation C3 (16 ≤ 

𝜎𝑑 ≤ 18 MPa) has roughly fitted part of the experimental data. Regarding the 

simulation of test D, the DM model has calculated a creep rate that approximates 

the average curve rate up to 500 hours, from when accelerative creep starts. 

Observing the results obtained with DM model in general, the curves do not match 

the experimental ones since the formers do not consider the transient creep (there 

is no curvature in the initial times); however, they do approximate the inclination of 

the experimental curves.  

Analyzing the results adopting the MD model, Figure 25 (c), the transient and 

the steady-state creep are modelled as shown in the curvature in the initial period 

followed by a linear trend as time evolves. Very good approximations are observed 

for test A and B. Regarding test C, the simulation C2 has also shown a very good 

agreement with experimental data up to about 1,800 hours. The simulation C3 has 

represented the curvature and provided lower results than the experimental ones. 

The simulation C1 has underestimated the steady-state creep rate observed in the 

laboratory. The same has been observed in simulation D. The generally good 

results obtained with the MD model are expected since the material sensitive 

parameters have been calibrated for the Brazilian halite using experimental results 

that, for the most part, corresponded to this stress interval (Firme et al., 2016b).  

Lastly, observing the results using the EDMT model, Figure 25 (d), the 

transient and the steady-state creep have also been modelled. The numerical 

curves of tests A and B have presented an excellent adjustment to the 

experimental curves. With respect to test C, simulation C1 has slightly 

underestimated the experimental curve and simulation C2 has overestimated it. 

The simulation C3 has represented the curvature and provided results close to the 

experimental ones up to about 600 hours. Finally, the simulation of test D has 

shown a good approximation of the corresponding laboratory test.  

As general observations, one mentions: i) even the results using DM, MD 

and EDMT models that have deviated from the experimental results remained 

within the same order of magnitude; ii) the differences among the results of 

simulations C1, C2 and C3 using the three constitutive models above are subtle 
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and reflect the specificities of each model regarding the parameters and the creep 

phases supported; iii) the stress interval comprised by these simulations (C1-C3) 

cast an equivalent behavior of the salt in test C; and iv) it seems that the deviatoric 

stress varying with time (and eventually other experimental circumstances) has 

influenced the mechanical behavior of the salt sample in a way which is not being 

considered in the numerical simulations.  

In the light of the results, the MD and the EDMT creep constitutive models 

have stood out for their accuracy in simulating the transient and the steady-state 

creep phases. As pointed out in Section 2.1.1.4, using the EDMT model for the 

Brazilian halite – the material which is the object of study of the thesis –, is 

preferable since the calibrated data for the DM model (which is adopted in the 

steady-state creep phase of the EDMT model) have proven to be fairly reliable and 

the addition of the transient function for the calculation of the transient creep has 

proven to be effective. 

4.1.2.  
Gulf of Mexico halite 

 

The next group of simulations is the triaxial creep tests to analyze the time-

dependent mechanical behavior of the salt from onshore formations of Gulf of 

Mexico. These tests have been part of an extensive experimental program in the 

context of the SPR (see Section 3.2.2) (Munson, 1999). Halites from Gulf of Mexico 

often present high purity levels (Fredrich et al., 2007) and lower mobility than 

typical Brazilian halites. Among the published experimental data, tests carried out 

in the West Hackberry and Big Hill salts have been selected by the author due to 

their similarity with the Brazilian halite in terms of creep behavior (see Figure 5.28 

from Poiate Jr. (2012)). More so, these tests allow to analyze the salt creep 

behavior at room and high temperatures, moderate deviatoric stresses and the 

effect of changes in temperature and deviatoric stress during the test. 

In a previous work, these results have been adopted as validation references 

for the implementation of the MD model in a subroutine to be run in AbaqusTM 

(Firme et al., 2016b). In this thesis, the MD model has been implemented in GeMA 

and these triaxial creep test examples are revisited to validate the code. The 

numerical models are similar to that presented Section 2.1.1.5; however, the 

samples are 20 cm high by 10 cm in diameter (Wawersik et al., 1980). Considering 

the axisymmetry and the symmetry at the half of the sample, the numerical models 

have 10 cm high by 5 cm in radius. The axisymmetric finite element model has 253 
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nodes and 72 8-node quadratic elements with reduced integration. The properties 

adopted for West Hackberry and Big Hill salts are given by Munson (1999) – they 

are not listed here for the sake of brevity. The test specifications, numerical results 

and discussions of each salt are presented in the sections below. 

4.1.2.1.  
West Hackberry 

 

Four laboratory tests carried out in West Hackberry salt have been selected 

as reference for the numerical simulations. In these tests, the deviatoric stresses 

were all around 20 MPa. Table 15 summarizes the test specifications. Therefore, 

this variable has been fixed and only the effect of the temperature in the creep 

behavior has been analysed. Hence, two numerical simulations are performed: 

simulation WH01-03 considers a room temperature (22ºC) and simulation W02-04 

considers a relatively high temperature (80ºC). The numerical simulations are 

mechanical and the workflow is the same of that introduced in Section 2.1.1.5.  

Table 15. Specifications of triaxial creep tests carried out in West Hackberry salt (Munson, 1999). 

Test Deviatoric stress (𝜎𝑑, MPa) Temperature (ºC) Duration (h) 

WH01 20.4 22 475 

WH02 20.0 80 263 

WH03 20.0 22 262 

WH04 19.9 80 72 

 

Figure 26 presents the experimental and the numerical results (empty circles 

and solid lines respectively). The corresponding results obtained using AbaqusTM 

(solid dots) from the author and the fitting curves (dashed lines) calculated by 

Munson (1999) are also plotted as reference. An excellent agreement between the 

experimental and the numerical results using the MD model has been observed. It 

not only validates the implementation of MD model in GeMA, but also highlights a 

good adjustment of this constitutive model to a room and to a relatively high 

temperature. Furthermore, from the results, the transient creep has proven to be 

relevant and the temperature has played an important role in the mechanical 

response. By 320 hours of test, the axial strain of the sample at 80ºC is by five 

times the value of the sample at 22º.  
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Figure 26. Results of triaxial creep tests carried out in West Hackberry salt.  

4.1.2.2.  
Big Hill 

 

A multistage test carried out in Big Hill salt has also been considered. In this 

test, there are four stages during which the deviatoric stress and the temperature 

vary. The variation in the deviatoric stresses is very subtle in the first three stages 

(from 14.9 to 15.1 MPa) and more sigificant in the last (from 15.1 to 17.9 MPa). 

With respect to temperature, the initial value is 60ºC. Then, temperature increases 

of 20ºC in the end of the first stage and decreases of 20ºC in the end of the second 

stage. From the third stage on, the temperature remains constant. Table 16 

summarizes the test specifications.   

Table 16. Specifications of the multi-stage triaxial creep test carried out in Big Hill salt (BH01). 

Stage Deviatoric stress (𝜎𝑑, MPa) Temperature (ºC) Duration (h) 

1 14.9 60 370 

2 15.0 80 70 

3 15.1 60 934 

4 17.9 60 243 

 

The numerical simulation is mechanical and the thermal expansion or 

contraction is considered when there is a temperature variation in the model. Note 

that this simulation does not represent a full thermomechanical coupling since 

temperature variation is homogenous, applied to all the nodes of the mesh (there 

H
o

ri
z
. 
d

is
p

. 
=

 0

Symmetry 

axis
Vert. disp. = 0

5 cm

1
0

 c
m

Single stage

Tini

T = 80ºC

T = 22ºC

Experimental data 

from Munson (1999)

GeMA
Abaqus

DBD
PUC-Rio - Certificação Digital Nº 1712785/CA



131 
 

is no thermal conduction). Moreover, the temperature changes are also accounted 

for in the equations of the MD model (see Section 2.1.1.3). Each test stage follows 

the workflow presented in Section 2.1.1.5). 

Figure 27 (a) shows the evolution of the deviatoric stress, temperature (as 

indicated in Table 16) and thermal strain caused by warming and cooling the 

sample over time. In addition, Figure 27 (b) shows the experimental and numerical 

results (empty circles and solid lines respectively). Just like the previous example, 

the corresponding results obtained using AbaqusTM (solid dots) from the author 

and the fitting curves (dashed lines) calculated by Munson (1999) are also plotted 

as reference. A very good agreement between the experimental and the numerical 

curves using the MD model have been observed almost up to the end of the third 

stage. After that, both the numerical curves and the curve fitted by Munson (1999) 

sublty understimate the axial strains.  

 

Figure 27. Results of a multistage triaxial creep test carried out in Big Hill salt. 

To better analyze the effect of the temperature changes in the mechanical 

response of the sample, an additional analysis considering only the effect of the 

temperature change in the creep model and neglecting the instantaneous thermal 

expansion/contraction of the sample has been performed – this simulation is 
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indicated by “No TS”. The comparison between the results is shown in Figure 28. 

It can be observed that the instantaneous thermal strains are of small magnitude 

and are fully recovered when the initial temperature of the sample is restored (see 

the thermal strains before 370 hours and after 440 hours) – this is conceptually 

expected considering the thermoelasticity. The sample expansion and contraction 

due to warming and cooling are also indicated. When analyzing the complete creep 

curve, the results including or not the thermal strains are almost the same (provided 

that the temperature changes are considered in the creep constitutive model). 

 

Figure 28. Results of a multistage triaxial creep test carried out in Big Hill salt – thermal strain 

contribution. 

4.2.  
Hydrostatic compaction test 

 

A hydrostatic compaction test from the literature carried out in a Rothbach 

sandstone sample (from Eastern France) has been simulated to check the 

implementation of the hydromechanical correlations from Section 2.3 in the finite 

element workflow adopted in GeMA. Although this application does not involve salt, 

the correlations to be checked are adopted in the thesis to analyze the 

repercussion of the mechanical/thermomechanical response on the hydraulic 

behavior of salt (the TM+H approach, see Section 2.5.1). 

To this end, a numerical model similar to that presented Section 2.1.1.5 is 

adopted. In this case, the samples are 38.1 mm high by 18.4 mm in diameter 

(David et al., 2001). Taking advantage of the axisymmetry and the symmetry at the 
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half of the sample, the numerical models have 19.05 mm high by 9.2 mm in radius. 

The axisymmetric finite element model has 253 nodes and 72 8-node quadratic 

elements with reduced integration. Typical sandstone elastic properties are 

adopted (see Section 2.5.3). Those authors present experimental results which are 

adopted as validation reference for the numerical solutions obtained with GeMA. 

As an additional check, the changes in permeability caused by the changes in 

mean effective stress and porosity are directly calculated (apart from the code) 

considering mean stresses and volumetric strains known in advance. 

Regarding the simulation workflow, a hydrostatic compression is applied to 

the numerical model in order to simulate the mean effective stress changes in the 

interval where the hydromechanical correlations are defined. For each time 

increment, the porosity is calculated based on the volumetric strain increment 

using equation (29) and the porosity-dependent permeability is calculated using 

equation (28). In parallel, the mean stress-dependent permeability is calculated 

based on the mean effective stress increment using equation (30). This sandstone 

exhibits a porosity by 23%, being considered as a high porosity rock. According to 

David et al. (2001), the empirical power 𝜒 in the porosity-permeability correlation 

ranges from 1 to 25, in which the higher values correspond to the high porosity 

rocks. More so, the empirical parameter 𝜔 in the mean stress-permeability 

correlation ranges from 0.001 to 0.020 MPa-1 for high porosity and granular rocks. 

Figure 29 (a) presents the results of the porosity-permeability correlation 

using GeMA (solid lines) and the directly calculated values (solid dots). A good 

agreement with experimental data (empty dots) is noticed when adopting 𝜒 equals 

to 25 – the value indicated for high porosity rocks. The dashed lines limit the 

interval where the hydromechanical correlations have been calibrated. If the 

minimum value of 𝜒 (indicated for low porosity rocks) were adopted, the changes 

in the permeability would be smaller, as conceptually expected. Next, Figure 29 (b) 

presents the corresponding results of the mean stress-permeability correlation. A 

very good agreement with experimental data is also observed when adopting 𝜔 

equals to 0.020 MPa-1 – the maximum value indicated for high porosity rocks. If the 

minimum value for high porosity rocks were adopted (0.001 MPa-1), the changes 

in the permeability would also be smaller. The results have indicated a significant 

sensitivity to the empirical parameters adopted in the correlations. Thus, an 

adequate association between the type of rock and the empirical parameters that 

best represent it qualitatively is essential. 
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Figure 29. Results of a hydrostatic compaction test carried out in Rothbach sandstone – porosity-

dependent permeability (a) and mean stress-dependent permeability (b).  

Based on the results of the simulation of this hydrostatic compaction test and 

the comparison with experimental data, it is considered that the hydromechanical 

correlations implemented in GeMA are working properly and therefore can be used 

in the TM+H approach for salt rocks. 

4.3.  
Brazilian mine gallery 

 

The Taquari-Vassouras potash mine is a panel-gallery mine located in the 

state of Sergipe (Brazil). The lithology of the mine is challenging and the ore 

extraction activities need to deal with a highly mobile salt layer, tachyhydrite, that 

underlays the mine floor in a very large extension. The mining challenges in this 

site have encouraged a large-scale rock mechanics program whose contribution 

to the Brazilian salt geomechanics extends to the present day (Costa, 1984). In 

this context, an isolated gallery of the mine where the host formation is halite-

dominant is analyzed. Measurements of vertical convergence47 of this gallery over 

                                                
47 In this context, the vertical convergence corresponds to the difference between the vertical 
displacements of the gallery floor and roof. Likewise, the horizontal convergence refers to the 
difference between the horizontal displacements at half-height of cavern right and left walls. 
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about 6 years are presented in the work of D’Élia (1991). These measurements 

were collected in five sections of the gallery – four of them present similar trends, 

representing a reliable validation reference.  

 

Figure 30. 2D plane strain finite element model of the Brazilian mining gallery. Elevations and 

dimensions in meters.  

The objective of this example is to simulate the vertical convergence of the 

mine using the four creep constitutive models introduced in Section 2.1.1 (PL, DM, 

MD, and EDMT). The lithology adopted in the gallery model is a simplified version 

of the original one presented by Costa (1984). It comprises a sedimentary package 

from the ground level (0) to the elevation -367.62 m and a thick halite-dominant 

formation from this elevation on. This formation is assumed to be homogenous for 

the purpose of the application. The gallery section is 4.0 m wide by 3.0 m high 

(D’Élia, 1991) and its roof elevation is -404.25 m. The geomechanical model 

considers a 2D longitudinal plane strain state and takes advantage of the 

symmetry. The finite element mesh is composed by 8-node quadratic elements 

with reduced integration (elements type “Q8”). The lateral and bottom limits are far 

enough from the gallery to avoid spurious boundary effects. Figure 30 shows the 

geomechanical model, the finite element mesh and the main attributes. 

The simulation of this mining gallery has already been carried by the author 

out in previous validation efforts of creep models using AbaqusTM (Firme, 2013; 

Firme et al., 2016b, 2018a). In this thesis, the GeMA framework has been adopted. 
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The salt creep behavior is predicted by adopting a simplified form of the 

methodology described in Section 2.5.1. The analyses are mechanical and the 

temperature field is assumed constant over the simulation time. Therefore, only 

the time-dependent (creep) mechanical problem needs to be solved. Besides that, 

considering the purpose of validating displacement-based results, the 

repercussion of the mechanical behavior on the hydraulic behavior of salt is not 

calculated. The sedimentary rocks above the salt formation follow an elastoplastic 

behavior according to the Mohr-Coulomb criterion with non-associative flow rule. 

Typical shale properties are adopted. The rock properties adopted in each 

constitutive model are summarized in Section 2.5.3. 

 

Figure 31. Contours maps of deviatoric stress (𝜎𝑑) and vertical displacements (𝑢𝑣) in the Brazilian 

mining gallery surroundings.  

The initial (geostatic) stresses are assumed isotropic and are assigned by 

the superposition of the gravitational loads. Figure 30 also indicates the vertical 

stress values at cavern roof and floor. The temperature is assumed constant of 

43ºC, which is the average temperature in the mine. In a similar way to the 

simulation of the triaxial creep tests, the simulation of the mine convergence is 

composed of three steps. In the first step, the initial stresses are assigned ensuring 

that the model initializes with null deformations. In the second step, the gallery 

corresponding elements are removed simulating the excavation process. It 

generates deviatoric stresses in the surroundings, provoking an instantaneous 

elastic response. In the third step, the model follows relieving deviatoric stresses 

by creep during the simulation time. As a consequence, the gallery shrinks over 
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time due to creep deformation, Figure 31. The displacement field is monitored over 

time in order to calculate the vertical convergence of the gallery. 

 

Figure 32. Vertical convergence (a) and vertical convergence rate (b) of the Brazilian mining gallery. 

Convergence measurements from D’Élia (1991). 

Figure 32 shows the field and the numerical vertical convergence of the 

gallery (empty squares and solid lines respectively). The corresponding results 

obtained using AbaqusTM (solid dots) are also presented as reference. The 

convergence absolute values are presented in Figure 32 (a) and the convergence 

rates are shown in Figure 32 (b). Just like the triaxial creep test in Section 2.1.1.5, 

the author of the thesis has calculated the convergence rates (𝑢�̇�) based on the 

convergence measurements (𝑢𝑣). The scattered rate points in the graph may be 

related to the discrete time differentiation (𝑢�̇� = 𝜕𝑢𝑣 𝜕𝑡⁄ ≈ ∆𝑢𝑣 ∆𝑡⁄ ). The 

displacements right after the excavation are not known since the instruments for 

measurement of convergence have been installed after the excavation. In 

numerical models, these displacements result from the instantaneous elastic 

deformation after removing the elements in the excavated region. Consequently, a 

more significant deviation between the numerical and experimental results is 

expected in the initial part of the curves. Hence, the main criterion for checking the 

results is the rate values. Analyzing the results of the two constitutive models that 

consider transient and steady-state creep (MD and EDMT), the solution using the 

MD model (orange curves) has fitted the field measurements very well, while the 

results using the EDMT model (green curves) have deviated from field data after 

about 400 days. This difference can be explained by the fact that, although the 
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EDMT model follows a well-established database for the steady-state creep phase, 

data have been calibrated considering triaxial tests carried out at 86ºC, and the 

average temperature of the gallery is 43°C. The adjustment of the parameters to 

the temperature of the engineering problem by means of a thermal activation factor 

(see equation (8)) has influenced the results, leading to steady-state creep rates 

slightly lower than those observed in the field. The results using the DM model 

(blue curves) have remained below the field measurements. This shows that the 

contribution of the transient creep, which is not considered by this model, is 

relevant in the context of the mining gallery convergence. Over time, the 

convergence rate obtained with this model has become the same as that using the 

EDMT model since both have the same formulation for the steady-state creep rate. 

