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ABSTRACT 

The integrated geomechanical process is a novel and resourceful approach that 

coalesces multidisciplinary scientific fields with geomechanics to provide solutions to 

complex scientific problems related to energy and the environment. Recently, there is an 

eagerness in the energy industry to incorporate low-carbon energy solutions, such as the 

geological CO2 storage (GCS) and the enhanced geothermal systems (EGS), in addition to 

improved hydrocarbon recovery innovations, to provide diverse and sustainable energy and 

solutions. Therefore, the efficient development and application of these low-carbon energy 

solutions require multidisciplinary scientific systems of approach through an integrated 

geomechanical process. There exists a lack of knowledge on the interaction and changes 

in the subsurface energy systems at local (micro) and bulk (macro) scales, and their impact 

on long-term energy production and/or storage in heterogeneous low-permeability 

formations. 

This novel study explored the development of two integrated geomechanical 

processes: (1.) “biogeomechanics” by integrating geomicrobiology, geology, and 

geochemistry with geomechanics, and (2.) “geothermo-mechanics” by integrating geology, 

geochemistry, and geothermic with geomechanics; and their applications to subsurface 

storage (e.g., GCS) and energy resources development and production (e.g., EGS and 

hydrocarbon recovery) in heterogeneous low-permeability sedimentary reservoirs. In the 

integrated biogeomechanics process, rock samples from diverse low-permeability 

sedimentary sequences (containing artificially-induced and/or pre-existing natural 

fractures) were treated and cultivated with distinct cultured microbial strains at distinct 

temperatures, time, and growth conditions. Subsequently, the temporal localized and bulk 

geomechanical, mineralogical, and microstructural properties of the rock samples impacted 

by the microbial strains, were measured. Also, further investigations were conducted on 

how alterations due to the biogeomechanical processes in low-permeability formations 

could potentially impact the long-term caprock integrity and CO2 storage security, and 

hydrocarbon recovery. The integrated geothermo-mechanics process involves synthesizing 

geology and geochemistry with geomechanics to investigate the mechanical stratigraphy 

of sedimentary sequences with a known geothermal anomaly and the development of 

hydrothermal fluid pathways. In addition, a core-scale investigation of the post-diagenetic 
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alterations in rocks was conducted, which included the distribution of open-fractures, 

mineralized veins, and nodules. The implication of this process for the efficient extraction 

of geothermal energy from a target EGS in sedimentary-hosted geothermal reservoirs, was 

also assessed. 

This study considers the heterogeneity of these target formations and provides 

valuable insights into how integrated geomechanical processes could provide novel 

solutions for subsurface storage and energy resource development to potentially enhance 

caprock integrity and CO2 storage, improve hydrocarbon recovery, and provide an analog 

for hydraulic stimulation of viable geothermal reservoir targets at higher in-situ 

temperatures and higher geothermal gradients. 
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CHAPTER 1 

INTRODUCTION 

Geomechanics is the study of the mechanical and elastic behavior of rock and soil in 

response to changes in stress, pressure, and temperature. The integrated geomechanical 

process is a novel and resourceful approach that coalesces multidisciplinary scientific fields 

with geomechanics to provide solutions to complex scientific problems related to 

environmental change and sustainable energy. 

Geomechanical assessments are essential to better understand, predict and optimize 

the development of subsurface energy systems by reducing the uncertainties and risks in 

terms of the efficiency of hydraulic stimulation, wellbore stability analysis, production 

optimization, sand production prediction, carbon capture utilization and storage (CCUS), 

geothermal energy production, induced seismicity due to fault reactivation, and nuclear 

waste disposal.  

Low-permeability formations, such as shale and carbonate reservoirs, have been a 

major focus of the energy industry over the past few decades. However, there is a recent 

consensus for the energy industry to incorporate low-carbon energy solutions (e.g., CCUS 

and geothermal energy). The efficient development and application of these low-carbon 

energy solutions require multidisciplinary scientific systems of approach through an 

integrated geomechanical process, especially in low-permeability reservoirs with high 

heterogeneity. 

Depleted/late-stage low-permeability hydrocarbon formations (e.g., Shales) provide 

best seals (as a caprock) for the underlying CO2 storage units to prevent leakage, attractive 

potentials (carbon sinks) for permanent geological CO2 storage (GCS), existing 

infrastructure (for injection and production wells) vital to GCS and enhanced geothermal 

systems (EGS) operations, and the possibility of major geothermal resource potential in the 

high-temperature sequences. 