Lastly, the results obtained using the PL model (red curves) also have remained 

below the field measurements. Different from the DM model, transient creep has 

been adequately simulated (until 400 days). However, the convergence has 

horizontalized with time, not simulating adequately the steady-state creep rate.  

Considering the results in addition to the partial conclusions indicated in 

Section 4.1.1, the EDMT model using the current parameter set (see Table 6) 

presents a good performance in simulating the creep behavior of the Brazilian 

halite. Since many engineering applications in Pre-salt wells exhibit temperatures 

in the order of 70ºC – closer to temperature of the laboratory tests (86ºC) –, the 

differences observed in the vertical convergence of the gallery at 43ºC do not 

undermine the good representativeness of this model. 

4.4.  
Pre-salt well closure 

 

4.4.1.  
Isothermal Pre-salt well 

 

A realistic application of an offshore Pre-salt well is revisited to validate the 

creep constitutive models and the workflow in GeMA for well closure simulations. 

Historically, the well represented in this simulation was successfully drilled in 1997. 

It combined a modern drilling technology with sophisticated computational 

modelling to predict the creep behavior in the salt interval (Falcão, 2009). The salt 

interval of this well, hereinafter “Brazilian Pre-salt well”, has been studied by 

Medeiros (1999). Besides the numerical simulations, this author has presented 

caliper logs run after drilling and 10 hours later. The well closure between these 

two instants is taken as a field validation reference. 
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Figure 33. Axisymmetric finite element model of the Brazilian Pre-salt well. Elevations and 

dimensions in meters.  

The Brazilian Pre-salt well develops between the elevations -4,107 m and -

4,250 m (from the sea level) and crosses an interval made up by intercalations of 

halite and anhydrite or shale. A water depth of 345 m and a sedimentary stratum 

that develops from the seafloor to the salt top are assumed. In this interval, the well 

nominal diameter is of 12.25 inches (0.31115 m) and is drilled using a mud weight 

of 14.3 ppg (16.8025 kN/m³). The geomechanical model is axisymmetric. The finite 

element mesh is composed by 8-node quadratic elements with full integration (type 

“Q8”). The lateral and bottom limits are far enough from the well to avoid spurious 

boundary effects. Figure 33 presents the geomechanical model, the finite element 

mesh and the main attributes. 

The simulation of this Pre-salt well has already been carried out by the author 

in previous validation efforts of creep models using AbaqusTM (Firme, 2013; Firme 

et al., 2018a, 2016b, 2014b). Here, the GeMA framework has been adopted. Just 

like the mining gallery examples, the salt creep behavior is predicted adopting a 

simplified form of the methodology described in Section 2.5.1. The analyses are 

mechanical and the temperature field is known. Although in this case the 

temperature varies with depth, the values are constant over the simulation time so 

that only the time-dependent mechanical problem needs to be solved. Considering 

the purpose of validating the displacement-based results, the repercussion of the 
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mechanical response on the hydraulic behavior of salt has not been calculated. 

The non-salt rocks (anhydrite and shale) follow an elastoplastic behavior according 

to the Mohr-Coulomb criterion with non-associative flow rule. The properties 

adopted in each constitutive model are summarized in Section 2.5.3. 

The initial (geostatic) stresses are assumed isotropic and are assigned by 

the superposition of the gravitational loads. The temperature estimation follows 

assuming the temperature of 4ºC in the seafloor and adopting the geothermal 

gradients of 30ºC/km in the sedimentary stratum (between the seafloor and the 

model top) and 12ºC/km in the salt interval (Costa et al., 2015, 2012). For the sake 

of reference, the calculated temperature in the model bottom (elevation -4,250 m) 

by using these geothermal gradients is of 118.576ºC, and according to Medeiros 

(1999) the temperature provided by well logging at the elevation -4,307 m is of 

390K (≈ 117 °C). Analogously to the mining gallery examples, the well closure 

simulation is composed of three steps. In the first step, the initial stresses and 

temperatures are assigned ensuring that the model initializes with null 

deformations. In the second step, the well (borehole) corresponding elements are 

removed simulating the drilling process. The mud pressure calculated from the 

drilling mud weight is applied upon the well wall. This unbalances the well 

surroundings, provoking an instantaneous elastic response. In the third step, the 

model follows relieving deviatoric stresses by creep during the simulation time. As 

a consequence, the well closes over time due to creep deformation. A simulation 

time of 720 hours (30 days) is considered.  

Firstly, the results using GeMA (solid lines) after 10 hours are compared with 

caliper data (gray thin solid line), as shown in Figure 34. The corresponding results 

obtained using AbaqusTM (solid dots) are also presented as reference. In this part 

of the study, the four constitutive models introduced in Section 2.1.1 (PL, DM, MD, 

and EDMT) are considered. In order to isolate the creep contribution, it has been 

assumed that creep is the unique relevant mechanism for well closure during the 

caliper logs run after drilling and 10 hours later (available in the work of Medeiros 

(1999)). Therefore, the differences between these two measurements have to be 

considered rather than the absolute values. To this end, the author of the thesis 

has post-processed the field data to reflect the well closure by creep alone in Figure 

34. Similarly, the numerical results consider only the creep-related displacements, 

i.e., the instantaneous elastic response after well drilling has been subtracted. The 

results using the PL model are a bit overestimated, while those using the DM model 

are underestimated. The latter case is explained by the fact that DM model does 
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not simulate adequately the transient phase of creep, and the short period 

considered (10 hours) falls into this phase. On the other hand, the PL model using 

the parameter set for the Brazilian halite has oversized the transient creep 

displacements. Comparing the numerical results of MD and EDTM models with the 

caliper log, a good agreement at most halite layers is observed. As previously 

noticed, the EDMT model using the consolidated parameter set (see Section 2.5.3) 

present a good numerical prediction of the Brazilian halite creep. As general 

observations, the caliper logs in the anhydrite and shale layers have exhibited more 

deviation in relation to the numerical results – the transitions with salt (representing 

the great difference in mobility) may be less severe in field –, and the order of 

magnitude of the well closure is fairly kept regardless the creep model adopted 

 

Figure 34. Validation of the numerical simulations carried out in the Brazilian Pre-salt well. The caliper 

logs presented by Medeiros (1999) have been post-processed by the author of the thesis to reflect 

the well closure by creep between 0 and 10 hours after well drilling.  

Next, Figure 35 presents the contour maps of horizontal displacements and 

strength indicator (ratio) after 10 hours considering the EDMT creep model. The 

partial closure of the well by creep is visible in Figure 35 (a), although there is an 

exaggeration factor in the contour map. While this behavior can be problematic 
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during drilling and can lead to stuck pipe events, it can also be advantageous to 

close an abandoned well by forming a geological barrier. It would avoid long-term 

problems in the rock-cement interaction in the case of using conventional cement 

plugs (see Section 3.1.3.2). Figure 35 (b) shows the strength indicator after 10 

hours of well closure by creep. This parameter is given by the ratio between the 

deviatoric stress of the problem and the critical deviatoric stress for dilation 

considering DeVries’ dilatancy boundary in the case of salt (see Section 2.1.2.4) 

or the critical deviatoric stress for shear failure considering the Mohr-Coulomb 

criterion in non-salt rocks (see Section 2.5.2). Ratio values between zero and one 

are admissible – zero represents null deviatoric stresses and one means the 

material reached the dilation or plasticity envelope, with the qualitative meaning 

that the material undergoes plastic deformation or damage. 

 

Figure 35. Contour maps of horizontal displacements and the strength indicator (ratio) after 10 hours 

of simulation in the Brazilian Pre-salt well.  

From Figure 35, it can also be seen that the interfaces between salt and non-

salt rocks are subjected to shear provoked by the opposition of the non-salt rocks 

(elastoplastic) to the creep deformation of the neighboring salt rocks. In the limit of 

shear strength, interlayer slippage may occur due to shear-induced failure causing 

in turn fluid leakage.   

Continuing the numerical simulation up to 30 days, Figure 36 (a) shows the 

well diameter evolution after drilling (t = 0), after 10 hours and after 30 days. As a 

practical application of casing project, two nominal outer diameters are considered: 
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9 7/8 inches and 9 5/8 inches. In this context, a minimum cement sheath of 1.5 

inches in diameter is required. Therefore, considering the well diameter of 12.25 

inches, the minimum admissible well diameter to run the casing of 9 7/8 inches is 

11.375 inches, or 11.125 inches to run the casing of 9 5/8 inches. Analyzing the 

displacement results, it can be seen that even after 30 days in openhole, the well 

diameter is still adequate to run both casings ensuring an adequate cement sheath 

thickness. 

 

Figure 36. Well diameter (a) and the strength indicator (b) evolution over 30 days of simulation in the 

Brazilian Pre-salt well. 

Regarding rock integrity, Figure 36 (b) calls attention to the salt and to the 

interfaces. While the dilation indicator in the salt tends to reduce over time due to 
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the creep deformation, the opposite occurs in the interfaces with non-salt rocks – 

as salt creeps, shear stresses increase in the interfaces. Hence, a good cementing 

job of these intervals ensuring the appropriate hydraulic isolation of the well is 

essential. 

4.4.2.  
Thermomechanical Pre-salt well 

 

Conceptual models of Pre-salt wells subjected to changes in the temperature 

(cooling) are considered to check the workflow for coupled thermomechanical 

creep analyses in GeMA. These models have been originally presented by 

Gonçalves (2011) and Lira et al. (2015). They have analyzed the effect of using a 

drilling fluid cooler than the formation on well closure by creep. The simulations 

have been carried out in axisymmetric models and using an in-house solver. Halite 

and tachyhydrite48 homogenous intervals and a halite-tachyhydrite-halite 

intercalation are considered. 

In addition to the axisymmetric model such as the original references of this 

study, this thesis also analyzes the corresponding 2D plane strain and 3D models. 

The models are divided into three groups, namely A1 (homogeneous halite), B3 

(homogeneous tachyhydrite) and C3 (halite-tachyhydrite-halite intercalation)49. 

The details related to the geomechanical models are given in each corresponding 

section. In all cases, the salt creep behavior is predicted using the DM model (see 

Section 2.1.1.2) and adopting the methodology described in Section 2.5.1, except 

the repercussion on the hydraulic behavior which is not analyzed. The salt 

properties are provided in the references cited above. Although these values are 

very similar to those from Section 2.5.3, the formers are adopted here so that the 

results of this application are compatible with those of the original references. 

The initial (geostatic) stresses are assumed isotropic and are calculated by 

the superposition of the gravitational loads. The temperature estimation is based 

on geothermal gradients – the same values of the previous example apply (see 

Section 4.4.1), except in the salt interval, for which a value of 10ºC/km is adopted. 

The simulation workflow is composed of three steps. In the first step, the initial 

stresses and temperatures are assigned ensuring that the model initializes with 

null deformations. In the second step, the well corresponding elements are 

                                                
48 Tachyhydrite exhibits much higher creep rates than halite. 
49 To ease the comparison of results, the nomenclatures of the models presented by the authors of 
the original study have been kept. 
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removed simulating the drilling process. The mud pressure calculated from the 

drilling mud weight and the temperature resulting from the cooling effect are 

applied upon the well wall and in the wall nodes respectively. This unbalances the 

well surroundings, provoking an instantaneous thermoelastic response. In the 

original references of the study, several temperature variations have been 

analyzed. Considering the purpose of this application here, only the maximum and 

the intermediate well cooling are adopted (-29ºC and -14ºC respectively). An 

isothermal scenario (null cooling) is also considered, in which the 

thermomechanical problem turns into a mechanical problem. In the third step, the 

model follows relieving deviatoric stresses by creep during the simulation time and 

the temperature changes evolve throughout the formation by thermal conduction. 

The well closes over time due to creep deformation. A simulation time of 720 hours 

(30 days) is considered in this thesis, although the comparison with the references 

is made until 480 hours (20 days). Both times are generally representative of the 

period during which the well stays uncased after drilling. 

Lastly, all the results using GeMA, are compared to those of axisymmetric 

models from the original references of the study (Gonçalves, 2011; Lira et al., 

2015) – these results are hereinafter called “reference solution”. The 2D models 

correspond to the elevation where the results are collected in the axisymmetric and 

3D models (at point P, in the half-height of the interval). In parallel, the 

axisymmetric, 2D plane strain and 3D analyzes have also been carried out in 

AbaqusTM in order to have one more reference to verify the solution of the coupled 

thermomechanical problem in GeMA. 

4.4.2.1.  
Well models considering homogenous halite (A1) 
 

The first group of models is the A1, which is a 100 meter-length halite interval 

between the elevations -1,750 m and -1,850 m (from the sea level). In this synthetic 

site, the water depth is of 750 m. The tops of the formation and salt interval 

coincide. The well nominal diameter is 12.25 inches (0.31115 m) and the drilling 

mud weight is 10 ppg (11.75 kN/m³). An axisymmetric model and a 2D transversal 

plane strain model crossing the well at elevation -1,800 m are considered. The 

meshes are composed by axisymmetric and 2D 8-node quadratic elements with 

reduced integration (type “Q8”) respectively. The elements have displacement and 

temperature as degrees of freedom – quadratic and linear functions interpolate the 

former and the latter fields respectively. The lateral and bottom limits are far 
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enough from the well to avoid spurious boundary effects. Figure 37 shows the 

geomechanical models, the finite element meshes and the main attributes.  

 

Figure 37. Axisymmetric and 2D plane strain models A1. Elevations and dimensions in meters.  

Figure 38 presents the results of models A1 using GeMA (solid lines) 

compared to the reference solutions (dashed lines). The corresponding results 

using AbaqusTM (solid dots) are also plotted as reference. Both the axisymmetric 

(Figure 38 (a)) and 2D plane strain (Figure 38 (b)) simulations have presented a 

very good agreement with the reference solutions for the three temperature cases. 

Small differences in displacements would be more noticeable in the results of halite 

(lower displacement scale) than those of tachyhydrite for example – this indicates 

that the accuracy of the solutions obtained in halite is high. Analyzing the behavior 

of the well after the instantaneous thermoelastic response to drilling, the creep 

deformation effect is notorious and tends to close the well when it is not cooled (∆𝑇 

= 0, isothermal condition). When the intermediate cooling (∆𝑇 = (-) 14ºC) is applied, 

the creep behavior is attenuated quite significantly, although the displacements still 

tend to close the well. Finally, when a noticeable cooling (∆𝑇 = (-) 29ºC) is applied, 

the creep deformation is also notorious but the trend is inverted, tending to open 

the well over time. In the light of these observations, the cooling plays a significant 

role in attenuating salt creep. Besides the cooling effect, the inversion trend (from 

well closure to opening) is also a consequence of dealing with a relatively shallow 
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well. If the well were deeper, the cooling would attenuate creep but the trend would 

be to close the well in all cases (see Figure 5.5 from Gonçalves (2011)).  

 

Figure 38. Horizontal displacement (radial closure) of point P in models A1: axisymmetric (a) and 2D 

plane strain (b). 

4.4.2.2.  
Well models considering homogenous tachyhydrite (B3) 

 

 

Figure 39. Axisymmetric and 2D plane strain models B3. Elevations and dimensions in meters.  

The second group of models is the B3, which is a 10 meter-length 

tachyhydrite interval between the elevations -4,000 m and -4,010 m (from the sea 

level). In this synthetic site, the water depth is 1,500 m. The tops of the formation 

and salt interval coincide. The well diameter, the drilling mud weight and the 

= 0 (isothermal)

= -14ºC (cooling)

= -29ºC (cooling)

a b

P

P

GeMA

Abaqus

GeMA

Abaqus

Reference solution 

from Gonçalves (2011)

Tachyhydrite

-4,000

-4,010

-4,005

R = 50 m

Wall cooling

( = 14 and 29ºC)

Axisymmetric
(out-of-scale)

2D plane strain

Well model information

Nominal diameter = 12 ¼ in

Drilling mud = 10 ppg

Initial stress = 71.4 – 71.57 MPa

Temperature = 79 – 79.1ºC

Models B3

Horizontal 

displacement = 0

Vertical displacement = 0

H
o

ri
z
o

n
ta

l 
d

is
p

la
c
e
m

e
n

t 
=

 0

Vertical displacement = 0

Symmetry axis

Horizontal (1 and 2) 

displacement = 0

DBD
PUC-Rio - Certificação Digital Nº 1712785/CA



148 
 

specifications of the axisymmetric and 2D plane strain models are the same as 

models A1 (see Section 4.4.2.1), with the exception of the elevation of the 2D 

model, which in model B3 is -4,005 m. Figure 39 presents the geomechanical 

models, the finite element meshes and the main attributes. 

 

Figure 40. Horizontal displacement (radial closure) of point P in models B3: axisymmetric (a) and 2D 

plane strain (b). 

Figure 40 shows the results of models B3 using GeMA (solid lines) compared 

to the reference solutions (dashed lines). The corresponding results using 

AbaqusTM (solid dots) are also plotted as reference. Once more, both the 

axisymmetric (Figure 40 (a)) and 2D plane strain (Figure 40 (b)) simulations have 

presented a very good agreement with the reference solutions for the three 

temperature cases. Tachyhydrite is much more mobile than halite and the models 

B3 are significantly deeper than models A1; therefore, the displacement scale in 

these simulations is notably higher than the previous ones with halite. After the 

instantaneous thermoelastic response to the well drilling, the creep deformation 

effect is notorious and tends to close the well in all cases. From these simulations, 

one observes that the lower the well temperature, the lower the creep deformation. 

4.4.2.3.  
Models with halite-tachyhydrite-halite intercalation (C3) 
 

The third group of models is the C3, which is a 100 meter-length halite-

tachyhydrite-halite intercalation (40, 20 and 40 meter-length respectively) between 

the elevations -4,000 m and -4,100 m (from the sea level). In this synthetic site, 

water depth is of 1,500 m. The tops of the formation and the interval coincide. The 
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well nominal diameter is 14.75 inches (0.37465 m) and the drilling mud weight is 

12 ppg (14.1 kN/m³). An axisymmetric model and a 3D model are considered. 

Since the tachyhydrite layer within the intercalation is relatively thin, a 2D plane 

strain model is not representative. The finite element meshes are composed by 

axisymmetric 8-node and 3D 20-node quadratic elements with reduced integration 

(types “Q8” and “Brick20” respectively). The 3D elements also have quadratic 

interpolation functions for displacements and linear interpolation functions for 

temperatures. The lateral and bottom limits are far enough from the well to avoid 

spurious boundary effects. Figure 41 (a) shows the geomechanical models, the 

finite element meshes and the main attributes of the models. 

 

Figure 41. Axisymmetric and 3D models C3. Elevations and dimensions in meters.  

Figure 42 shows the results of models C3 using GeMA (solid lines) compared 

to the reference solutions (dashed lines). The corresponding results using 

AbaqusTM (solid dots) are also plotted as reference. Observing the axisymmetric 

results (Figure 42 (a)), those obtained using GeMA (and AbaqusTM) are subtly 

higher than the reference solutions. This difference is particularly attributed to the 

mesh discretization, since a closer adjustment is noticed in the 3D results, in which 

the mesh is coarsen than the axisymmetric one. As a whole, although models C3 

are a little deeper than B3, the displacements of the former are lower since the 

halite layers above and below the tachyhydrite partially restrict its high mobility. 

Furthermore, just like in the models B3, the creep deformation effect is notorious, 
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tends to close the well in all cases and the lower the well temperature, the lower 

the creep deformation. 

 

Figure 42. Horizontal displacement (radial closure) of point P in models C3: axisymmetric (a) and 3D 

(b).  

In a second moment of this study, simulations to compare the results using 

four types of 3D elements in GeMA have been carried out. As Figure 41 (b) shows, 

besides the 20-node bricks previously adopted, 8-node bricks (linear), 10-node 

tetrahedrons (quadratic) and 4-node tetrahedrons (linear) have been tested. The 

scenario with the greatest temperature variation (∆𝑇 = (-) 29ºC) has been adopted 

for this test. The mesh discretization parameters are the same in all models. Figure 

43 (a) presents the displacements obtained with each of the element types. In this 

context, using linear elements (4-node tetrahedrons and 8-node bricks) 

underestimates the displacements, specially in the model using the 4-node 

tetrahedrons. In the models in which quadratic elements are adopted (10-node 

tetrahedrons and 20-node bricks), the results are closer to the reference solution 

(based on quadratic axisymmetric elements). Finally, Figure 43 (b) shows the 

temperature at 720 hours along the horizontal coordinate of the models (segment 

A-A’). All the models have exhibited the same results. It is expected, since the 

interpolation functions for temperature are linear (regardless of whether the 

interpolation of the displacements is linear or quadratic) and all the models have 

the same corner node coordinates in the segment A-A’. For reference purposes, 

the cooled radius of the model is about 10 meters after 720 hours of simulation, 

which is approximately 53 times the well radius. 
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Figure 43. Horizontal displacement (radial closure) of point P (a) and temperature at 720 hours (b) of 

models C3: comparison of results using different 3D elements (8-node and 20-node bricks, and 4-

node and 10-node tetrahedrons). 

4.5.  
Closing remarks related to the validation and reference examples 

 

The examples presented in this chapter have analyzed the salt creep 

behavior in different loading and temperature conditions by means of mechanical 

and thermomechanical simulations using axisymmetric, 2D plane strain and 3D 

models. The implementation of the hydromechanical correlations has also been 

checked. Through these applications, analogous structures of those of strategic 

projects involving salt rocks discussed in Chapter 3 have been analyzed in a 

preliminary way. GeMA framework has succeeded in solving these problems and 

produced results in very good accordance with experimental data and numerical 

solutions available in the literature. At this point, the author understands that this 

computational tool is validated for the case studies to be presented in the next 

chapters, which make use of mechanical and/or thermomechanical simulations 

and hydromechanical correlations. 
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5  
Case study of well abandonment using salt as geological 
barrier 

5.1.  
Objective 

 

This chapter presents a conceptual case study of a Pre-salt well 

abandonment using salt as a geological barrier. The objective of this application is 

to get the big picture of this innovative procedure for well abandonment and to look 

towards its applicability to realistic cases. To this end, numerical simulations using 

GeMA framework are carried out considering the thermomechanical response of 

the well with special regards to salt creep and its impact on well closure, integrity 

and tightness. Methods to stimulate salt creep such as reducing the well pressure 

and heating the well are tested adopting feasible ranges. As output, the analyses 

aim at answering: i) if the well closes completely by salt creep and how long it takes 

to close; ii) if the well wall and vicinity stand sound during well closure; and iii) how 

the hydraulic properties evolve as the well closes. 

5.2.  
Lithology and geomechanical model 

 

A conceptual model representative of an offshore Brazilian Pre-salt well has 

been conceived. The well is sited in a region where the water depth is of 2,000 

meters and crosses a 2,000 meter-length standard sedimentary formation from the 

seafloor to the top of evaporitic formation. The well crosses the salt formation and 

the interval between elevations of -4,930 and -5,070 meters is considered. The 

idealized lithology consists of a 100 meter-length halite layer overlaid and underlaid 

by 20 meter-length anhydrite layers. The nominal diameter of the well is 12.25 

inches (0.31115 m) and the drilling mud weight is 12 ppg (14.1 kN/m³). 

In its current version, this study focuses on a 2D transversal plane strain 

model of the well at an elevation of -5,000 meters. Only one quarter of the well and 

surroundings are modelled by taking advantage of the double symmetry of the 

model. The finite element mesh is composed by 2D 8-node quadratic elements 

with reduced integration (type “Q8”). As in the models in Section 4.4.2, these 
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elements have quadratic interpolation functions for displacements and linear 

interpolation functions for temperatures. The lateral and bottom limits are far 

enough from the well to avoid spurious boundary effects. Figure 44 presents the 

geomechanical models, the finite element mesh and the main attributes.  

 

Figure 44. 2D plane strain model of the Pre-salt well. Elevations and dimensions in meters (unless 

otherwise stated). 

5.3.  
Initial and boundary conditions 

 

As with the previous applications to wells in the thesis, the initial (geostatic) 

stresses are assumed isotropic and are assigned by the superposition of the 

gravitational loads. The density values are given in Section 2.5.3. The contribution 

of the sedimentary stratum above the evaporitic formation for the geostatic 

stresses is considered adopting a typical shale density. The temperature 

estimation is based on geothermal gradients – the values are the same adopted in 

Section 4.4.1. Figure 44 indicates the calculated values of the in-situ stresses 

(compression) and temperatures of the model (93.383 MPa and 76ºC 

respectively). 
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With respect to the boundary conditions, the left and the bottom borders 

(symmetry axes) of the model have displacements restricted in the respective 

perpendicular directions and the circumferential border has displacements 

restricted in both directions (see Figure 44).  

To analyze the salt creep behavior as the mechanism to form the geological 

barrier, four representative scenarios of boundary conditions are proposed. 

Initially, there is a reference model (A0) that assumes that the abandonment fluid 

weight and the temperature of the formation remain constant in the well. Creep 

acts solely due to the stress changes in the well caused by the section milling or 

equivalent procedure for casing removal. In order to accelerate the well closure in 

the predictions, creep stimulation methods such as reducing the well pressure and 

heating the well are adopted. To this end, choosing realistic values for these 

variations is essential for an adequate feasibility check in terms of well engineering. 

Model A1 consists of reducing the abandonment fluid weight from 12.0 to 10.21 

ppg (from 14.1 kN/m³ to 12.0 kN/m³) to represent the replacement of mud with 

brine over an approximate 30-day period after section milling. Besides that, 

considering that the salt formation is at relatively high temperatures in the 

evaporitic intervals (76ºC) and also the values typically adopted in the literature, 

the author of the thesis believes that a realistic fluid warming to trigger well heating 

is of no more than a few tens of Celsius degrees. In this way, model A2 consists of 

heating the well wall in 20°C during the abandonment period. Lastly, model A3 

considers the combined effect of models A1 and A2. Table 17 summarizes the 

scenarios considered in this study.  

Table 17. Summary of the scenarios of boundary conditions. 

Model ID  Scenario 

A0 (Reference) 

 

Constant abandonment fluid pressure and 
well temperature. 

A1 

 

Reduction in the abandonment fluid 
pressure and constant well temperature. 

A2 

 

Constant abandonment fluid pressure and 
well heating. 

A3 

 

Reduction in the abandonment fluid 
pressure and well heating. 

 

A0 (Ref)

A1

↓

A2

↑

A3

↓ + ↑
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5.4.  
Hypotheses, methodology and alignment with international literature 

 

This study is carried out in the light of the following hypotheses: i) the 

geological barrier is formed by the creeping wall of the well, that tends to close the 

openhole left after casing removal; ii) mechanical and thermomechanical analyses 

are considered for creep stimulation depending on the scenario; iii) in all cases, 

the temperature effect is considered in the salt creep constitutive model; iv) the 

changes in the hydraulic behavior are credited only to the mechanical or 

thermomechanical response; and v) the behavior of the well and barrier after 

closure is not analyzed in the current version. 

Having in mind the context of the well abandonment using the salt host 

formation as a geological barrier, the casing needs to be removed from the well (to 

restore the openhole condition) so that the interval that crosses the salt layer 

becomes free to creep. The numerical modelling has to be incremental to take into 

account the main steps of the well construction, operation and abandonment (see 

Firme et al. (2017) for instance). In a recent earlier work using AbaqusTM, the author 

has divided the well chronology into seven steps, as shown in Figure 45.  

 

Figure 45. Workflow for the well abandonment simulations considering salt as barrier. 

Step I corresponds to the initial step when the in-situ stress state (geostatic 

loading) and temperature are assigned with the guarantee that the model remains 

undeformed. Step II consists of the well drilling, in which the corresponding 

elements are removed and the drilling mud pressure is simultaneously applied 

upon the well wall. Step III consists of letting the openhole creep over 10 days. In 
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step IV, the casing is run and the annulus is fully cemented. In step V, the salt 

continues to creep around the well over 30 years, which is the well lifespan. After 

that time, step VI corresponds to end of the well lifespan and the beginning of the 

abandonment period – section milling (or analogous) is represented by removing 

the casing and cement elements. An abandonment fluid pressure is simultaneously 

applied upon the openhole wall. Finally, in step VII, the salt continues to creep 

around the openhole wall and the complete closure is expected to happen. In this 

step, a pragmatic 30-year period is considered – this is justified only in the scope 

of the numerical analyses since one does not know at first how long the openhole 

will take to close completely. Depending on the scenario, if the openhole does not 

close within this period, the analysis simply ends and the scenario is discarded. 

 

Figure 46. Comparison between the stress paths obtained using AbaqusTM and GeMA. 

Subsequently, having the use of GeMA framework and the development of 

salt geomechanics functionalities into it as part of the contribution of this thesis 

(see Section 2.5.4), this case study has been revisited using that simulation tool. 

However, GeMA still50 does not support the inclusion of new mesh regions in the 

model after the analysis has started (the opposite is already supported i.e., mesh 

excavation). This temporary limitation has casted a challenge in the representation 

of the stress state before the section milling. Aiming at circumventing this limitation, 

the stress paths of the well wall have been analyzed both considering the events 

before the section milling (using AbaqusTM, dashed lines) and neglecting them 

(using GeMA, solid lines), as shown in Figure 46. The reference model (A0), 

                                                
50 By March 2022. 
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isothermal, and Model A2, in which the well is heated well after section milling, are 

considered. In both models, the points in the stress path plots corresponding to the 

initial step (I) and the step before section milling (step V) are close – compare the 

orange dots. It means that, when salt creep is opposed by casing over a long time 

(30 years in this case), the stress state in the wall returns to very close its initial 

state before well drilling. This happens because the casing is much stiffer than the 

salt; therefore, the former absorbs the creep-induced loading of the latter and 

restricts its displacement. If the same mud weight is adopted for both drilling and 

milling, the stress state produced by well drilling is very close to that produced by 

section milling, as indicated by the lilac dots. These results (orange dots) are just 

not equal because the material has not fully recovered the confinement it had 

before drilling. These findings indicate that a well drilling simulation using GeMA 

such as those of Sections 4.4.1 and 4.4.2 can be adopted to roughly represent the 

section milling simulation. 

 

Figure 47. Simplified workflow for the well abandonment simulations considering salt as barrier. 

Based on the findings above, the workflow for well abandonment simulation 

using GeMA has been simplified to what is presented in Figure 47, analogous to 

that adopted in thermomechanical reference examples (see Section 4.4.2). In the 

step I, the in-situ stress state and temperature are assigned with the guarantee 

that the model remains undeformed. In the step II, the well drilling represents the 

section milling (or analogous) and the abandonment fluid pressure is 

simultaneously applied upon the openhole wall. When applicable, the well is also 

heated in this step. Lastly, in the step III, salt creep acts over time and the openhole 
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closure is expected to happen. As in the earlier analyses, a 30-year period after 

section milling is considered and the geological barrier is expected to form during 

this period.  

In this study, salt creep is simulated using the EDMT model. The salt 

properties summarized in Section 2.5.3 apply. Furthermore, after the section 

milling, the well surroundings are assumed to behave as a DRZ (see Section 2.3) 

and the thermomechanical behavior impacts the hydraulic behavior of salt in the 

creeping surroundings (that becomes the barrier). Hence, the TM+H approach 

described in Section 2.5.1 is adopted. To analyze the changes in the hydraulic 

behavior of salt, an initial porosity of 0.01 and an initial permeability of 9.0E-16 m2 

(~ 0.91 mD) are considered51 (Stormont et al., 1991). 

 

Figure 48. Workflow of the TM+H approach applied to the well abandonment. 

Figure 48 illustrates the use of this methodology in the particular context of 

well abandonment. The well closure is measured in point P on the openhole wall 

while stress- and strain-related variables are measured at the Gauss point (IP) 

closest to point P. Since the hydraulic parameters are correlated to strains and 

stresses, these parameters are also calculated at the indicated Gauss point.   

This type of application is in line with other studies dedicated to salt as an 

abandonment material and salt creep as a process that forms geological barriers 

(see Section 3.1.3.2). In order to hasten the well closure by creep and make this 

abandonment concept more feasible to the industry, creep stimulation methods 

such as reducing well internal pressure or heating the well and/or backfilling the 

                                                
51 Representative values of a borehole subjected to a gas injection test after excavation, from 
Stormont et al. (1991). In view of the most critical permeability scenario, a gas permeability value was 
selected. 
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well with crushed salt have been suggested. The long-term tightness (i.e., the 

evolution of porosity and permeability) of the barrier is also mentioned as an 

important issue to be investigated (Orlic et al., 2019; Orlic and Buijze, 2014). 

Moreover, Hou et al. (2012) have presented a case study of well abandonment in 

which a heavy WBM adopted as milling fluid was posteriorly replaced with a lighter 

fluid to relief the openhole walls and enhance salt creep to close the well. 

Furthermore, in the context of salt caverns, pre-heating the (abandonment) brine 

before injecting it inside the cavern has been mentioned as an option to reduce the 

internal pressure increase after the cavern is plugged despite the high cost with 

energy (Thoraval et al., 2015). As contributions to the existing applications in this 

area, this thesis analyzes the integrity and tightness of the geological barrier which 

is being formed. Moreover, the temperature effect caused by heating the well is 

considered by means of coupled thermomechanical simulations in such a way that 

the temperature stimulates the salt creep behavior as long as it migrates into the 

formation by conduction. 

5.5.  
Results and discussions 

 

For a better exposition, the results of this case study are divided into three 

groups: i) displacements and temperatures; ii) stresses and strains; and iii) 

permeability and porosity. Each of these groups of results is presented and 

discussed in the sections below. 

5.5.1.  
Displacements and temperatures 

 

Figure 49 (a) presents the evolution of the well diameter in the models from 

section milling on. In these and the following graphs, the curves end when the well 

is completely closed – this is indicated with an “x”. From the results of model A0 

(reference model, black line), the openhole does not close completely after a 30-

year period. By extrapolation, the well closure would occur in approximately 50 

years. When the well abandonment pressure is reduced to an equivalent brine 

pressure (model A1, blue line), the openhole closes completely in 9.99 years. 

Conversely, when the openhole wall is heated (model A2, green line), the effect is 

a little greater: the openhole closes in 7.68 years. When both methods are 

combined (model A3, red line), the openhole complete closure occurs in 2.55 

years. Considering the waiting times until the well closes completely and the salt 

geological barrier is formed, models A0, A1 and A2 are operationally unfeasible 
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despite the abandonment concept has been verified. Model A3 exhibits a 

significant reduction in the waiting time by combining the creep stimulation 

methods, although taking 2.55 years to close the well is still a long time for the 

industry. Furthermore, the temperature evolution throughout the surroundings has 

been monitored in the heated models (A2 and A3), Figure 49 (b). As expected, the 

heated radius increases with time since there is a transient thermal conduction. 

 

Figure 49. Well diameter evolution (a) and temperature evolution (b) over time. 

More so, if the casing were neither milled nor removed from the well as 

indicated in Figure 49 (a), the time for closing the annulus space would be 

significantly shorter than that to close the entire section. Considering a hypothetical 

casing of 9 5/8 inches in nominal diameter, it would be totally embraced by the salt 

in 0.33 years (about 120 days) considering Model A3. If a casing of 9 7/8 inches 

were adopted, this time would be of 0.28 years (about 102 days) in the same 

scenario. Table 18 summarizes the times for well closure in these circumstances.  

Table 18. Summary of the times for well closure. 