1.1 Background and Motivation 

This section provides an overview of the microbial strains utilized in this study, and 

some related concepts, such as the geological CO2 storage (GCS), hydrocarbon recovery, 

and enhanced geothermal systems (EGS). 
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1.1.1 Microbial Strains 

Microbes (microorganisms) include bacteria, archaea, fungi, protists, and 

protozoans. Microbes can be found in almost every environment on the earth (from the 

poles to the equator, deserts, geysers, rocks, and water bodies). Microbes can survive 

extreme conditions, such as very high or very low temperatures, and high-pressure 

environments. For this study, two bacteria strains have been identified for their unique 

actions on geologic materials. The bacteria strains we utilized are Sporosarcina pasteurii 

and Clostridium acetobutylicum.  

The Sporosarcina pasteurii (ATCC® 11859™) microbe, with the full scientific name of 

“Sporosarcina pasteurii (Miquel 1889) Yoon et al. 2001” (Yoon et al., 2001), is popularly 

known as Bacillus pasteurii. During experimental investigations, de Boquet et al. (1973) 

discovered that certain in-situ bacteria produce calcite (CaCO3), which impacts surface 

fractures and fissures in rocks. The Sporosarcina pasteurii bacteria was observed by 

Stocks-Fischer et al. (1999) to rapidly precipitate calcite in sand columns as the bacteria 

growth increases, for selective cementation and plugging of porous media.  

The Clostridium acetobutylicum (ATCC® 824™) microbe, with the full scientific 

name of “Clostridium acetobutylicum McCoy et al. 1926 emend. Keis et al. 2001” (Keis et 

al., 2001), is also known as “Weizmann Organism”. The microbial synthesis products of 

the Clostridium acetobutylicum are acids, gases, and solvents.  

1.1.2 Geological CO2 Storage (GCS) 

Geologic CO2 Storage (GCS), also known as geologic sequestration, is the process 

by which supercritical CO2 (SC-CO2; critical point = 31 °C and 7.4 MPa) is injected and 

stored in subsurface geological formations (depleted hydrocarbon-bearing reservoirs, deep 

saline reservoirs, and deep coal seams) for long-term storage. The GCS is one of the carbon 

capture, utilization, and storage (CCUS) technologies that is currently utilized to prevent 

global warming by removing the greenhouse carbon dioxide (CO2) from the atmosphere. 

In the GCS process, the captured CO2 is dehydrated and then compressed to form SC-CO2, 

before storing it permanently under pressure, as this would decrease the volume of the gas. 

The long-term aim of GCS is to keep the captured CO2 out of the atmosphere for at least 
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10,000 years. The three most important rock types currently considered for GCS are 

sandstones, limestones, and mudstones (shales). 

1.1.3 Hydrocarbon Recovery from Low-Permeability Reservoirs 

Unconventional reservoirs typically have low permeabilities and require effective 

matrix-stimulation techniques for energy extraction from the target reservoirs (Kolawole 

et al., 2020a). The United States is the largest global crude oil producer according to the 

U.S. Department of Energy report (EIA, 2018a), and the unconventional shale formations 

are the contributors to this accomplishment. In 2008, the hydrocarbon from unconventional 

reservoirs accounted for 12% of U.S. total crude oil production and 16% of total U.S. gas 

production, but as recent as 2018, the tight oil and shale gas contributed 60% of U.S. total 

oil production, and 70% of total U.S. gas production respectively (EIA, 2019). By virtue 

of technical and economical limitations of hydraulic stimulation techniques utilized in 

hydrocarbon recovery from unconventional reservoirs, geomechanical assessments are 

critical for successful operations. Interaction between propagating hydraulic fractures (HF) 

and pre-existing natural fractures (NF) plays an important role in the successful extraction 

of hydrocarbon from unconventional reservoirs. 

1.1.4 Enhanced Geothermal Systems (EGS) 

Enhanced geothermal systems (EGS) are low permeability or low fluid saturation hot 

dry rocks that require stimulation to efficiently extract heat from the target reservoirs. 

Hydraulic fracturing is one of the stimulation techniques currently considered for heat 

extraction from an EGS, by injecting highly pressurized fluid into the formation to initiate 

and propagate fractures (HF) or reactivate natural fractures (NF). The HF and NF, and the 

interaction between them play important roles in improving the heat extraction 

performance of an EGS. In EGS, Cool water is injected into the stimulated fracture system 

through an injection well, and a production well is drilled to intersect the stimulated 

fracture system and produce hot water to the surface.   