Model ID 
Time for well closure (years) 

Full well 
closure 

Around a 9 
5/8” casing 

Around a 9 
7/8” casing 

A0 (Reference) > 30 8.81 7.80 

A1 9.99 1.41 1.22 

A2 7.68 1.53 1.34 

A3 2.55 0.33 0.28 
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For the integrity and tightness analyses, the goal for complete well closure 

by salt creep is considered in order to focus on the most critical condition for the 

well and for the geological barrier which is being formed. 

5.5.2.  
Stresses and strains 

 

While the well diameter evolution provides the big picture of the gradual 

formation of the geological barrier, stresses and strains are useful to analyze the 

integrity of the barrier which is being formed. Figure 50 (a) shows the evolution of 

the mean stresses (solid lines), deviatoric stresses (dashed lines) and Lode angle 

(dotted lines), and Figure 50 (b) presents the dilation indicator. This ratio has been 

calculated based on DeVries’ dilatancy boundary (see Section 2.1.2.4 and the 

context of Figure 35). The section milling provokes a lateral unconfinement of the 

well interval since, in practice, the cased well turns into an openhole. From the 

results of model A0 (reference model, black lines), the mean stresses (that confine 

the well) reduce over time. The deviatoric stresses show an abrupt increase due 

to the section milling; however, the deformation energy is dissipated by salt creep 

and the deviatoric stresses reduce as time went by. Despite some oscillations after 

milling, the Lode angle converges to zero and remains so until the end of the 

analysis. In fact, the case of a 2D plane strain model and incompressible flow leads 

to an isochoric shear condition indicated by a Lode angle equals to zero (Rauter 

et al., 2020). This demonstrates that the isochoric shear is the dominant 

mechanism during the geological barrier formation provided that one analyzes far 

from the top and bottom of the barrier. The dilation indicator presents the same 

pattern of the deviatoric stresses resulting in higher values in first years after milling 

and reduces as salt creeps. It converges to 0.30, which means that the deviatoric 

stress at the well wall is about 30% of the critical value for dilation. This brings the 

physical meaning that the barrier in formation is sound. In model A1 (blue lines), 

where creep is stimulated by the reduction in the well pressure, the same 

conceptual behavior of the reference model is noticed. However, the reduction in 

the mean stresses and the instantaneous increase in the deviatoric stresses after 

milling are more significant since the well pressure is lower than that of the 

reference model. Therefore, higher values of the dilation indicator are noticed (by 

0.40). Observing model A2 (green lines), in which creep is stimulated by well 

heating, the results initially follow the same conceptual pattern as the other models 

after milling although with different values. However, there is an inflection in the 

mean and deviatoric stresses by one year after the section milling. From this 
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moment on, both the mean and deviatoric stresses increase. This change in the 

behavior is attributed to a transient heating effect in the well vicinity. The heated 

radius around the well increases with time as heat is transferred into the well by 

conduction (see Figure 49 (b)) and therefore thermal stresses and creep 

deformation are enhanced. After this inflection, the dilation indicator has increased 

and was about 0.35 when the well closed completely. Moreover, model A3 (red 

lines), which combines the creep stimulation methods of models A1 and A2, 

presents similar conceptual results. Although the inflection in the mean and 

deviatoric stresses also happens since the well is heated, the combination of 

pressure reduction and well heating has accelerated the well closure before this 

change in the behavior was more visible. The dilation indicator has converged to 

approximately 0.42. Lastly, the initial values of the dilation indicator have reached 

one in some models, although they evolved to much lower values right after. This 

effect is addressed in the verification of the stress paths. 

 

Figure 50. Mean stresses (solid lines), deviatoric stresses (dashed lines) and Lode angle (dotted 

lines) (a) and dilation indicator (b) over time. 

Next, the stress paths (p-q diagrams) of the well wall have been analyzed. 

To ease viewing the results, Figure 51 shows separately the stress paths of each 

model compared to the reference model. The dilatancy boundaries for 

compression, extension and isochoric shear calculated using equation (24) are 

also plotted to indicate the admissible stress domains. In all graphs, the initial 

stress state (before section milling) is indicated with “1”, the stress state right after 

milling (represented by the well drilling procedure) and heating (if applicable) is 

indicated with “2” and the final stress state when the well is completely closed is 

indicated with “3”.  
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Figure 51. Stress paths (p-q diagram) from section milling to well complete closure – model A0 (a), 

model A1 (b), model A2 (c) and model A3 (d). 

Observing model A0 (reference model, black line), Figure 51 (a), the stress 

path exhibits a vertical upward trend due to the section milling. Then, there is a 

downward trend to the left compatible with the creep behavior under constant well 

pressure and temperature after milling. In model A1 (blue line), Figure 51 (b), the 

stress path exhibits a vertical upward trend due to the section milling just like model 

A0. It is followed by an initial downward trend to the left after section milling; 

however, a trend inversion in the deviatoric stresses is noticed during the 1-month 

period when the well pressure is gradually reduced to an equivalent brine pressure 

(deviatoric stresses increase in turn). Once this pressure value is reached and kept 

until the end of the analysis, the model creeps with constant well pressure and the 

stress path points again downwards left just like model A0. In model A2 (green 
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line), Figure 51 (c), the stress path shows a remarkable upward trend to the right 

after section milling using a warmed fluid. It reflects the combined effect of milling 

and heating. Then, there is a downward trend to the left followed by a trend 

inversion (upward right). This inversion is credited to a transient heating effect in 

the well vicinity (as commented in the context of Figure 50). After that, the path 

points again downwards left until well closure as the previous models. In model A3 

(red line), Figure 51 (d), the combined effect of the stress path peculiarities from 

models A1 and A2 are observed until well closure. Still regarding models A2 and 

A3, the instantaneous effect of the section milling using a warmed fluid has caused 

the stress path to exceed the dilatancy boundaries of extension and isochoric. This 

is understood to be a side effect of the instantaneous well heating. Since the stress 

paths in all the models have evolved downwards left right after milling and the 

dilation indicators have decreased rapidly to less than 0.45 (see Figure 50 (b)), this 

condition is not taken as prohibitive. Any eventual initial damage is likely reverted 

over time due to self-healing. Lastly, the fact that all the models exhibit final stress 

states significantly below the dilatancy boundaries is evidence that a sound and 

potentially tight geological barrier is formed by salt creep. 

5.5.3.  
Porosity and permeability 

 

The next step is to verify the repercussion of the thermomechanical response 

on the hydraulic behavior of the salt. From right after section milling on, 

geomechanics (including thermal effects) impacts porosity and permeability due to 

volumetric deformation and mean stress (confinement) variation. All the 

procedures related to section milling are likely responsible for the creation of a DRZ 

around the well in the field; for this reason, the consequences in the hydraulic 

behavior of salt should be considered from the end of this procedure on. Figure 52 

(a) presents the evolution of the volumetric strains (solid lines) over time. In all 

models, there is an instantaneous volumetric strain due to section milling plus the 

temperature effect in the heated models and then it varies very little with salt creep 

after milling. This is coherent with the hypothesis that creep is isochoric (see 

Section 2.1), not producing relevant volumetric strains. Comparing models A0 

(black line) and A1 (blue line), one notices the effect of the well pressure reduction 

in increasing the volumetric strain of model A1. The same is noticed comparing 

models A2 (green line) and A3 (red line). Besides that, by comparing models A0 

and A2 and models A1 and A3, the well heating has increased the volumetric 

strains of models A2 and A3 in relation to their corresponding isothermal models. 
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This effect is expected since the thermal changes generate instantaneous thermal 

volumetric strains (see Equation (26)). More so, model A2 and A3 has presented 

a subtle inversion trend in the volumetric strains – this has been observed with the 

stresses (see section 5.5.2). The porosity (dashed lines) has been calculated 

based on the volumetric strains using equation (29) and follow the same trends of 

those of volumetric strains. This is physically coherent since the pores tend to 

enlarge and the microcracks tend to open as the volumetric strains increase and 

salt becomes prone to dilation. Finally, having the porosity values, the next step is 

to calculate the porosity-dependent permeability using equation (28), Figure 52 (b). 

In this correlation, the empirical power adopted for salt is one (value for a very low 

porosity rock). As a consequence, the porosity-dependent permeability (solid lines) 

follows the same trend of the porosity (dashed lines) in each model. As a whole, 

the permeability enhancement triggered by the porosity is of very low magnitude. 

In fact, the well closure by salt creep occurs in an isochoric manner (see Figure 50 

(a) and context) and the use of equations relating permeability to porosity likely 

underestimates the permeability evolution. 

 

Figure 52. Volumetric strain (a) and porosity-dependent permeability (b) over time. 

As an alternative to this approach to permeability, there is the mean stress-

dependent permeability. Kuhlman and Matteo (2018) have pointed out that the 

expression relating permeability to mean stresses (such as Equation (30)) is likely 

more representative of the well vicinity, which becomes a DRZ after section milling. 

Thus, Figure 53 (a) presents the evolution of the mean stress-dependent 

permeability (solid lines) over time. The evolution of the mean stress (dashed lines) 

is also plotted as reference. The results show a similar conceptual behavior than 
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that of porosity-dependent permeability; however, higher values occur when the 

permeability is calculated based on the mean stresses. 

 

Figure 53. Mean stress-dependent permeability results over time (a) and along the segment A-A’ 

when the well is completely closed (b). 

 Naturally, the empirical parameters adopted in the correlations have 

influenced the results. Analyzing model A3 since it is the most critical, the 

maximum values of porosity-dependent and mean-stress dependent permeability 

are 1.07E-15 m² and 9.53E-14 m² respectively (≈ 1.2 and 106 times the initial 

permeability value respectively). Considering the latter, if the parameter 𝜔 were 

taken 0.023 MPa-1 rather than 0.11 MPa-1 (also acceptable for low porosity and 

crystalline rocks, see the context of Equation (30)), the maximum permeability 

would be 2.39E-15 m² (≈ 2.65 times the initial permeability value), still higher than 

the porosity-dependent value. All these values are still in the permeability range of 

disturbed salt (between 1.0E-11 to 1.0E-21 m²) (Cosenza and Ghoreychi, 1996), 

although the initial value considered in the simulations, 9.0E-16 m², is already a 

relatively high value for a disturbed salt in the vicinity of the milled section (as a 

DRZ) (Stormont et al., 1991). Nevertheless, it seems more appropriate to keep the 

maximum value acceptable for the parameter 𝜔 in order to maximize the mean 

stress-dependent permeability enhancement. 

More so, Figure 53 (b) shows the stress-dependent permeability evolution 

throughout the well surroundings (along the segment A-A’) when the well is 

completely closed52. Considering the emphasis to the geological barrier in 

formation, the final x-coordinates of the nodes of segment A-A’ are considered 

                                                
52 The differences between the results at the final time in Figure 53 (a) and at coordinate x = 0 in 
Figure 53 (b) are due to the extrapolation of the permeability result from neighboring Gauss points to 
this node, which is in the border an excavated region in the finite element mesh. In the history plots, 
this quantity is collected from the Gauss point; therefore, this numerical issue does not happen. 
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rather than the initial ones. As seen before, with the exception of model A0, the 

well has closed completely in all other models. By comparing the results of models 

A2 and A3 with those of A0 and A1, the well heating has triggered a more 

significant permeability enhancement close to the creeping wall, while its effect 

seems to be lower when moving away from the wall. In addition, by comparing the 

results of models A1 and A3 with those of A0 and A2 a little away from the wall, 

the pressure reduction in the well seems to be more relevant for the permeability 

enhancement than well heating is. As a reference, Stormont et al. (1991) have 

carried out brine and gas injection tests in boreholes to analyze the changes in salt 

permeability due to excavation. The most hydraulically affected region in the DRZ 

was of about 1.5 times the well radius. Although the specifications of their field 

application and the current study are different, one gets the x-coordinate of 

approximately 0.23 meters (1.5 times the radius of 6.25 inches) by applying this 

proportion as a rough estimate in this case study. From Figure 53 (b), the most 

affected radius in terms of permeability enhancement is up to about 0.50 meters in 

final coordinates (or about 0.60 in original coordinates), so there is a proximity in 

terms of order of magnitude. 

Lastly, the mean stress-dependent permeability is plotted versus the mean 

stress in Figure 54 in order to emphasize the permeability-dependence on the 

confinement stress. For the sake of clarity, the author makes use of the term 

“permeability path” analogously to “stress path” for the purpose of expressing the 

evolution of the permeability in function of the mean stress. Similar to the stress 

paths plots, in all graphs, the initial permeability condition (before section milling) 

is indicated with “1”, the condition right after milling and heating (if applicable) is 

indicated with “2” and the final condition when the well is completely closed is 

indicated with “3”. The changes in the porosity and permeability are accounted for 

from right after section milling on, when salt creep is effectively acting to close the 

well and to form the geological barrier. For this reason, the initial permeability 

condition (1) and that right after milling (2) are the same in the isothermal models 

(A0 and A1). In the heated models (A2 and A3), there is an instantaneous increase 

in the mean stress from condition (1) to (2) due to thermal stresses. However, the 

permeability changes only occur after condition (2).  
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Figure 54. Mean stress-dependent permeability in function of the mean stress (“Permeability” paths) 

of models A0 (a), A1 (b), A2 (c) and A3 (d). 

Observing model A0 (reference model, black line), Figure 54 (a), the 

permeability of the well undergoes a subtle nonlinear increase as the mean stress 

reduces after milling – the permeability path follows a subtle upward trend to the 

left. In general, this is conceptually expected since the reduction in the salt 

confinement makes microcracks open and pores enlarge, enhancing the 

permeability of the medium. The nonlinear path is also expected since the 

permeability depends on the mean stress increment to the 0.11 power (see 

Equation (30) and context). Therefore, although the well has not closed completely 

during 30 years of simulation, the reference model presents a hydraulic response 

physically and mathematically coherent until the end. In model A1 (blue line), 

Figure 54 (b), the permeability path follows the same trend of model A0, but with a 
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higher extent and evolving to a more noticeable nonlinearity. The mean stress 

reduction and the consequent permeability enhancement are greater than they are 

in model A0. This response is coherent with the fact that there is a pressure 

reduction to stimulate the creep behavior until the well is completely closed. Next, 

in model A2 (green line), Figure 54 (c), the permeability path exhibits a strong 

upward trend to the left followed by a sharp downward trend to the right – this is 

likely due to the inversion trend observed in the stress paths (see Figure 51 (c) and 

context), which has been credited to a transient heating effect in the well vicinity. 

After that, the permeability path follows a sharp upward trend to the left until the 

well closes. The permeability enhances as the mean stress reduces in a higher 

rate than those of models A0 and A1. It happens because salt creep develops 

higher rates in heated models (A2 and A3) than in isothermal models (A0 and A1). 

Finally, in model A3, Figure 54 (d), the permeability path develops a trend similar 

to that of model A2. The difference is that in model A3 the permeability 

enhancement with the mean stress reduction occurs in an even higher rate than 

that of model A2, since salt creep is stimulated not only by well heating but also by 

pressure reduction. As a general observation, the confinement reduction causes 

discontinuities and pores to open and, consequently, permeability is enhanced. 

Having in mind the condition of the salt rock as a DRZ in the well vicinity and the 

permeability results, the concept of mean stress-dependent permeability seems to 

be more adequate, as suggested by Kuhlman and Matteo (2018). 

5.6.  
Partial conclusions 

 

This case study has presented a first approach to investigate the formation 

of a salt geological barrier in a conceptual model of a Pre-salt well. The main 

objectives were: i) to verify if the well closes completely by salt creep and how long 

it takes to close; ii) to verify if the well wall and vicinity stands sound during well 

closure; and iii) to analyze how the hydraulic properties evolve as the closes. 

The results have shown that: i) the well can close completely by creep. Both 

pressure reduction (model A1) and well heating (model A2) accelerate significantly 

the openhole closure. The combination of these two methods accelerates creep 

even more (model A3); ii) the well integrity is maintained during closure. The 

closure has developed in an isochoric manner evidenced by volumetric strains 

tending to a constant value and null Lode angles over time; and iii) the reduction 

in the mean stresses in the surroundings as the well creeps reduce the rock 

DBD
PUC-Rio - Certificação Digital Nº 1712785/CA



170 
 

confinement resulting in the increase in porosity and permeability. The confinement 

has proven to be more decisive in influencing the permeability of the well vicinity 

(DRZ) than the porosity since the well deforms an isochoric way. The final 

permeability was of more than 100 times the initial permeability value in the most 

critical scenario; however, it has yet to be analyzed whether this enhancement is 

enough to trigger relevant flow/reactive transport in the geological barrier formed. 

These findings have a proof-of-concept purpose to guide more in-depth 

studies. Some hypotheses regarding the best way to consider the creep stimulation 

methods and to calculate the hydraulic variables can be reviewed in future 

versions. Although the concept for the geological barrier formation has been 

verified, the author of the thesis believes that a more significant time saving is still 

needed to make this abandonment method competitive with traditional methods 

regarding time (and consequently cost). The study has also addressed the 

alternative of using salt as barrier to close only the annulus space outside the 

casing, such as what is considered for shale as barrier. In this case, the times 

required for salt to form the barrier are significantly reduced.  

Overall, the results have agreed with the theoretical expectations regarding 

salt creep and the repercussion of the thermomechanical behavior on the hydraulic 

behavior of the well vicinity as the geological barrier forms. 
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6  
Case study of salt cavern53 

6.1.  
Objective 

 

This chapter revisits a case study of a synthetic offshore salt cavern for 

natural gas storage. This cavern was originally presented by Costa et al. (2012). 

The author and the advisors of the thesis have recently studied this salt cavern 

using a commercial finite element code (Firme et al., 2018b, 2019). In those works, 

only the mechanical approach to the problem has been performed. In this thesis, 

an updated and extended version of this study is carried out using GeMA 

framework to analyze the cavern integrity and the repercussion of the mechanical 

response in the hydraulic behavior during construction and operation. As output, 

the analysis aims at answering: i) if the cavern stands sound due to the 

simultaneous action of the internal pressure variations and salt creep during 

construction and operation; and ii) how the hydraulic properties of the cavern 

evolve with time. 