1.2 Problem Statement  

The world is presently in need of diverse and sustainable low-carbon energy 

systems and solutions, such as the CCUS and geothermal energy, in addition to improved 

hydrocarbon recovery innovations. The efficient development and application of these 
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diverse and sustainable energy resources require a geomechanical assessment of the target 

formation, especially in low-permeability reservoirs with high heterogeneity. Therefore, 

the efficient development and application of these low-carbon energy solutions require 

multidisciplinary scientific systems of approach through an integrated geomechanical 

process. There exists a lack of knowledge on the interaction and changes in the subsurface 

energy systems at local (micro) and bulk (macro) scales, and their impact on long-term 

energy production and/or storage in heterogeneous low-permeability formations, to ensure 

long-term sustainable energy resources. 

1.3 Research Objectives 

The main objective of this study is to develop two integrated geomechanical processes: (1.) 

“biogeomechanics” by integrating geomicrobiology with geomechanics, and (2.) 

“geothermo-mechanics” by integrating geology, geochemistry, and geothermic with 

geomechanics; and assess their applications to subsurface storage (e.g., GCS) and energy 

resource development (e.g., EGS and hydrocarbon) in heterogeneous low-permeability 

sedimentary sequences.  

The precise objectives of this research are: 

• To develop an integrated biogeomechanical process that incorporates 

geomicrobiology, geochemistry, and geomechanics in heterogeneous low-

permeability formations. 

• To investigate the time-lapse localized and bulk properties and behavior due to 

integrated biogeomechanical process in heterogeneous low-permeability 

formations. 

• To investigate how localized and bulk biogeomechanical alterations could impact 

long-term caprock integrity and CO2 storage security in depleted heterogeneous 

low-permeability formations. 

• To investigate the potential impact of near-wellbore biogeomechanical alterations 

on hydrocarbon recovery from heterogeneous low-permeability formations. 

• To investigate the mechanical stratigraphy of sedimentary sequences with a known 

geothermal anomaly and the relationships with hydrothermal alterations. 
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• To investigate the implications of heterogeneous mechanical zonation of rock 

properties for the extraction of heat from a target EGS reservoir?. 

 

1.4 Dissertation Outline 

This dissertation consists of eight chapters. All the chapters are related to the main 

objective of this study. Comprehensive laboratory experiments were designed and 

conducted on multiple types of shale rocks and a dolomitic-carbonate rock from 

sedimentary sequences in the United States. This dissertation chapters include: 

1. Chapter 1 introduces the background and motivation, problem statement, and 

the objective of this study. Also, in this chapter, some concepts related to this 

study were introduced such as microbial strains, GCS, hydrocarbon recovery 

from unconventional reservoirs, and EGS. 

2. Chapter 2 presents the literature review on previous works on fracture 

mechanical behavior due to interaction between hydraulic fractures (HF) and 

pre-existing natural fractures (NF). Also, a review of the key findings in 

previous studies regarding the use of the scratch test method to estimate 

geomechanical properties.  

3. Chapter 3 presents the development of an integrated biogeomechanical 

process by integrating microbiology, geology, and geochemistry, with  

geomechanics. This chapter also presents an experimental study on the time-

lapse localized and bulk biogeomechanical modified properties of 

heterogeneous low-permeability formations, using two distinct microbial 

strains and samples from two shale formations. Detailed results and 

discussion on the geomechanical, geochemical, and microstructural analyses 

were also presented in this chapter.  

4. Chapter 4 presents a study on the localized and bulk biogeomechanical 

alterations and their impact on caprock integrity and CO2 storage in depleted 

heterogeneous low-permeability formations. A microbial solution with a 

novel growth medium and samples from three shale formations were utilized. 
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Detailed results, interpretations, and discussion on the geomechanical, 

geochemical, and microstructural analyses were also presented in this 

chapter. Finally, the permeability and porosity measurements of these 

samples are presented in this chapter.  

5. Chapter 5 presents an investigation on the potential impact of the localized 

biogeomechanical alterations on the long-term CO2 storage and caprock 

integrity in depleted heterogeneous low-permeability formation. A cultured 

microbial solution and subsurface samples from Wolfcamp shale formation 

were utilized. Detailed results, interpretations, and discussion on the 

geomechanical, mineralogical, and microstructural analyses were also 

presented in this chapter. Finally, the porosity measurement of these 

subsurface samples is also presented in this chapter.  

6. Chapter 6 presents a study that investigated the impact of near-wellbore 

biogeomechanical alteration on hydrocarbon recovery from heterogeneous 

low-permeability hydrocarbon-rich formations. A cultured microbial solution 

and subsurface samples from Wolfcamp shale formation, and outcrop 

samples from Niobrara shale formation were utilized, respectively. Detailed 

results, interpretations, and discussion on the geomechanical and 

mineralogical analyses were also presented in this chapter. Finally, the 

porosity measurement of these subsurface samples is presented in this 

chapter.  

7. Chapter 7 presents a geothermo-mechanical study that investigated the 

mechanical stratigraphy of sedimentary sequences with a known geothermal 

anomaly and the relationships with hydrothermal alterations, and the 

implications of this geothermo-mechanical process for the extraction of heat 

from a target EGS reservoir.  

8. Chapter 8 presents a summary of the major conclusions of all the chapters in 

this dissertation. This also includes recommendations for future work and 

contributions to enhance the state of knowledge. 
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CHAPTER 2 

LITERATURE REVIEW 

Previous works on the interaction between hydraulic fractures (HF) and pre-existing 

natural fractures (NF) are presented in this chapter. This section presents the state-of-

knowledge on fracture mechanical behavior of low-permeability reservoirs which can 

significantly impact the geomechanical assessment of reservoirs investigated in this 

dissertation. Also, previous studies regarding the use of the scratch test method to estimate 

geomechanical properties are presented in the second part of this chapter. This second 

section presents a well-detailed literature review on the scratch test method of investigating 

geomechanical properties, which was utilized in this dissertation. 

2.1 Interactions Between Hydraulic Fractures and Natural Fractures 

2.1.1 Overview 

Hydraulic fracturing treatment is one of the most efficient conventional matrix-

stimulation techniques currently utilized in the petroleum industry.  However, due to the 

Spatio-temporal complex nature of fracture propagation in a naturally- and often times 

systematically-fractured media, the influence of natural fractures (NF) and in-situ stresses 

on hydraulic fracture (HF) initiation and propagation within a reservoir during the 

hydrofracturing process remain an important issue. Over the past 50 years of advances in 

the understanding of HF-NF interactions, no comprehensive revision of the state of the 

knowledge exists. Here, we reviewed over 150 scientific articles on investigations of HF-

NF interactions, published over the past 50 years. We highlight the most commonly 

observed HF-NF interactions and their implications for unconventional oil & gas 

production. Using observational and quantitative analyses, we find that numerical 

modeling and simulation is the most prominent method of approach, whereas there are 

fewer publications on the experimental approach, and the analytical method is the least 

utilized approach. Further, we suggest how HF-NF interactions can be monitored in real-

time on the field during a pre-frac test. Lastly, based on the results of our literature review, 

we recommend promising areas of investigation that may provide more profound insights 

into HF-NF interactions in such a way that can be directly applied to the optimization of 

fracture-stimulation field operations.  
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2.1.2 Introduction 

Hydraulic fracturing (hydrofracturing) is the process of injecting highly pressurized 

fluid into the formation to initiate fractures in order to stimulate production from 

formations with low permeabilities. Hydraulic fracturing is one of the most effective 

conventional reservoir-stimulation techniques that has been utilized over the past seven 

decades in the oil and gas industry. Hydraulic fracturing operations have been extensively 

investigated and widely published (Clark, 1949; McLennan and Picardy, 1985; King, 2012; 

Zoback et al., 2012; King, 2014; Soliman et al., 2014; Sebastian et al., 2015; Yan and 

Zheng, 2017; Feng and Gray, 2018; Elwaziry and Soliman, 2018; Gale et al., 2018; 

Parsegov et al., 2018; Wigwe et al., 2018; French et al., 2019; Kolawole et al., 2019a; 

Maity and Ciezobka, 2019; Wan et al., 2019;  Wigwe et al., 2019). The existence of pre-

existing natural fractures (NF) plays an important role in the economical characterization 

of prospective formations (Walton and McLennan, 2013). Interactions between hydraulic 

fractures (HF) and natural fractures (NF) in an unconventional reservoir, geothermal 

systems, and mining, is a complex process that has not been fully understood. In 

unconventional reservoirs, geothermal wells (Toth et al. 2018, 2019; Kumar and Ghassemi, 

2019), and cave mining (Sun et al., 2019), the hydrofracturing process has proved to be 

efficient (Gil et al., 2011) in improving the stimulated reservoir volume (SRV), providing 

a faster and high-conductivity pathway into the reservoir and overcoming near-wellbore 

damage (Moronkeji et al., 2015; William et al., 2019) and sand production (Kolawole et 

al., 2018a) into the wellbore during drilling and completions operations (Willson and 

Armagost, 2004). The underground complex fracture-induced system of NF-HF behavior 

is highly important to be meticulously and efficiently characterized during the hydro-

fracturing process (Xiao et al., 2017).  