6.2.  
Lithology and geomechanical model 

 

A representative scenario of a Brazilian Pre-salt environment in Santos basin 

is considered. The rock stratum is composed of argillite, shale, sandstone and a 

salt (halite) layer that hosts the cavern. In this region, the water depth is of 2,149 

meters. A basement layer below the elevation -4,980 meters is assumed. The 

cavern develops within the interval from -2,901 to -3,201 meters inside the halite 

layer. A protection slab of 200 meters of halite above the cavern is ensured. The 

final geometry of the cavern ideally approximates a capsule shape with 100 meters 

in diameter and 300 meters in maximum height. These dimensions make up a 

nominal volume of 2.09E+06 m3. However, the storage volume is smaller than that 

                                                
53 Parts of this chapter were revised and extended for presentation from the article “Salt caverns 
history and geomechanics towards future natural gas strategic storage in Brazil” written by the author 
and the advisors of the thesis (Firme et al., 2019) and published in Journal of Natural Gas Science 
and Engineering. In this thesis, the numerical simulations have been carried out in GeMA. The 
repercussion of the mechanical response on the hydraulic behavior of the cavern is a contribution of 
the thesis – it is not available in the original publication. 
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since there is insoluble material deposited on the cavern floor and blanket material 

around the cavern roof. 

The geomechanical model is axisymmetric and the finite element mesh is 

composed by 8-node quadratic elements with reduced integration (type “Q8”). The 

lateral and bottom limits are far enough from the cavern to avoid spurious boundary 

effects. Figure 55 shows the geomechanical model, the finite element mesh and 

the main attributes.  

 

Figure 55. Axisymmetric finite element model of the salt cavern. Elevations and dimensions in meters. 

6.3.  
Initial and boundary conditions 

 

The initial (geostatic) stresses are assumed isotropic and are assigned by 

the superposition of the gravitational loads54 ensuring that the model initializes with 

null deformations. Similarly, the temperature estimation is based on geothermal 

gradients. The density values and the geothermal gradients are given in sections 

2.5.3 and 4.4.1 respectively. Figure 55 indicates the calculated in-situ stresses 

(compression) and temperatures at the cavern roof and floor (38.17-44.56 MPa 

and 23.0-26.6ºC respectively). 

                                                
54 In the current version of this study, the pore pressure effects are not considered in the model. The 
standard sedimentary rocks are considered as limiting layers of the salt formation. 
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Regarding the boundary conditions, the left (symmetry axis) and right 

borders have displacements restricted in the x-direction and those of the bottom 

border are restricted in the y-direction. The top border is free to move since it 

represents the seafloor (see Figure 55). Furthermore, to analyze the cavern 

response during the construction, solution mining is represented by a transient 

pressure acting in the cavern. The procedure for that is seen in more detail in 

Section 6.4.1. During the cavern operation, the range of operating pressures inside 

the cavern is limited by the roof stress (𝜎𝑖𝑛𝑖
𝑟𝑜𝑜𝑓). The minimum stress acting on the 

cavern is taken in order to avoid hydraulic fracturing. Since the salt formation is 

under an isotropic initial stress state, the reference stress for this purpose is 38.17 

MPa. Considering a natural gas storage application, the minimum pressure value 

ranges from 30% to 50% the reference stress (Costa et al., 2015). In this 

application, the minimum gas pressure (𝑝𝑔
𝑚𝑖𝑛) has been taken as 50% of 𝜎𝑖𝑛𝑖

𝑟𝑜𝑜𝑓 

to avoid dilation. The maximum gas pressure (𝑝𝑔
𝑚𝑎𝑥) value ranges from 70% to 

90% of 𝜎𝑖𝑛𝑖
𝑟𝑜𝑜𝑓. The upper percentage, 90% (Minkley et al., 2015) is adopted in 

order to maximize gas pressure range. 

6.4.  
Hypotheses, methodology and alignment with international literature 

 

This study is carried out in the light of the following hypotheses: i) the final 

shape of the cavern is known and it is affected only by salt creep; ii) the analysis 

is mechanical and the temperature effect is considered as a parameter of the 

constitutive model of creep; iii) the changes in the hydraulic behavior are credited 

only to the mechanical response; iv) thermal fractures, spalling and other sorts of 

material damage that result in geometry change are not considered; v) the well for 

cavern construction remains sound and does not influence globally the mechanical 

behavior of the cavern so that the numerical model represents only the cavern 

inside the rock formation; vi) the cavern is centered in the lithology model; and vii) 

there is a significant horizontal continuity throughout the cavern immediate 

surroundings. 

The temperature field is known in advance. Although the temperature varies 

with depth, the values are constant in each coordinate and do not vary with time 

so that only the time-dependent mechanical problem needs to be solved. 

Therefore, a simplified form of the TM+H approach (see Section 2.5.1) is adopted 

in which the thermomechanical problem turns into a mechanical problem. More so, 

the cavern surroundings may be hydraulically disturbed from the beginning of 
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construction on since the mechanical response impacts the hydraulic behavior of 

salt. Analyzing the hydraulic changes occurred in the cavern is one of the main 

contributions of this study in relation to the previous ones carried out by the author 

and those available in the literature. Just like in the previous case (see Section 

5.4), an initial porosity of 0.01 and an initial permeability of 9.0E-16 m2 (~ 0.91 mD) 

are considered (Stormont et al., 1991). Salt creep is simulated using the EDMT 

model and the non-salt sedimentary rock layers (argillite, shale and sandstone) 

follow an elastoplastic behavior according to the Mohr-Coulomb criterion with non-

associative flow rule. The rock properties are summarized in Section 2.5.3. Shale 

properties are also adopted for argillite and the basement layer is modelled using 

basalt properties. 

The cavern integrity is monitored over an operation period of 50 years (plus 

the construction period). Two engineering criteria related to strains and stresses 

apply (Costa et al., 2015). The first criterion refers to the accumulated strains. Over 

the cavern lifespan, the accumulated strains cannot exceed 10% and strain rates 

cannot exceed 5.0E-07 h-1. The second criterion refers to damage and is monitored 

using the dilation indicator. This ratio is calculated based on DeVries’ dilatancy 

boundary in the case of salt and based on the Mohr-Coulomb criterion in the case 

of non-salt rocks (see Section 2.1.2.4 and the context of Figure 35). Considering a 

safety margin against damage, the dilation indicator should not exceed 0.6 over 

the cavern lifespan. If salt exceeds this value, this does not mean that it is damaged 

(since dilation is identified by a unity value of this ratio), but it would cast an 

undesirable integrity condition. 

The mechanical analysis of the cavern comprises the periods of construction 

and operation. Each of these periods presents specific responses. Therefore, they 

are treated separately in sections 6.4.1 and 6.4.2 respectively. 

6.4.1.  
Cavern construction 

 

The simulation of the cavern construction opening by solution mining follows 

a mechanical approach using a transient pressure acting upon the cavern wall. 

This approach does not describe the geometry evolution over the dissolution 

process – the final geometry must be known in advance. This methodology, 

however, seeks a better definition of the stress changes caused to get a particular 

geometry by reproducing the gradual lateral unloading around the cavern during 

DBD
PUC-Rio - Certificação Digital Nº 1712785/CA



175 
 

dissolution and subsequent steps. Figure 56 schematizes the steps of the cavern 

construction.  

 

Figure 56. Cavern construction steps. Adapted from Firme et al. (2019). 

Initially, the rock formation is under the geostatic equilibrium (Figure 56 (a)). 

Then, the cavern construction period starts. This period is didactically divided into 

four steps: cavern pseudo-equilibrium, leaching out, debrining and first filling. 

Firstly, the elements corresponding to the cavern are removed and a salt-

equivalent fluid pressure, 𝑝𝑠𝑎𝑙𝑡, is applied simultaneously upon the cavern wall, so 

that 𝑝𝑠𝑎𝑙𝑡 ≈ {𝜎𝑖𝑛𝑖}. This pressure virtually replaces the pre-existent stress state 

{𝜎𝑖𝑛𝑖} over the cavern wall and ensures the removal of elements produces 

essentially null deviatoric stresses. Thus, there is a pseudo-equilibrium of the 

cavern wall (Figure 56 (b)). Secondly, the leaching out step simulates in a 

mechanical sense the salt turning into brine over time. The unit weight adopted in 

the salt-equivalent fluid pressure (𝑝𝑠𝑎𝑙𝑡) is reduced from 21.29 kN/m³ (salt) to 12 

kN/m³ (brine) over time considering a realistic dissolution rate. Therefore, salt-

equivalent pressure gradually turns into brine-equivalent pressure (𝑝𝑠𝑎𝑙𝑡 → 𝑝𝑏𝑟𝑖𝑛𝑒). 

Considering an average dissolution rate of 30 m³/h (Lux and Düsterloh, 2015) and 

the nominal volume of the cavern, this procedure results in a leaching out period 

of nearly 8 years (Figure 56 (c)). Literature presents similar mechanical 

approaches for the solution mining process. DeVries et al. (2005) for instance 

remove the cavern corresponding elements, apply a boundary pressure equivalent 

to the brine pressure and let the cavern wall deform by creep by 1.5 years, which 

is the estimated leaching out period in their work. Khaledi et al. (2016) divide their 

cavern into smaller regions and remove each region at a 160 day-interval. Wang 

et al. (2018) use a methodology such as the adopted here, reducing the internal 

pressure from the salt-equivalent value to the brine-equivalent value over the 

leaching out period observed in the field. Thirdly, the debrining phase consists of 
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withdrawing the brine and filling the cavern with gas (Khaledi et al., 2016). The 

hydrostatic brine-equivalent pressure now turns into the uniform gas operation 

pressure. This is a less time-consuming process (in the order of months). In this 

study, it is assumed to take 6 months and the gas pressure is taken as the 

maximum operational value (𝑝𝑏𝑟𝑖𝑛𝑒 → 𝑝𝑔
𝑚𝑎𝑥), Figure 56 (d). Finally, there is the first 

filling phase (Khaledi et al., 2016), which is a quick process. In this phase, the gas 

pressure is rapidly reduced to the minimum operational pressure (𝑝𝑔
𝑚𝑎𝑥 → 𝑝𝑔

𝑚𝑖𝑛). 

This step is assumed here to take a one-week period (Figure 56 (e)). After these 

four steps, the cavern is ready to operate. 

6.4.2.  
Cavern operation 

 

As the cavern is ready to operate, the use of the storage space over time is 

represented by the internal pressure scheme. For that, it is assumed an annual 

operation cycle for gas pressure presented by Costa et al. (2015), which is related 

to the contingent use of the cavern. Other examples of cavern operation pressure 

schemes are found in the works of Xing et al. (2015), Khaledi et al. (2016), 

Mahmoudi et al. (2017), Wang et al. (2018), among others. Figure 57 depicts the 

operation scheme. The cavern stays at minimum internal pressure over 305 days 

of a year (Figure 57 (a), (b)). Next, the pressure is raised to the maximum value 

during 30 days (Figure 57 (c)) and it decreases to the minimum value during 30 

days (Figure 57 (d)), ending a one-year cycle. This scheme applies annually until 

the end of the cavern lifespan. Furthermore, Figure 58 presents the evolution of 

the internal pressure over the operation period applied to this study. The main 

pressure stages (when the minimum and maximum values apply) are indicated 

with “1”, “2” and “3”. 

 

Figure 57. Cavern operation scheme workflow. Adapted from Firme et al. (2019). 
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Figure 58. Cavern operation scheme applied to this study. Adapted from Firme et al. (2019). 

6.5.  
Results and discussions 

 

For a better exposition, the results of this case study are divided into the two 

periods of the cavern: construction and operation. Each of these groups of results 

is presented and discussed in the sections below. 

6.5.1.  
Construction period 

 

During the cavern construction period, the main variables to be controlled 

are the stresses, strains and by-variables in order to make sure that the mechanical 

simulation of the cavern construction does not produce severe stress changes and 

hydraulic perturbation in the model. 

Figure 59 shows the evolution of the internal pressure and of the deviatoric 

stresses at control points of the cavern (roof, half-height and floor) during the 

construction period. Similarly, Figure 60, Figure 61 and Figure 62 present 

respectively the corresponding Lode angle, dilation indicator and volumetric strain 

over the same period. In the leaching out step (Figure 59 (a)), the deviatoric stress 

does not increase much (a little over 5 MPa) with the reduction in the internal 

pressure acting upon the cavern wall, which represents the salt turning into brine 

over time. Deviatoric stresses of low magnitude after 8 years are a reasonable 

output considering the stress changes of small magnitude caused by the 

dissolution around the cavern wall. In this sense, the methodology has behaved 
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coherently. The Lode angles (Figure 60 (a)) of the cavern roof and floor converge 

to that of extension (-30º), while the half-height converges to a little below zero 

(isochoric shear), similar to the Pre-salt well study (see Figure 50 (a) and context). 

These results reflect on relatively low values of dilation indicator (Figure 61 (a)) 

and volumetric strain (Figure 62 (a)).  

 

Figure 59. Internal pressure and deviatoric stress over the construction period: interval between 

pseudo-equilibrium and leaching out (a); and interval between leaching out and first filling (b). 

 

Figure 60. Lode angle over the construction period: interval between pseudo-equilibrium and leaching 

out (a); and interval between leaching out and first filling (b). 

In the debrining and first filling steps (Figure 59 (b)), it can be noticed that the 

internal pressures on the cavern roof, half-height and floor converge to the same 
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deviatoric stresses increase due to the internal pressure reduction. Considering 

that the same pressure is applied to different elevations (roof, half-height and floor), 

deeper elevations undergo higher stress deviations. The same behavior is 

observed in the dilation indicator (Figure 61 (b)) and generally in the volumetric 

strain (Figure 62 (b)). The exception is the volumetric strain of the roof, which does 

not vary significantly – it is likely due to the operation pressures, which are limited 

to the stress at the cavern roof; therefore, this region is subjected to lower stress 

deviations than the half-height and the floor. The Lode angles (Figure 60 (b)) also 

do not exhibit significant changes.  

 

Figure 61. Dilation indicator over the construction period: interval between pseudo-equilibrium and 

leaching out (a); and interval between leaching out and first filling (b). 

 

Figure 62. Volumetric strain over the construction period: interval between pseudo-equilibrium and 

leaching out (a); and interval between leaching out and first filling (b). 
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Next, a severe internal pressure reduction from the maximum to the minimum 

operational pressure – the first filling step – triggers a strong increase in the 

deviatoric stresses in the cavern wall (Figure 59 (b)). The Lode angles do not 

exhibit significant changes despite subtle ripples during first filling step (Figure 60 

(b)). By observing the values of the dilation indicator in this step (Figure 61 (b)), 

the project limit for this parameter (0.6) is exceeded although none of the control 

points undergoes dilation. Thus, this is not faced as a prohibitive condition at first. 

The evolution of the ratio is monitored over the lifespan to provide the big picture 

of the cavern integrity. Figure 62 (b) shows an increase in the volumetric strains; 

however, values are still low, indicating no meaningful dilation. 

 

Figure 63. Stress paths of the cavern wall over the construction period. 

Additionally, Figure 63 presents the stress paths at five control points of the 

cavern wall (the three previously mentioned plus two intermediate points). 

Unloading stress path trends are developed in accordance with the stress changes 

caused by the construction. These paths remain inside the admissible domain – 

below the extension envelope in special, since the cavern roof and floor deform 

exhibiting Lode angles that indicate lateral extension. Nevertheless, although the 

dilatancy boundaries are not exceeded, the final locations of the paths in the end 

of the construction period are close to the extension and the isochoric envelopes. 

This justifies the high values of dilation indicator observed in Figure 61 (b). 

Once the mechanical problem is solved, the next step is to verify the 

repercussion of this response on the hydraulic behavior of the cavern (see sections 

2.5.1 and 5.5.3). The solution mining and the subsequent construction steps create 
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a mechanically disturbed region around the cavern. Since tightness is essential for 

storage caverns, the changes in the hydraulic behavior of the salt cavern should 

be analyzed from the beginning of construction on. 

 

Figure 64. Porosity over the construction period: interval between pseudo-equilibrium and leaching 

out (a); and interval between leaching out and first filling (b). 

 

Figure 65. Porosity-dependent permeability over the construction period: interval between pseudo-

equilibrium and leaching out (a); and interval between leaching out and first filling (b). 
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(Figure 64 (a)) and of porosity-dependent permeability (Figure 65 (a)) have 

followed the same trend of the volumetric strains, i.e., a very subtle increase in the 

cavern floor and half-height and with almost no changes in the roof. This is in line 

with the observations in the previous study (see Section 5.5.3). The increase in 

porosity is physically coherent since the volumetric strains trigger pore 

enlargement and microcrack opening as the salt region becomes prone to dilation. 

Observing the mean stress-dependent permeability (Figure 66 (a)), similar 

concepts are noticed; however, the magnitude of the changes is larger than in the 

porosity-dependent permeability. In the debrining step, the porosity (Figure 64 (b)), 

porosity-dependent permeability (Figure 65 (b)) and mean stress-dependent 

permeability (Figure 66 (b)) continue increasing subtly. In the first filling step, these 

three variables increase sharply following the same trends of the volumetric 

strains. From start to finish of construction, the maximum change in permeability is 

from 9.0E-16 to 30.7E-06 m² in the cavern floor (3.4 times the initial value) 

considering the dependence on the mean stress. In the same period, the porosity 

varies from 0.01 to 0.01036 (1.036 times the initial value). The change in the 

porosity-dependent permeability follows the same rate of the porosity since the 

correlation (equation (28)) is linear when using a unity power. 

 

Figure 66. Mean stress-dependent permeability over the construction period: interval between 

pseudo-equilibrium and leaching out (a); and interval between leaching out and first filling (b). 
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period are hidden from now on. In the following plots, the starting times (0 years) 

refer to the beginning of the operation. 

 

Figure 67. Displacement magnitude (a) and equivalent von Mises strain (b) of the cavern wall over 

the cavern lifespan. 