Based on classical fracture mechanics, three (3) modes of rock failure have been 

widely recognized. The tensile or extensional fracture (mode-1 fracture) is a brittle 

discontinuity in which the opening direction is perpendicular to the fracture plane without 

any shear (slip) along the plane. Mode-2 failure is characterized by lateral shear (slip) along 

the natural fracture, and it is known as a shear fracture. Lastly, mode-3 fracture is a vertical 

tearing fracture with a vertical shear along the NF plane without any appreciable stretching 

or shortening of the NF plane. Normal or reverse faults dominates this rock failure. These 
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fracture modes describe the mechanical failure of geological brittle discontinuities at 

multiple scales, for example micro-, meso- to macro- laboratory and field scales (e.g., this 

study; Einstein and Dershowitz, 1990; Rutledge and Phillips, 2003; Maxwell et al., 2009) 

and mega- field scales (e.g., Ayalew et al., 2004; Kolawole et al., 2018b). They are also 

found to characterize brittle deformation in geological materials of varying mechanical 

strengths such as unconsolidated sediments (e.g., Kolawole et al., 2017, 2018b), 

sedimentary rocks (e.g., Milad and Slatt, 2018; Milad et al., 2018) and hard rocks (e.g., 

Segall and Pollard, 1983; Katz and Reches, 2004; Bertrand et al., 2015; Kolawole et al., 

2018c). However, this paper only considers the micro-, meso- to macro-scale fracturing of 

reservoir rocks, and the classic fracture modes (mode-1 to 3) encompass the range of 

mechanical behavior that characterize HF-NF interactions discussed in this paper. 

Over the past 50 years of advances in the understanding of HF-NF interactions, 

prior to this contribution, there exists no comprehensive review of the state of knowledge. 

Previous review on HF-NF interaction (Taleghani et al., 2016) only focused on numero-

mechanical models for HF-NF interactions. A portion of our preliminary overview 

included in this study has been presented in Kolawole and Ispas (2019a). In this study, we 

discussed and summarized the key findings regarding interactions between hydraulic 

fracture and natural fractures since the 1960s up until 2018. The governing equations, as 

well as widely documented and newly observed interaction behavior are reviewed. We also 

reviewed influential mechanical parameters, methods of approach in HF-NF interaction 

studies, and the fracture networks created. We extensively compared and outlined the 

spatio-temporal practicality, modifications and drawbacks of published research studies. 

Finally, we proposed how the mechanics of HF-NF interactions can be monitored in real-

time on the field during a pre-frac test. We provided recommendations for future research 

to address the identified outstanding and persistent problems related to interactions 

between hydraulic fractures and pre-existing natural fracture. 

2.1.2.1 Governing Equations 

The two (2) most-adopted 2D HF-propagation models are: Khristianovic-

Geertsma-de Klerk (KGD) model (Khristianovich, 1955; Geertsma and de Klerk, 1969) 

and Perkins-Kern-Nordgren (PKN) model (Perkins and Kern, 1961; Nordgren, 1972). 
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Hydraulic fracture propagation and pressure response are highly influenced by the presence 

of natural fractures. The change of confining stresses at the discontinuity, and the 

displacement effect of a propagating HF influences complex HF-NF interaction mechanics. 

Assuming a homogenous, isotropic, and elastic reservoir in Shrivastava et al. (2018), the 

stress region around a pre-existing NF (Zangeneh et al., 2015) undergoes compression 

(shadowed by the growing HF) and tension (NF region in front of HF) as the HF nears the 

NF. There is possibility of partial failure in the alternating tensile and compressive stresses 

region. The approach angle (θ) is the angle between maximum horizontal stress direction 

and the pre-existing natural fracture.  

The criteria for HF propagation was given by Erdogan and Sih (1963) as: 

cos
𝜃

2
 [𝐾𝐼 sin 𝜃 + 𝐾𝐼𝐼(3 cos 𝜃 − 1)] =  𝐾𝐼𝐶                    (1) 

The differential horizontal stress acting on the plane of the natural fracture can be 

estimated using Cheng et al. (2014a, 2014b): 

𝛥𝜎 =  𝐾𝑓 ∗  𝜎𝑛 + 𝐶 −  𝜏           (2) 

The crossing criterion in Renshaw and Pollard (1995) has been widely adopted in 

several studies to validate the numerical simulation crossing results. This (Eq. 3) is only 

based on a 2D vertical-horizontal plane. In developing the crossing criterion, compressive 

stress was assumed to be positive. 

    
𝜎𝐻

𝑇𝑜+𝜎𝑣
>  

0.35+ 
0.35

𝐾𝑓

1.06
       (3) 

The left-hand side of Eq. (3) is defined as the critical crossing stress ratio. The 

crossing criterion can also be expressed by considering fracture propagation in horizontal 

plane, and the approach angle (θ), and assuming the opening pressure will exceed the 

fracture re-initiation pressure to give (Blanton, 1986): 

 
𝜎𝐻𝑚𝑎𝑥− 𝜎𝐻𝑚𝑖𝑛

𝑇𝑜
>  −

1

𝑐𝑜𝑠2𝜃−𝑏𝑠𝑖𝑛2𝜃
    (4) 
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If the left-hand side of Eq. (3) and Eq. (4) is greater than the right-hand side or if the 

crossing stress ratio in Eq. (3) exceeds 0.99, the HF is assumed to cross the pre-existing 

NF. Likewise, if the right-hand side of Eq. (3) and Eq. (4) is greater than the left-hand side 

or if the crossing stress ratio in Eq. (3) is below 0.99, the HF will be expected to “terminate” 

or get arrested at the pre-existing NF. Therefore, the conditions stated in Eq. (3) and Eq. 

(4) satisfies the expected crossing behavior in HF-NF interactions. 

The criteria for NF dilation was given by Song et al. (2014) as:  

𝑃𝑛𝑒𝑡(𝑖) =  𝑃𝑓(𝑖) − 𝜎𝑛          (5)  

∑ 𝐾𝐼(𝑖)
𝑛
𝑖=1  (𝑃𝑛𝑒𝑡(𝑖), 𝑙(𝑖), 𝑙) ≥  𝐾𝐼𝐶     (6) 

Eq. (5) and Eq. (6) was modified by Chen et al. (2014) to give: 

𝑝𝜎 >  
(𝜎𝐻𝑚𝑎𝑥−𝜎𝐻𝑚𝑖𝑛) (1−cos 2𝜃)

2
         (7) 

The criteria for NF shearing was given by Cheng et al. (2014a) and Chen et al. 

(2014) as:  

|𝜏𝑜| < 𝜏𝑜 − 𝐾𝑓 ∗ 𝜎𝜃           (8) 

Eq. (9) provides the condition where shear will not occur in the natural fracture. 

|𝜏𝑜| > 𝜏𝑜 − 𝐾𝑓 ∗ 𝜎𝜃          (9) 

|𝜏| > 𝜏𝑜 + 𝐾𝑓(𝜎𝑛 − 𝑝)      (10) 

 

 

2.1.3 HF-NF Interactions 

Hydraulic fracture propagates (Figure 2.1a) parallel to the maximum horizontal 

stress (σHmax) and perpendicular to the minimum horizontal stress (σHmin). As the 

propagating HF intersects with pre-existing NF, some possible interaction-behavior 

scenarios can be expected. The complex behavior created by HF-NF interaction was by 
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virtue of merging and/or branching of the HFs upon intersecting with NFs in 

unconventional reservoirs.  

2.1.3.1 Arrest of HF 

Arrest of the HF (Figure 2.1b) without further growth (also known as termination) 

is discussed in this section. When a propagating HF does not cross a pre-existing NF and 

it terminates at the NF interface, we have a HF arrest behavior (Gu and Weng, 2010). 

Notwithstanding the high approach angle of 90°, a poorly cemented NF interface will arrest 

a propagating NF, and/or slip under shear. For fully cemented NF interface (Fu et al., 

2015a), the HF will be arrested during intersection with a pre-existing fracture and no 

crossing was observed, concluding that the NF-interface with less un-bonding will always 

arrest a propagating HF.  The Damjanac et al. (2010) test well results from lower Silurian 

Longmaxi shaly formation of Sichuan basin validated the arrest of the propagating HF at 

the NF-interface. At low (20°) approach angle, the right-side of a propagating dual-winged 

HF was arrested at NF interface, while the left side of the HF will deflect fluid into the 

proximate NF after intersection. When the angles between the NF plane and the maximum 

horizontal stress direction decreases, the HF will get arrested at the NF plane (Wang et al., 

2018a; Fatahi et al., 2017). Olson et al. (2012) concluded from a hydrostone block 

experiment results that oblique HF-NF intersections will lead to arrest or diversion of the 

propagating HF along the NF interface at sub-orthogonal.  