 

Figure 68. Equivalent von Mises strain rate (a) and Lode angle (b) of the cavern wall over the lifespan. 
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and shallower elevations (points A and B) develop lower deviatoric stresses in 

comparison to deeper elevations. For the sake of reference, considering this 

cavern and having in mind the differences in the model and methodology, Costa et 

al. (2012) have obtained roof, half-height and floor displacements of about  0.75, 

1.8 and 1.8 meters respectively in 30 years of simulation  operating at 50% of mean 

stress of the cavern roof (see Figure 11 of their work). In this thesis, the 

displacement magnitude values at roof and floor are very close. The displacement 

magnitude at the half-height is slightly lower than that of the reference. More so, 

the cavern floor displacement magnitude after the first loading cycle has been 

compared to the theoretical elastic value55 (𝑢𝑒𝑙 = (1 + 𝜈)∆𝑝 𝐸⁄ ) considering the 

same pressure variation (∆𝑝 = 15.268 MPa, see Figure 58). The numerical model 

has undergone a downward displacement of 1.77E-02 meters while the 

corresponding theoretical displacement was 8.18E-04 meters. This indicates that 

salt creep plays a significant role during the internal pressure variation so that wall 

strains are not solely elastic. Next, Figure 67 (b) presents the equivalent von 

Mises56 strains of the cavern wall over its lifespan. The accumulated strain on the 

cavern floor (point E) almost reaches the engineering limit of 10% in the end of 

operation. Nevertheless, this strain criterion is satisfied until 50 years. Still 

analyzing the engineering criteria, Figure 68 (a) shows the equivalent strain rates 

of the cavern wall over the lifespan. Notable peaks caused by the discretization of 

the partial derivative that provides the creep rate and the loading/unloading periods 

have impaired curve visualization. However, a convergence in the values is noticed 

in the periods of constant pressure. The creep rates exceed the project limit of 

5.0E-07 h-1 in the first years. Nevertheless, the rates evolve to lower values over 

the cavern lifespan despite the periodic peaks due to loading/unloading. After 

about two years of operation, all the constant parts of the curves are lower than 

the project limit, and they reach nearly 50% (or less) of the limit at the end of the 

cavern lifespan. More so, Figure 68 (b) presents the evolution of the Lode angles 

with time. Significant peaks are observed during the loading/unloading periods, 

when stress changes are more significant, but the values return to their original 

magnitude during the construction period (see Figure 60 and context). 

                                                
55 This comparison was suggested by an anonymous reviewer during the peer review process of the 
article “Salt caverns history and geomechanics towards future natural gas strategic storage in Brazil” 
(Firme et al., 2019) in the Journal of Natural Gas Science and Engineering. This contribution is 
sincerely acknowledged. 
56 “von Mises” refers to the flow rule adopted in the generalization for the multi-axial space. 
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Figure 69. Dilation indicator of the cavern wall over the lifespan (a) and stress paths over the 

operation period (b). 

In order to analyze the cavern integrity, Figure 69 (a) shows the dilation 

indicator of the cavern wall over the lifespan. As with the strain rates, notable peaks 

are observed. Higher values are present in the beginning of the operation due to 

the first filling step in the construction (see Figure 61 and context), but these values 

evolve to an almost horizontal trend with time. This effect is expected since the 

cavern wall alleviates stresses by creep leading to ever lower deviatoric stresses 

(and consequently lower ratios) until a new loading/unloading cycle occurs. The 

highest long-term ratio is about 0.673. In addition to that, Figure 69 (b) shows the 

stress paths at the five control points of the cavern wall. The paths over the 

construction time (from Figure 63) are dashed and are still exhibited to provide the 

whole picture of the stress evolution. Considering the operation period (solid lines), 

noisy curves are noticed as a consequence of the annual loading/unloading cycles. 

Nonetheless, the control points are always inside the admissible region and 

definitely move away from the extension and isochoric envelopes. Despite lying on 

an admissible domain over its entire lifespan, the ratio values presented in Figure 

69 (a) are higher than 0.6. This fact raises an alert regarding the margin of safety 

of the cavern, although it is not considered prohibitive for the following reasons: 

the limit of 0.60 is an engineering criterion, seeking to implicitly account for a 

number of uncertainties that salt cavern projects deal with; and the dilatancy 

boundary adopted in this thesis, DeVries’ boundary, is more restrictive than the 
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criterion adopted in the original publications of this study (Section 2.1.2.5). To 

provide the whole picture of the cavern integrity, Figure 70 shows the contour maps 

of the dilation and shear failure indicator in the model in noticeable periods. 

 

Figure 70. Contour maps of the dilation and shear failure indicators of the cavern over the lifespan. 

The previous graphs have shown history results, demonstrating how 

variables evolve with time. In the following graphs, the dilation and shear failure 

indicators are exhibited along three key segments throughout the cavern: segment 

A-F-A’, from the cavern roof to the seafloor (model top); segment C-C’, from the 

cavern half-height wall to a distant horizontal coordinate; and segment E-E’, from 

the cavern floor to a deeper elevation. To this end, five noticeable cavern-related 

times are considered: the one in the beginning of leaching out (I), the one right 

after leaching out (II), the one right after debrining (III), the one right after the first 

filling (IV) and the one in the end of cavern operation (V). As previously mentioned, 

the dilation indicator is calculated considering DeVries’ dilatancy boundary in the 

case of salt and the shear failure indicator is calculated according to the Mohr-

Coulomb criterion in non-salt sedimentary rocks (see Figure 35 and context). 

Figure 71 (a) presents the dilation and shear failure indicators of the segment 

A-F-A’, where point A corresponds to the cavern roof (elevation -2,901 m); point F 

is the salt formation top (elevation -2,701 m) and the transition with the standard 

sedimentary rocks; and point A’ is the seafloor and the model top (elevation -2,149 

m). Considering the sub-segment A-F, one notices null ratios at the beginning of 
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the leaching out step (I), as expected from the geostatic pseudo-equilibrium (see 

Section 6.5.1), and an increase in the ratios close to the cavern roof right after the 

leaching out step (II). A very subtle increase is observed right after the debrinning 

step (III). The higher value of dilation indicator (by 0.85) occurs on the cavern roof 

(point A) right after the first filling step (IV). This is expected since the cavern 

experiences lower internal pressures and undergoes higher deviatoric stress 

during this construction step. The curve of the end of the operation (V) shows a 

decrease in the ratio values close to the roof with time. This is coherent with the 

fact that the cavern immediate surroundings release stresses by creep. Thus, 

deviatoric stresses tend to decrease, and so do ratios. In the sub-segment F-A’, 

there is a discontinuity at point F, which is the interface between the salt and the 

standard sedimentary rocks (non-salt rocks, see also Figure 70). From this 

elevation upwards, the indicator refers to shear failure and is calculated based on 

the Mohr-Coulomb model. These layers seem to be relatively insensitive to the 

cavern construction period since the ratio is negligible during the construction time 

steps (I, II and III). They accumulate non-negligible ratios only during the cavern 

lifespan (50 years), although the values are very far from the Mohr-Coulomb shear 

strength envelope. 

 

Figure 71. Dilation and shear failure indicators along the vertical segments A-F-A’ (a) and E-E’ (b) in 

the cavern model. 

Next, Figure 71 (b) shows the dilation indicator of the segment E-E’, where 

point E corresponds to the cavern floor (elevation -3,201) and point E’ is 1,000 

meters deeper (elevation -4,201 m). The same conceptual observations previously 
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made in the sub-segment A-F apply. The highest ratio is by 0.92 and it occurs right 

after the first filling construction step. Lastly, Figure 72 presents the dilation 

indicator of segment C-C’, where point C corresponds to the cavern half-height 

wall (abscissa 50 m) and point C’ is 900 meters away. The results are conceptually 

similar to those in Figure 71 of the cavern surroundings in sub-segment F-A and 

segment E-E’. The highest ratio is by 0.89 and occurs right after the first filling step. 

The ratio values decrease significantly away from the cavern wall. That is expected 

since the farther the control point is from the wall, the lower the deviatoric stress. 

 

Figure 72. Dilation indicator along the vertical segment C-C’ in the cavern model. 

Just like in the construction period, the next step is to verify the repercussion 

of the mechanical response on the hydraulic behavior of the cavern during the 

operation period. To this end, Figure 73 (a) presents the volumetric strains of the 

cavern wall over the lifespan. Disregarding peaks, curves quickly tend to constant 

values. The maximum volumetric strain is a little below 0.06% on the cavern floor 

(point E). Additionally, by computing the volumetric strain rate at this location in the 

last five years of operation, one obtains values of the order of E-05 to E-06 year-1 

for most of the operation cycle time, reaching values of about 3.5E-04 year-1 at the 

peaks related to loading/unloading periods. For the sake of comparison, Bérest et 

al. (2001) presented a value of (-) 3.0E-04 year-1 as an initial shrinkage rate of a 

cavern at 1,000 meter-depth which was being abandoned. Those authors point out 

that there is a great variability in this value depending on salt properties and cavern 

shape. This comparison indicates that the cavern of this study has behaved within 

a reasonable standard regarding volumetric strains. Next, the porosity is calculated 
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from the volumetric strains, Figure 73 (b). One observes that the values have not 

changed substantially after the first years of operation. This is coherent with the 

fact that volumetric strains tend to constant values over time. Analyzing in the 

cavern floor, the porosity in the end of the operation is 0.01056. Considering the 

initial value of 0.01, this porosity change is not relevant for engineering purposes. 

 

Figure 73. Volumetric strain (a) and porosity (b) of the cavern wall over the lifespan. 

 

Figure 74. Porosity-dependent (a) and mean stress-dependent (b) permeability of the cavern wall 

over the lifespan. 

The permeability is calculated based on the porosity, Figure 74 (a). Analyzing 

the cavern floor, the value at the end of the operation is 9.5022E-16 m². Compared 

to the initial value, this represents an increase of 0.5022E-16 m² in the porosity-
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dependent permeability. Considering all the pressure cycles and the long creep 

time that the cavern has been subjected to, this change is considered as not 

harmful for the tightness. Then, the mean stress-dependent permeability is 

calculated, Figure 74 (b). Also analyzing at cavern floor, the mean stress-

dependent permeability at the end of the analysis is 58.5855E-16 m², which is 

about 6.51 times higher than the initial value. This permeability change is more 

relevant and indicates again that the concept of mean stress-dependent 

permeability is more adequate in the context of salt openings as mentioned by 

Kuhlman and Matteo (2018) regarding DRZs. 

Since the mean stress-dependent permeability is the hydraulic variable that 

has suffered the greatest impact from the combined effect of several pressure 

cycles and salt creep, this is plotted along the three key segments throughout the 

cavern (A-F-A’, E-E’ and C-C’) previously adopted to show the dilation and shear 

failure indicator (see Figure 71 and Figure 72). Hence, Figure 75 (a) presents the 

mean stress-dependent permeability over the segment A-F-A’. By observing the 

sub-segment A-F (in the salt) during the construction period, the permeability 

affected region is limited to about 25 meters above the cavern roof and a more 

noticeable increase occurs after the first filling step. After that, during the operation 

period, the permeability enhancement evolves significantly and extends up to the 

salt top (200 meters above the cavern roof), in the transition with the sedimentary 

stratum. In sub-segment F-A’ (non-salt sedimentary rocks), the permeability 

enhancement is negligible. For the sake of simplicity, the initial permeability of 

these rocks is considered the same of the salt. Since these non-salt layers are 

relatively far from the cavern, the changes in stresses and strains do not affect 

them significantly; therefore, both permeability correlations do not produce 

meaningful changes. Furthermore, Figure 75 (b) shows the mean stress-

dependent permeability over segment E-E’. The results follow the same concepts 

observed in sub-segment A-F. However, the permeability enhancement is of 

greater magnitude since the stresses in the lower region of the cavern are higher 

than those of the upper region, and it reflects on the calculation of the mean stress-

dependent permeability. Lastly, Figure 76 presents the mean stress-dependent 

permeability over segment C-C’. The same concepts observed in segment E-E’ 

apply; the permeability enhancement is lower than it is in segment C-C’ since the 

stress level in the cavern half-height elevation is lower than that of the floor. 

Although the maximum permeability changes occur in the cavern wall, as indicated 

in the history plots (see Figure 74 and context), these path plots have succeeded 
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in show the span of the hydraulically disturbed region around the cavern, in order 

to guide more in-depth hydraulic/transport-related studies. 

 

Figure 75. Mean stress-dependent permeability along the vertical segments A-F-A’ (a) and E-E’ (b) 

in the cavern model. 

 

Figure 76. Mean stress-dependent permeability along the horizontal segment C-C’ in the cavern 

model. 

6.6.  
Partial conclusions 

 

This case study has demonstrated a compiled methodology to analyze the 

mechanical response of salt caverns with repercussion on the hydraulic behavior. 
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The solely mechanical approach has been presented in the past (Firme et al., 

2018b, 2019), while the hydraulic post-analysis is a contribution of the thesis. The 

main objectives were: i) to verify if the cavern stands sound due to the 

simultaneous action of the internal pressure variation and salt creep during 

construction and operation; and ii) to analyze how the hydraulic properties of the 

cavern evolve with time. 

The results have shown that: i) the approach to simulate the solution mining 

and the subsequent cavern construction steps by using a transient pressure has 

led to physically coherent results in terms of producing low stress and strain 

perturbations – solution mining is a gradual dissolution process, less mechanically 

severe than an excavation. The first filling step in the cavern construction period 

has been the most critical since the cavern experiences the lowest internal 

pressure very quickly. Moreover, DeVries’ dilatancy boundary of salt has not been 

exceeded at any moment on the cavern wall – the mechanical integrity is 

maintained; and ii) the porosity and the porosity-dependent permeability 

enhancements have been subtle during construction and operation – this is 

coherent with the low volumetric strain variation observed. Furthermore, the mean 

stress-dependent permeability has shown a significant enhancement with time. As 

a reference, the final value at the cavern floor was by 6.51 times the initial value. 

The enhancement span – by a few hundred meters from the cavern walls – is also 

significant especially by the end of operation. 

The mechanical approach for salt caverns suits adequately global stability 

analyses. This application is expected to serve as a basis for future simulations of 

cavern abandonment and use for CCS. More specific improvements particularly in 

representing salt damage and thermal fractures would also be welcome. 

Regarding the hydraulic response, the permeability dependence on the mean 

stress has been significant. The maximum permeability value at the end of the 

analysis is still in the range qualified as disturbed salt (Cosenza and Ghoreychi, 

1996). It is yet to be verified whether the increase in permeability and its span 

around the cavern are sufficient to have a considerable impact on flow/transport 

through the cavern walls. 
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7  
Case study of salt as caprock of Pre-salt reservoir 

7.1.  
Objective 

 

This chapter presents a case study of a synthetic Pre-salt reservoir overlain 

by a thick salt layer. The study that originates this application has been developed 

in the context of carbonate reservoirs with karstic cavities (Firme et al., 2021). In 

this thesis, the focus is to analyze combined effect of the reservoir 

compaction/expansion and the salt caprock creep behavior during hydrocarbon 

production and CO2 injection. As output, the analyses intend to answer: i) what is 

the effect of reservoir compaction on salt caprock creep; ii) what is the effect of 

both compaction and creep on subsidence; iii) how this mechanical response is 

modified in the case of an injection in the reservoir so that the initial pore pressure 

is recovered; and iv) what is the effect on the hydraulic behavior of the caprock. 

7.2.  
Lithology and geomechanical model57 

 

The lithology has been conceived from seismic logs, geologic horizons, and 

interpreted facies from Lapa Field, Santos Basin (Brazil), presented by Ribeiro da 

Silva and Pereira (2017). The geologists’ work has been incorporated with 

simplifications in order to generate a conceptual model that honors the horizons 

around a real well as much as possible (see Figure 7 of their work). A brief 

description of the lithology follows. The upper layer is the overburden (elevations 

from -2,800 to -3,400 meters). This is a sedimentary package composed by 

siliciclastic rocks. Below the overburden, there is a thick evaporitic rock interval 

(named Ariri formation). A 1,115 meter-length halite layer and a basal 20 meter-

length anhydrite layer above the carbonates are considered (from -3,400 to -4,535 

meters). This salt layer acts as the reservoir caprock. Next, geologists have divided 

the Pre-salt formation in three main facies named Barra Velha, Itapema and 

                                                
57 Parts of section 7.2 and 7.4 were revised and updated for presentation from the article “Mechanical 
behavior of carbonate reservoirs with single karst cavities” written by the author and the first advisor 
of the thesis (Firme et al., 2021) and published in Geomechanics for Energy and the Environment. In 
this thesis, the same lithology is adopted but with another focus. Results and findings are different 
from the original publication. 
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Piçarras. Barra Velha is a quality reservoir composed by a vuggy carbonate 

formation (from -4,535 to -4,800 meters). Itapema consists of dark shale and 

carbonate (calcirudite, from -4,800 to -5,000 meters). The texture of calcirudite 

shows shell fragments called “coquinas” (Oliveira et al., 2014; Ribeiro da Silva and 

Pereira, 2017; Silva, 2016). Piçarras is composed by siliciclastic sediments – 

conglomerates and sandstone (from -5,000 to -5,250 meters) (Domingues, 2011; 

Ribeiro da Silva and Pereira, 2017). Finally, the last formation is Camboriu, which 

consists mainly of basalt (from -5,250 to -7,500 meters) (Silva, 2016). A disk-

shaped reservoir with 1,000 meters in radius is assumed in the Barra Velha 

formation. The lithology is illustrated in Figure 77. 

 

Figure 77. Axisymmetric finite element model of the Pre-salt section. Elevations and dimensions in 

meters. 

The geomechanical model is axisymmetric and the finite element mesh is 

composed by 8-node quadratic elements with reduced integration. In the reservoir, 

the elements have quadratic interpolation functions for displacements and linear 

interpolation functions for pressures following a typical coupled hydromechanical 

element formulation to simulate reservoir depletion/injection. Outside the reservoir, 

the elements follow the standard displacement-based formulation. The lateral and 

bottom limits are far enough from the reservoir to avoid spurious boundary effects 

in the numerical analyses. Figure 77 presents the geomechanical model, the finite 

element mesh and the main attributes. 
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7.3.  
Initial and boundary conditions 

 

To estimate the in-situ stress state, the vertical stresses are calculated by 

the superposition of the gravitational loads. In the non-salt sedimentary rocks, the 

effective horizontal stresses consider a horizontal stress coefficient of 0.65, as 

observed in the carbonates (Silva, 2016). An isotropic stress state is assumed in 

the evaporites (anhydrite and halite). Initial pore pressures are taken as the 

hydrostatic column over depth except along the salt interval, where they are null. 