Meanwhile, at low fluid viscosity and pump displacement, propagating HFs will be 

arrested by the NF. In the results presented by Cheng et al. (2014b), the HF was arrested at 

the pre-existing fracture due to horizontal stress difference (∆𝜎) falling below an estimated 

critical value of horizontal-stress difference. At low to intermediate approach angles and 

high differential horizontal stresses, the HF will get arrested and terminate at the NF upon 

intersection (Zhu et al., 2018).  
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Figure 2. 1 Widely documented and newly observed interaction behavior between 

propagating hydraulic fracture and pre-existing natural fracture. 
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Decrease in the differential horizontal stresses at this low approach angles will 

likely alternate the fracture network created after HF-NF intersection. When HFs with two 

(2) different fluid viscosities (low and high viscosities) intersecting multiple NFs was 

investigated by Seok Yoon et al. (2017), the HF propagated by the low viscosity fluids was 

observed to get arrested at the NF. The high viscous fluids caused the propagating HF to 

induce a higher local stress around the NF-HF intersection, thereby creating a more 

complex network of fractures. GEOS was also adopted by Morris et al. (2016) and Huang 

et al. (2018) to investigate the effects of natural fracture and closure stress interactions with 

a propagating HF. The 3D simulation results show the HF will be arrested at the NF 

interface and fail to cross the stress barriers. The HF arrest is due to height constraint of 

the NF within the stress barriers, which will impede the HF from crossing the stress 

barriers. Arrest of HF was observed in Yildirim et al. (2018a) when the stiffness ratio 

(kn/ks) is lower than intact rock matrix, while higher stiffness ratio resulted in direct 

crossing. 

2.1.3.2 HF Crossing The NF 

To optimize production, the hydraulic fracture crosses the NF (Figure 2.1c) and 

connects with other pre-existing NFs without increasing the width of the NF (dilation). The 

HF will be expected to cross the NF: (1) when the maximum tensile stress at HF tip is equal 

to the tensile strength of rock on opposite side of the NF; (2) No shear slip (Eq. 10 & Eq. 

11) of the NF; (3) when the horizontal stress difference exceeds an identified critical 

horizontal stress value.  

NF commonly contain mineral fills in which case the bonding strength along the 

fracture interface is determined by the mechanical strength of the mineral fill.  Common 

mineral fills are quartz, calcite, epidote, and pyrite. Ductile intervals in shale have low 

Young’s modulus and high Poisson’s ratio, while moderate to high Young’s modulus and 

low Poisson’s ratio are influential characteristics of brittle intervals in shale formations 

(Grieser and Bray, 2007). In strongly bonded NF interface (high Young’s modulus and low 

Poisson ratio), the propagating HF was observed by Wang et al. (2018b) to cross the NF 

interface. The results showed that high approach angle and high fracture energy, and 

optimum cement thickness are essential for the HF to cross the interface of the pre-existing 
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NF. At near-orthogonal approach angle, the propagating HF cuts through the NF interface 

without any offset along the NF. An outstretched HF will be formed, which creates less-

complicated fracture network. At moderate approach angle of 60°, the propagating HF was 

observed to cross the NF with certain offset along the NF (unidirectional stepping). Out of 

the four (4) tests conducted by Kear et al. (2017), two (2) show crossing of the HF at 

orthogonal NF-HF interface angle (90°) and crossing stress ratio of 1.4, while the other 

two (2) test results did not show crossing. The results of the numerical simulation appeared 

to match the crossing behavior in the experimental results. The authors concluded that the 

disparities in treatment pressure and HF growth rates between the numerical and 

experimental results may be due to either the frictional stresses between siltstone and vinyl 

faces, or because of inadequate understanding of the interface permeability.  

In combining an experimental triaxial test with quasi-static and adaptive meshing 

scheme, Meng and de Pater (2010) observed that at a high normal confining stress and 

strong NF-interface bonding, the propagating HF tends to cross the NF interface. Fluid 

injection properties, confining stress, fracture initiation point, and NF coupling could also 

be observed to influence HF-NF interactions. A pre-sheared NF will likely not allow 

crossing by the propagating HF. In the results of Aimene et al. (2018), a propagating HF 

will tend to get terminated at weakly-bonded NF interface with an anomaly far from 

injection port. The HF may cross strongly bonded interfaces but will only cross weakly-

bonded NF interface with an anomaly close to the injection port. In two-dimensional Huang 

et al. (2014) study, propagating HF will always directly cross a strongly cement-bonded 

NF at orthogonal angle. Taleghani and Olson (2013) showed that as the cement-fracture 

toughness threshold value exceeds that of the rock matrix by 25% (Gfrac/Grock > 0.25), the 