The specific weight of water of 10 kN/m³ is adopted. The geostatic stress state is 

assigned ensuring that the model initializes undeformed. The temperature 

estimation is based on geothermal gradients. The rock density values and the 

geothermal gradients are given in sections 2.5.3 and 4.4.1 respectively. Figure 78 

(a) shows the initial conditions assigned to the model.  

 

Figure 78. Initial conditions (a) and pore pressure variation (b) assigned to the geomechanical model. 

With respect to displacement restrictions, the left (symmetry axis) and right 

borders are fixed in the x-direction and the bottom border is fixed in the y-direction. 

The top border is free to move since it represents the seafloor (see Figure 77). 

This study is divided into two phases regarding the pore pressure-related 

boundary conditions, Figure 78 (b). The first phase considers the hydrocarbon 

production, which is simulated by the reservoir depletion. Two depletion schemes 
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are assumed, as schematized in Figure 79. The first scheme is linear so that the 

depletion evolves in such a way that the reservoir undergoes 30 MPa of pore 

pressure reduction at the end of 30 years (1 MPa/year). The second scheme is a 

nonlinear synthetic curve which was inspired by a realistic well production curve 

presented by Mason (2012). The curve shape has been roughly kept while the 

initial and final values have been set to 0 years and 0 MPa, and 30 years and 30 

MPa, respectively. This curve has been adopted to analyze if the reservoir 

depletion rate influences the salt caprock creep. The second phase of the study 

considers the subsequent use of the depleted reservoir for CO2 storage. This is 

represented by an injection that fully recovers the initial pore pressure of the 

reservoir. Pressure recovery follows the same schemes and times adopted in 

depletion. The results considering reservoirs with recovered pressure are 

compared to scenarios in which the depleted reservoir remains so until the end of 

the analysis (it is abandoned without recovering pressure). Regardless of the 

pressure variation scheme, reservoir depletion causes deviatoric stresses in the 

vicinity. These stresses trigger salt caprock creep deformation and consequently 

subsidence is influenced both by compaction and by caprock creep. Additionally, 

some degree of hydraulic perturbation in the reservoir surroundings is expected.  

 

Figure 79. Schemes of reservoir depletion and injection. 

7.4.  
Hypotheses, methodology and alignment with international literature58 

 

This study is carried out in the light of the following hypotheses: i) Terzaghi’s 

effective stress principle applies to all the rock layers except salt; ii) the fluid flow 

                                                
58 See previous note. 
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develops in enough time to meet a steady-state condition; iii) the carbonate 

formation has such a hydraulic transmissivity that it is possible to consider the 

hydraulic communication inside the reservoir; viii) the pore pressure variation 

affects the mechanical response of the model, but the opposite is not considered 

– the scheme is essentially a one-way coupling; v) the reservoir compaction due 

to depletion closes eventually pre-existing fractures; vi) both the initial pore 

pressure state and the changes with time are known in advance; vii) the 

temperature is considered as a parameter of the creep constitutive model – it does 

not vary with time; viii) the hydraulic changes in the caprock are credited only to 

the mechanical response to reservoir depletion and injection; and ix) the CO2 

injection impacts the model only in the pore pressure field and in the subsequent 

mechanical response – thermal and chemical effects are not considered. 

Conceptually, the analyses are hydromechanical in the reservoir and 

mechanical outside it. Due to the effective stress principle, by assuming a unity 

Biot coefficient and that the total stresses do not change with time, the pressure 

changes (indicated by the depletion curves) result in the effective stress changes 

in the reservoir, affecting the surroundings. Therefore, the hydromechanical 

problem in the reservoir is reduced to a mechanical problem since all degrees of 

freedom related to pore pressure are pre-defined. As previously mentioned, the 

temperature field is considered as a parameter of the creep constitutive model. In 

the end, only the time-dependent mechanical problem has to be solved. In order 

to analyze the repercussion of reservoir depletion in the hydraulic behavior of salt, 

an initial porosity of 0.01 and an initial permeability of 9.0E-16 m2 (~ 0.91 mD) are 

considered (Stormont et al., 1991), as in previous applications (see sections 5.4 

and 6.4).These values are compatible with a DRZ around the well, which is 

implicitly considered in the symmetry axis of the axisymmetric model. Far from the 

well, lower permeability values would be expected (compatible with undisturbed 

salt); however, the study is focused on the hydraulic changes triggered by the 

stress changes around the reservoir; therefore, considering the same initial value 

highlights the hydraulically disturbed regions. 

In the first phase of the study, the role played by reservoir compaction on salt 

creep and the effect on subsidence is analyzed employing all the four creep models 

discussed in the thesis (PL, DM, MD and EDMT models). An additional model that 

assumes salt caprock as a solely linear elastic material (without creep behavior) is 

considered for the sake of comparison. In the second phase, the effect of a CO2 

injection that promotes a full pressure recovery in the reservoir is analyzed. In this 
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phase, only EDMT creep and linear elastic (no creep) models are considered. The 

sedimentary rock layers follow an elastoplastic behavior according to the Mohr-

Coulomb criterion with non-associative flow rule. Regarding the properties, the 

overburden is modelled using typical literature shale properties. Both Barra Velha 

and Itapema formations (carbonate and calcirudite) are modeled with elastic 

parameters calibrated by Domingues (2011) for a travertine of Itaboraí, Rio de 

Janeiro state, Brazil59. The Mohr-Coulomb model parameters adopted here have 

been calibrated by Corrêa (2016) for travertine samples from Acquasanta Terme, 

Italy. Piçarras formation is modelled using literature properties of conglomerate 

(Costa et al., 2019a) and the basement takes the properties from Nevada Test Site 

basalt (Goodman, 1989). Lastly, the salt formation (halite and anhydrite) adopts 

the same properties as the previous applications. These rock properties are 

summarized in Section 2.5.3. 

Recent works in reservoir geomechanics have adopted similar 

methodologies. Firme et al. (2014a) have investigated the reservoir compaction 

and surface subsidence of a synthetic 3D model representative of a North Sea field 

using elastic and elastoplastic constitutive models. A similar methodology to the 

one presented here was considered, although salt rocks were not present in the 

study. Angus et al. (2015) have studied the Valhall reservoir by means of finite 

element flow-geomechanics analyses to predict seafloor subsidence. The 

geostatic stresses have been assigned by the superposition of the gravitational 

loads and effective horizontal stresses through a horizontal stress coefficient. Initial 

pore pressures have been assigned as the hydrostatic column over depth 

eventually increased by overpressure. The model top corresponds to the seafloor. 

A two-way flow-geomechanics coupling has been adopted considering a 

simulation time of 25 years. Zoccarato et al. (2018) have presented an assessment 

of the uncertainties associated to the geomechanical parameters of deep 

hydrocarbon reservoirs. The study has adopted one-way flow-geomechanics 

coupling by which the pore pressure field is calculated using a multiphase flow 

simulator and the geomechanical model provides the displacement field and by-

variables that result from the pore pressure change. Rocca et al. (2019) have 

carried out a synthetic case study based on the Adriatic basin (Po Plain, Italy) 

formations using a 3D finite element model to predict subsidence. Rock material 

behavior follows the elastoplastic model with a Mohr-Coulomb criterion. Initial 

                                                
59 According to Domingues (2011), the travertine of Itaboraí is considered a Pre-salt carbonate 
reservoir analog based on the presence of quartz in the mineralogy and its apparent strength. 
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conditions have also been assigned to the model considering the superposition of 

the gravitational loads, the horizontal stresses adopting a horizontal stress 

coefficient and hydrostatic pore pressures. 

More specifically on the creep behavior of the caprock (salt) during 

hydrocarbon production and afterwards, the main references are the works of 

Marketos and collaborators (Marketos et al., 2016a, 2016b, 2015c, 2015b, 2015a). 

In these works, axisymmetric, 2D plane strain and 3D models have been analyzed. 

The reservoir depletion has been mechanically assigned by means of an external 

compression in the reservoir. The salt caprock has been modelled as a viscoelastic 

material using a Maxwell model or by superimposing a linear elastic behavior to an 

empirical constitutive model analogous to the DM model. The non-salt layers have 

been modelled as elastic materials. Recently, Firme et al. (2021) have presented 

a study on the mechanical behavior of a carbonate reservoir with a centered karstic 

cavity. Although the focus of the article was the mechanical response of the 

carbonate, the salt caprock creep has been considered using the DM model. Apart 

from salt, the other rock formations have been modelled using the elastoplastic 

Mohr-Coulomb criterion. 

The contributions of this study to the existing applications are: i) although the 

hydromechanical approach for the reservoir depletion/injection adopted in this 

thesis has as implication the reservoir compression/expansion such as the 

approach adopted in Marketos’ works, full hydromechanical coupling can be 

adopted in the future with minor additional attributes of the numerical model since 

the formulation already supports it; and ii) the effect of injection in the reservoir 

(such as a CCS operation) that recovers its original pressure, its impact on the salt 

caprock creep and the hydraulic changes resulting from this process are analyzed. 

7.5.  
Results and discussions 

 

Since the study has been divided into two phases, the results are separated 

into two groups: hydrocarbon production period and CO2 injection period. The 

corresponding results are presented and discussed in the sections below. 

7.5.1.  
Hydrocarbon production period 

 

The first phase of the study simulates the hydrocarbon production by means 

of a predefined depletion applied to all degrees of freedom of pore pressure of the 
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reservoir. Firstly, history plots in noticeable points located on the model symmetry 

axis are analyzed – this axis virtually represents a well. The reservoir compaction 

at the axis is calculated by the difference between the vertical displacements of the 

reservoir bottom and top (points B and A, respectively). The subsidence is 

measured at the seafloor (point H of the model top). 

 

Figure 80. Center reservoir compaction (a) and surface subsidence (b) – linear depletion scheme. 

Figure 80 shows the reservoir compaction (a), and the surface subsidence 

(b) at the symmetry axis considering the linear depletion scheme (see Figure 79 

and context). The compaction results (Figure 80 (a)) evolve almost linearly with 

reservoir depletion that, in turn, evolves linearly with time. As a reference for 

comparison, the analytical (elastic) solution for uniaxial compaction of this reservoir 

is 0.169 m. The numerical results are lower than the analytical solution, indicating 

that the reservoir does not exhibit a fully uniaxial response. Subtle nonlinear effects 

are observed when comparing the results with those of the model with elastic 

caprock (black dashed lines). This response is attributed to the salt caprock creep 

and has a greater influence on the overburden and model top than it has in the 

reservoir surroundings. For this reason, the nonlinearity is more noticeable in the 

subsidence results (Figure 80 (b)), with an increase in the downward 

displacements. The results using the PL model (red lines) to represent salt creep 

are closer the elastic results than the other creep models, since the results 

obtained with this model tends to become horizontal with time, not representing 

adequately the steady-state creep. 
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a b
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Figure 81. Center reservoir compaction (a) and surface subsidence (b) – nonlinear depletion scheme. 

Figure 81 presents the corresponding results obtained with the nonlinear 

depletion scheme (see Figure 79 and context). The compaction results (Figure 81 

(a)) evolve nonlinearly with reservoir depletion, following a similar trend to the 

depletion curve. Although the curves are all nonlinear, the compaction results are 

still very similar among the creep constitutive models adopted. In general, most of 

the observations made in the results considering the linear depletion scheme 

applies in this case. The accumulated reservoir compaction at the end of 30 years 

of depletion is approximately the same as in the model linearly depleted. However, 

by observing Figure 81 (b), the final subsidence values are higher than those of 

the previous model (compare with Figure 80 (b)) except in the model in which the 

caprock is assumed elastic. This observation indicates that the nonlinear depletion 

scheme impacts the caprock creep, therefore impacting the displacement field 

above the reservoir. 

Next, the displacements are evaluated along the horizontal coordinate of the 

model at the end of the depletion i.e., when it is of 30 MPa, in order to show the 

maximum compaction and subsidence values. In the path plots, the reservoir 

compaction is given by the difference between the vertical displacements of the 

reservoir bottom and top (segments BD and AC, respectively), and the surface 

subsidence is measured along the model top (segment HI). 
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B

H

a b
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Figure 82. Reservoir compaction (a) and surface subsidence (b) in the end of the linear depletion (30 

years).  

 

Figure 83. Reservoir compaction (a) and surface subsidence (b) in the end of the nonlinear depletion 

(30 years). 

Figure 82 shows the reservoir compaction along the depleted radius (a) and 

the surface subsidence (b) considering the linear depletion scheme. By observing 

the compaction results (Figure 82 (a)) and in accordance with what has already 

been noticed, reservoir compaction is little sensitive to the caprock creep model. 

Far from the center, the creep behavior seems to increase compaction slightly, 

while the opposite occurs close to the center. As previously noticed, the PL model 

results are closer to the elastic solution than the other creep models due to its 

limitation to represent adequately the steady-state creep. From the subsidence 

results (Figure 82 (b)), one notices that caprock creep contribution makes 
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subsidence higher in the horizontal extension of the reservoir (inside the depleted 

radius) in comparison to the elastic results, but lower than such results away from 

the reservoir extension (outside the depleted radius). From this graph, when 

considering caprock creep in the analysis over the field production period, the 

subsidence bowl tends to have a higher center value and a smaller lateral 

extension than the bowl obtained considering an elastic caprock. Despite these 

conceptual observations, the differences in the displacements of the models are 

small in terms of engineering.  

Lastly, Figure 83 presents the corresponding results considering the 

nonlinear depletion scheme. The compaction results (Figure 83 (a)) have shown 

very small differences in relation to the results considering the linear depletion 

scheme (see Figure 82 (a)). Regarding the subsidence results (Figure 83 (b)), as 

observed in the center values (see Figure 81), the nonlinear depletion scheme 

triggers higher subsidence values along the reservoir than those of the linear 

depletion model, while lower values occur away from the reservoir.  

7.5.2.  
CO2 injection period 

 

The second phase of the study considers a reservoir injection period that 

recovers the initial pressure of the reservoir. This ideally represents a type of CCS 

operation in which CO2 is injected in a depleted reservoir. In this phase, the salt 

caprock behavior is modelled as solely elastic (no creep) and as a creeping 

material using the EDMT model. The results up to 30 years are the same as those 

in the corresponding figures since the reservoir is depleted before being injected. 

When CO2 injection begins, different mechanical responses are noticed as the 

reservoir pore pressure is being recovered. It is assumed that the mechanical 

properties of rocks do not change during the injection process in the reservoir. 

Figure 84 shows the reservoir compaction (a) and the surface subsidence 

(b) at the symmetry axis considering the linear depletion/injection scheme. In the 

compaction results (Figure 84 (a)), one observes that if reservoir pressure is fully 

recovered, compaction is reverted and the reservoir practically returns to the 

condition before depletion. The reversion is complete in the case of the elastic 

caprock while a very subtle reservoir expansion is noticed in the case of the 

creeping caprock. On the other hand, if reservoir pressure is not recovered (dashed 

curves), the center reservoir compaction values vary very little in the case of 

creeping caprock, remaining essentially the same of those at the end of depletion. 
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In the case of the elastic caprock, no changes in compaction occur. Regarding the 

subsidence results (Figure 84 (b)), the condition before the reservoir depletion is 

completely recovered in the case of elastic caprock. However, the recovery is not 

complete in the case of creeping caprock. The difference between the results 

adopting the elastic and the EDMT creep model to represent the caprock is related 

to the steady-state creep contribution, which is not recoverable (see Section 2.1). 

Still regarding the creeping caprock, the subsidence response also indicates that 

even if reservoir pressure is not recovered (dashed curves) i.e., the reservoir 

remains depleted until the end of the analysis, salt creep deformation evolves and 

therefore subsidence accumulation continues. Next, Figure 85 presents the 

corresponding results considering the nonlinear depletion/recovery scheme. The 

same concepts observed in results using the linear pressure variation scheme 

apply, with the exception of the curve shapes, which follow the nonlinear 

depletion/injection scheme. As previously observed, the subsidence values (Figure 

85 (b)) are higher than those of the previous model (see Figure 84 (b)), indicating 

that the nonlinear depletion/recovery scheme impacts the displacement field above 

the reservoir. Therefore, the residual subsidence after reservoir injection is also 

higher than that in the previous model. Nonetheless, the differences in the 

displacements are small despite the conceptual observations in each scenario.  

 

Figure 84. Center reservoir compaction (a) and surface subsidence (b) over time – linear 

depletion/injection scheme. 
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Figure 85. Center reservoir compaction (a) and surface subsidence (b) over time – nonlinear 

depletion/injection scheme. 

Furthermore, Figure 86 shows the reservoir compaction along the 

depleted/injected radius (a) and the surface subsidence (b) considering the linear 

pressure variation scheme. By observing the compaction results (Figure 86 (a)) 

after reservoir depletion, very subtle reservoir expansion occurs until 

approximately half of depleted radius when pressure is fully recovered (dotted 

curves). On the other hand, a small creep deformation is still accumulated if 

pressure is not recovered (dashed curves). As observed in Figure 82 (b), the 

caprock creep contribution during reservoir depletion implies a deeper subsidence 

bowl and a smaller lateral extension in comparison to an elastic caprock. When the 

reservoir pressure is recovered, a discrete surface heave is observed in the 

horizontal coordinates away from the depleted/injected radius (Figure 86 (b)). 

Inside this radius, the elastic part of the subsidence is recovered, while the steady-

state creep part remains as a residual subsidence. Without recovering the reservoir 

pressure, the caprock continues deforming by creep and the subsidence is still 

affected by it. Figure 87 presents the corresponding results considering the 

nonlinear pressure variation scheme. The conceptual observations are essentially 

the same of the models subjected to the linear scheme, differing only in the 

magnitude of the results. 
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Figure 86. Reservoir compaction (a) and surface subsidence (b) in the end of depletion (30 years) 

and in the end of injection (60 years) – linear depletion/injection scheme. 

 

Figure 87. Reservoir compaction (a) and surface subsidence (b) in the end of depletion (30 years) 

and in the end of injection (60 years) – nonlinear depletion/injection scheme. 

In order to get the big picture of the mechanically disturbed zone above the 

depleted/injected reservoir, Figure 88 shows the vertical displacements along the 

symmetry axis, over model depth. In these graphs, negative values mean 

subsidence. The results considering the linear (Figure 88 (a)) and the nonlinear 

(Figure 88 (b)) depletion/injection schemes are very similar. The main difference is 

that salt creep deformation generates greater displacements (comparatively) in the 

model that considers the nonlinear pressure variation. Observing the results 
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considering the creeping caprock (green lines) and comparing with the elastic 

results (black lines) at the end of reservoir depletion (30 years), salt creep 

enhances the downward displacements in the overburden, with subsidence 

increase at the seafloor, and attenuates the upward displacements of the 

underburden, retarding the reservoir bottom heave effect. More so, the mechanical 

changes due to salt creep after 30 years affect not only the overburden but also 

the underburden – both when injection is considered (dotted lines) and when it is 

not (dashed lines), but in different ways. If injection is considered, both effects 

described above are attenuated, and results are relatively close to the elastic ones, 

except in the reservoir and surroundings, where a considerable difference persists. 

A complete displacement reversion is not reached. On the other hand, if injection 

is not considered, there is evolution of the trends observed after reservoir 

depletion. 

 

Figure 88. Vertical displacements along the vertical segment H-H’ in the end of depletion (30 years) 

and in the end of injection (60 years) – linear (a) and nonlinear (b) depletion/injection scheme. 

To provide an overview of the vertical displacements field, Figure 89 and 

Figure 90 present the contour maps in the scenarios described above considering 

the linear and the nonlinear depletion/injection scheme respectively.  

Continuing the investigation of the mechanically disturbed zone above the 

depleted/injected reservoir, the stress paths (p-q diagrams) of the salt bottom and 
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top, and seafloor are analyzed. These results are collected at the Gauss points 

(IP) closest to the corresponding node coordinates of these locations. 

 

Figure 89. Countour maps of the vertical displacements in the end of depletion (30 years) and in the 

end of injection (60 years) – linear depletion/injection scheme. 

 

Figure 90. Countour maps of the vertical displacements in the end of depletion (30 years) and in the 

end of injection (60 years) – nonlinear depletion/injection scheme. 

Figure 91 (a) shows the stress paths of salt bottom considering a linear 

pressure variation scheme. Reservoir depletion causes the path to develop an 

upward trend to the right in the model, considering the elastic caprock (black line). 

On the other hand, when considering the creeping caprock (green line), salt creep 
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makes the path to develop in an upward trend to bend to the left. It indicates that 

creep reduces progressively both the mean and deviatoric stresses. After 

depletion, if the reservoir undergoes injection (solid lines), the stress state of the 

model with elastic caprock returns to the initial state, while the model with a 

creeping caprock exhibits a sharp downward trend to the left, indicating a 

significant reduction in the deviatoric stresses, with a simultaneous reduction in the 

mean stresses. The inversion in the stress path when the mean stress is about 

64.6 MPa represents an inversion in the Lode angle from -30º to +30º. If reservoir 

pressure is not recovered after depletion (dashed lines), the stress path of the 

model with elastic caprock does not evolve and the final stress state is the same 

of that in the end of depletion. In the model with creeping caprock, the path exhibits 

a downward trend to the left, indicating that the deviatoric stresses are alleviated 

by creep.  

 

Figure 91. Stress paths (p-q diagram) of salt bottom (a) and top (b) – linear depletion/injection 

scheme. 

At the salt top, Figure 91 (b), the stress paths for a linear pressure variation 

scheme are similar in terms of trends of each model. However, the entire process 

(from the initial to final stress state) has led to stress changes lower than 1 MPa, 

which are likely not relevant for engineering purposes. This indicates that the 

caprock is predominantly affected in the lower portion, close to the reservoir. 

Analyzing the corresponding results in the nonlinear depletion/injection scheme, 

similar responses compared to that of linear depletion/injection are noticed at the 
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salt bottom (Figure 92 (a)) and top (Figure 92 (b)). The main difference is that the 

stress paths are subtly more spread in the nonlinear depletion/injection models. 

 

Figure 92. Stress paths (p-q diagram) of salt bottom (a) and top (b) – nonlinear depletion/injection 

scheme. 

 

Figure 93. Stress paths (p’-q diagram) of seafloor (model top) – linear (a) and nonlinear (b) 

depletion/injection scheme. 

Figure 93 shows the stress paths of the seafloor. In this case, the integration 

point is in the overburden (an elastoplastic rock). The purpose here is to analyze 

the impact of caprock creep in the rock formation above the salt. The mean 

stresses are much lower than those in previous figures because effective stresses 
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are adopted in the overburden (while the effective stresses are taken equal to the 

total stresses in the salt). Both in the linear (Figure 93 (a)) and nonlinear (Figure 

93 (b)) depletion/injection schemes and in the elastic and creeping caprocks, the 

stress paths follow linear and coincident trends. The main difference is the final 

stress state reached considering caprock as an elastic or a creeping material. The 

results indicate that even not being in the caprock, the seafloor is still influenced 

by creep. This is observed by the fact that final stress state is not completely 

recovered when the reservoir is injected, and the stress path continues evolving in 

an upward trend to the right when depletion ends and the reservoir is abandoned 

in the depleted state. However, the entire process (from the initial to the final stress 

state) has led to stress changes lower than 1 MPa, which are not relevant for 

engineering purposes in this context. 

Finally, the repercussion of the mechanical response to reservoir 

depletion/injection on the hydraulic behavior of the salt caprock and at the seafloor 

is analyzed. Considering the previous applications in which porosity and porosity-

dependent permeability have shown very subtle changes over time, only the mean 

stress-dependent permeability has been calculated and discussed. The 

permeability is collected at the same Gauss points of the stress paths. 

 

Figure 94. Mean stress-dependent permeability at salt bottom (a) and top (a) over time – linear 

depletion/injection scheme. 

Figure 94 (a) and Figure 94 (b) present the permeability changes over time 

at the salt bottom and top respectively due to reservoir depletion/injection 

considering the linear scheme. Analyzing the reservoir depletion period, elasticity 

and creep have played opposite roles in the permeability evolution. While the 
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permeability decreases linearly as the reservoir is (linearly) compacted in the 

model with elastic caprock, the permeability reduces in the beginning, then it 

increases nonlinearly with time at salt bottom and presents a rate reduction at salt 

top in the creeping caprock model. This reflects the fact that compaction leads to 

an increase in salt confinement in the elastic caprock, while salt confinement 

increases and then decreases in the creeping caprock, and consequently 

permeability is enhanced (see also Figure 91 (a)). After 30 years, if the reservoir 

pressure is recovered (solid lines), the creeping caprock still reduces the 

confinement due to creep and there is permeability enhancement. Observing the 

elastic caprock, the permeability linearly recovers its initial value. If the reservoir 

pressure is not recovered and it remains in the depleted state until the end of the 

analysis (dashed lines), the permeability enhancement rate reduces in the 

creeping caprock (although it is still enhanced), while the permeability remains 

constant over time in the elastic caprock. This response in the models with 

creeping caprock can be explained by the simultaneous action of creep alleviating 

strain energy and pressure changes in the reservoir, impacting the mechanical 

behavior through mean stress changes. Since the permeability correlation 

depends on mean stresses, each stress change impacts permeability. 

 

Figure 95. Mean stress-dependent permeability at salt bottom (a) and top (a) over time – nonlinear 

depletion/injection scheme. 

The corresponding results when adopting a nonlinear depletion/injection 

scheme are respectively presented in Figure 95 (a) and Figure 95 (b). Although 

the hydraulic changes have followed the same concepts, the nonlinear 

depletion/injection causes the model with the elastic caprock to follow the same 
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trend, i.e., permeability changes are nonlinear such as depletion and injection, and 

permeability remains constant when the reservoir is depleted but not injected. 

Observing the results of the model with the creeping caprock, the nonlinearity of 

the permeability changes is reinforced, since nonlinear stress changes are 

somehow accounted for to the 7.55 power in the EDMT model. Since the 

permeability is correlated to the stresses, the curve reflects a higher order 

polynomial that influences the mechanical response. 

 

Figure 96. Mean stress-dependent permeability at seafloor (model top) over time – linear (a) and 

nonlinear (b) depletion/injection scheme. 

Lastly, the permeability changes are analyzed at the seafloor. Figure 96 (a) 

shows the results considering the linear depletion/injection scheme and Figure 96 

(b) presents the corresponding results obtained with the nonlinear scheme. The 

curve shapes are similar to those of surface subsidence (see Figure 84 (b) and 

Figure 85 (b) respectively). This is expected since the top of the overburden is 

relatively far from the salt – the caprock creep behavior affects the displacements 

above the salt but to a lesser extent. The qualitative conclusions are similar to 

those of subsidence, since this study has assumed that the permeability changes 

are totally correlated to the mechanical response of the model.  

7.6.  
Partial conclusions 

 

This study has analyzed the combined effect of the reservoir 

compaction/expansion and salt caprock creep behavior during hydrocarbon 

production and CO2 injection (a type of CCS operation). Linear and nonlinear 
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reservoir pressure schemes have been considered. The main objectives were: i) 

to analyze the effect of reservoir compaction on salt caprock creep; ii) to analyze 

the combined effect of compaction and creep on subsidence; iii) to evaluate how 

the mechanical behavior of the model has been altered by reservoir injection; and 

iv) to analyze what was the effect on the hydraulic behavior of the caprock. 

The results have shown that: i) subtle nonlinear effects have been noticed 

when comparing reservoir compaction over time in models that account for caprock 

creep with those adopting a solely elastic caprock; ii) the nonlinear effect has been 

more noticeable in the subsidence results since salt creep has a greater influence 

on the overburden than it has in the reservoir surroundings. While compaction was 

practically insensitive to caprock creep, differences in the subsidence results have 

been slightly higher. Furthermore, the caprock creep leads to subsidence bowls 

with a higher center value and a smaller lateral extension than those observed in 

the model adopting an elastic caprock; iii) in the injection period, even when the 

reservoir pressure is completely recovered, the compaction and subsidence are 

not fully recovered in the models with the creeping caprock. The differences 

between the values adopting the elastic and the creeping caprock are credited to 

the steady-state creep contribution, which is not recoverable. Still regarding the 

creep behavior of the caprock, the subsidence responses have also shown that 

salt continues deforming by creep even if reservoir pressure is not recovered. 

Moreover, the stress paths at the salt bottom and top, and at the seafloor have 

shown noticeable conceptual differences when the creep behavior is considered 

in the caprock or not. However, the entire process from the initial to final stress 

state has led to low stress changes which are not relevant for engineering 

purposes; and iv) the permeability changes in the caprock have been subtle, 

although it was possible to observe the effect of the caprock creep and reservoir 

pressure variation scheme on the results. The correlation between the changes in 

mean stresses and in permeability has presented the big picture of the impact of 

the mechanical response on the hydraulic behavior of the caprock. 

For the conditions considered in this study, the creep contribution to 

subsidence, stress paths and changes in permeability were of small magnitude, 

although conceptually notorious. Meanwhile, this application aims at serving as a 

reference for more advanced analyses of CCS in depleted Pre-salt reservoirs. 
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8  
Conclusions and suggestions for future work 

8.1.  
General conclusions 

 

This thesis has presented a comprehensive investigation on the mechanical 

behavior of salt with focus on creep constitutive modelling, dilation, thermal effects, 

and the impact of the mechanical response on the hydraulic behavior. 

Computational geomechanics has been adopted to simulate strategic engineering 

projects in energy and decarbonization contexts involving salt rocks such as the 

abandonment of Pre-salt wells, salt caverns and salt as caprock of carbonate 

reservoirs. Conceptual and realistic geomechanical models have been analyzed 

using the finite element method through the in-house framework GeMA.  

Using an in-house framework has required the implementation of creep 

constitutive models (PL, DM, MD, EDMT), specific boundary conditions (transient 

pressure schemes) and post-calculation output variables (dilation and shear failure 

indicators, and hydraulic properties), besides the adequacy of the existing 

simulation workflows to deal with the engineering problems which were object of 

study of the thesis (see Section 2.5.4). The level of customization allowed by the 

in-house tool for the attributes implemented and adopted has been beneficial. The 

doctoral research has also contributed to the improvement of the tool in 

engineering problems involving salt rocks with those developments. 

8.2.  
Specific conclusions from the simulations 

 

The reference examples presented in Chapter 4 have primarily aimed at 

verifying and validating the implementations developed in the thesis. In the 

simulation of the multistage triaxial creep test carried out in Big Hill salt (see 

Section 4.1.2.2), heating the sample from 60ºC to 80 ºC has caused instantaneous 

thermal elastic strains of small magnitude. This temperature change is in the range 

usually applied in well simulations, and its impact on the behavior of salt has been 

found to occur mainly in the creep constitutive model. In the simulation of an 

isothermal Pre-salt well (see Section 4.4.1), the interfaces between salt and non-
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salt rocks have developed stress states close to the shear strength. If failure 

occurs, these interfaces would become paths for fluid loss, affecting well 

serviceability and causing environmental problems.  

The case study of well abandonment using salt as geological barrier (see 

Chapter 5) has demonstrated that a Pre-salt well can close completely by creep 

after casing removal. Pressure reduction and well heating have accelerated creep 

deformation significantly, and this is the driving mechanism to form the geological 

barrier. In the most critical scenario, the final permeability was of more than 100 

times the initial permeability value. Some boundary conditions may be 

conservative, resulting in a low well closure rate compared to the time required by 

conventional P&A methods. This, however, does not compromise the conceptual 

observations. Using salt as barrier promotes the “rock to rock” sealing concept 

desired in more restrictive P&A regulations. 

The case study of the salt cavern (see Chapter 6) has shown that a large 

opening in a salt formation is capable of mechanically supporting cycles of 

pressure increase and decrease caused by the contingency supply of natural gas. 

The simulation of the solution mining in a mechanical way by means of a transient 

pressure has led to reasonable results since dissolution triggers more gradual 

stress changes than standard excavation. The repercussion of the mechanical 

response on the hydraulic behavior of salt has been monitored and the 

permeability of the cavern wall has shown a significant rise during the operation 

period. In the most restrictive case, the final permeability at the cavern floor is about 

6.51 times the initial value. The hydraulically disturbed region – by a few hundred 

meters from the cavern walls – is also significant especially by the end of operation. 

This calls attention since the tightness of the cavern walls is of utmost importance 

for storage.  

The case study of salt as caprock (see Chapter 7) has contributed to the 

understanding of the combined effect of reservoir compaction and salt caprock 

creep. There are few works considering this combined effect, which is relevant both 

for hydrocarbon production and CCS purposes in Pre-salt reservoirs. Subtle 

nonlinear effects have been noticed in the subsidence results since salt creep has 

a greater influence on the overburden than it has in the reservoir surroundings. 

Caprock creep has led to subsidence bowls with a higher center value and a 

smaller lateral extension than those in the model adopting an elastic caprock. In 

the injection period, even when the reservoir pressure is completely recovered, the 
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compaction and subsidence are not fully recovered in the models with the creeping 

caprock due to the steady-state creep contribution, which is not recoverable. More 

so, salt continues deforming by creep even if the reservoir is abandoned in the 

depleted condition. The stress paths have shown noticeable differences when the 

creep behavior is considered in the caprock. However, the entire process from the 

initial to the final stress state has led to low stress changes, which are not relevant 

for engineering purposes. Lastly, the permeability changes in the caprock have 

been subtle, although the effect of the caprock creep and reservoir pressure 

variation scheme on the results is conceptually notorious.  

8.3.  
Final remarks 

 

Based on the validation examples and case studies, it is understood that 

the main patterns of the multiphysical behavior of salt in strategic energy projects 

have been analyzed with major emphasis on how the mechanical behavior affects 

or is affected by the coupling with other physics. The results of the thesis have 

evidenced that salt is a material suitable for several strategic engineering projects 

by demonstrating good mechanical response and tightness. The findings of this 

doctoral research add value to the consolidated knowledge in the area and shall 

serve as a guide for further advanced and specific analyses. 

8.4.  
Suggestions for future work 

 

The continuation of this research in salt geomechanics should follow in two 

ways: improvements in the models studied in the thesis and development of new 

models with more realistic field lithologies. 

Regarding the improvements in the models studied in the thesis, a first 

recommendation is to consider the slippage behavior of the interfaces between 

rock layers in the heterogenous-layered models. In the study of well abandonment 

using salt as barrier, one should revisit the abandonment-related boundary 

conditions, analyze the long-term behavior of the barrier after the well closure and 

check whether the permeability enhancement is enough to trigger relevant 

flow/reactive transport through the geological barrier. More so, backfilling the well 

with granular salt is another relevant alternative for Pre-salt well abandonment that 

should be studied. In the study of the salt cavern, improvements should focus on 

the thermomechanical impact of the cyclic pressure variation, the use of the cavern 

for CCS purposes and the abandonment period. Furthermore, the combined 
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behavior of a cavern cluster (instead of a single cavern) is also an important issue. 

In the study of salt as caprock, considering the temperature changes around the 

well during hydrocarbon production and CO2 injection would be an important 

contribution. Moreover, a full hydromechanical coupling to simulate depletion and 

injection is important to better represent the pressure variation throughout the 

reservoir. 

With respect to future geomechanical models in the context, more realistic 

field lithologies should be considered. This includes models directly derived from 

geological sections, with non-horizontal layers and salt domes. The scenarios 

studied in the thesis have assumed bedded salt formations, implying on a well-

behaved stress condition before the stress perturbations due to drilling, excavation 

and reservoir compaction. Different responses could be noticed in salt domes 

especially if close to dome flanks. In such cases, stress anisotropy and salt-related 

geodynamics could lead to higher creep rates and preferential creep directions. 

Besides the modelling complexity, an important challenge in models with irregular 

layers and salt formations is the stress initialization. The stresses internally 

calculated using rock densities – a geostatic state based on a self-weight 

assignment – generate initial displacements and deviatoric stresses that trigger 

creep in salt. Depending on the flexibility allowed by the numerical code adopted, 

the initial displacements can be reset to zero; however, the creep behavior induced 

by the geostatic loading has to be considered. A final condition for the stress 

initialization has to be established before applying the engineering procedures 

such as well drilling, cavern excavation or solution mining, reservoir depletion, 

among others. 
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