HF will cross the NF at orthogonal angle. In using MPM method, continuous fracture 

models and Eagle ford microseismic data, Umholtz and Ouenes (2015) investigated the 

optimum fracture initiation location that a propagating HF will likely cross a fault block 

(NF) after intersection at orthogonal approach angle. The HF-NF crossing interaction 

behavior in combination with higher stress anisotropy will produce a less complex fracture 

network.  
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Chen et al. (2014) observed that at low approach angles, crossing will not likely 

occur, but have higher possibility at high approach angle.  Increase in differential horizontal 

stress favors the propagating HF to cross the interface pre-existing NF by impeding NF 

interface slip, and this is conformity with the crossing the criterion. When the boundary of 

crossing exceeds the differential horizontal stress at approach angles greater than 45° 

(>45°), the HF will cross the NF after intersection (Zhao et al., 2016; Zhao et al., 2019a). 

In Fatahi et al. (2017), results from Discrete element method (DEM) and True Triaxial 

Stress Cell (TTSC) shows that the propagating HF will be more likely to cross the natural 

fracture as the angles between the NF plane and the maximum horizontal stress direction 

increases. At orthogonal angle in Cheng et al. (2014a), the two (2) HFs crossed the NF 

plane after intersection due to the elliptical HF tip and alternating low-normal and high-

shear stresses by the two propagating HF tips. At high horizontal differential stress, and at 

greater or equal to 60° approach angle, Keshavarzi and Jahanbakhshi (2013) observed 

crossing of the pre-existing NF by the propagating HF. The results from semi-circular 

bending test (Wang et al., 2013, 2018b) in show that at high approach angle, the 

propagating HF tend to directly cross the pre-existing NF without any influence from the 

NF width. Few results from Wang et al. (2013) also show at orthogonal approach angle, 

the HF tend to cross the NF interface with a short offset on the NF interface after 

intersection. Wu and Olson (2014) showed the length of pre-existing NF influences HF-

NF fracture network created. 

When HF intersects a short NF at a high approach angle, it crosses the NF interface, 

and the length of the NF is increased after crossing. At high fluid viscosity and pump 

displacement, a propagating HF is liable to cross the NF (Cheng et al., 2014b). For 

intermediate fluid viscosity and displacement, a propagating HF has the tendency to side-

step the NF interface after crossing. At high injection rate, high differential horizontal 

stresses, high fluid viscosity and high approach angles, the HF is inclined to cross the pre-

existing NF (Zhou and Xue, 2011; Chen et al., 2015a). The study by Zhu et al. (2018) show 

that under high differential horizontal stresses and high approach angles, the propagating 

HF tends to always cross the pre-existing NFs if there is a decrease in the distance between 

injection point and the NF. In He et al. (2015) and Daneshy (2019), the propagating HF 

will only cross the NF when there is a very low NF tensile strength, and sufficiently high 
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differential horizontal stress, high NF dip angle and high approach angle. At orthogonal 

angle, as described by Nikam et al. (2016), the approaching HF crossed the NF without 

dilating the NF interface. As the multiple propagating HFs cross the NFs, the energy of the 

HF reduces thereby weakening the prospect crossing subsequent NFs. 

Direct crossing is expected to be observed when fracture friction angle nears the 

intact rock matrix value. A pre-existing NF with high interfacial shear capacity will be 

expected to experience crossing by an approaching HF after HF-NF intersection. The HF 

will also likely cross a low interfacial shear capacity NF only after fluid pressure build-up. 

According to Zhou et al. (2015), low-permeable NF, high approach angle, high injection 

rate, and large NF interface cohesion coefficient, tends to encourage direct crossing of the 

NF by the HF. In Wang et al. (2018a), if the insitu-rock cement friction coefficient exceeds 

0.6, the HF will likely cross the NF, and will not get arrested nor divert upon intersection 

with the NF. Hou et al. (2015) further emphasized that brittleness is one of the most 

important parameters in hydrofracturing operations, since less complex fracture networks 

will be created in shales with higher brittleness. Due to alternating effects of gouge 

formation and fracture dilation, HF conductivity may remain constant under large effective 

stresses (Moradian et al., 2016). 

HF crossing the NF and leading to increase in the width of the NF (Figure 2.1d) is 

another widely observed HF-NF interaction behavior. By adopting a coupled Discrete 

Fracture Network (DFN) and Dual-Lattice DEM (DL-DEM), Zhou et al. (2016) observed 

a new HF-NF interaction behavior. It was observed that competing effect between 

crossing-favorable approach angle and dilating-favorable viscosity will cause the 

propagating HF to dilate the NF while crossing the NF interface. Using a field-derived 

DFN explicit model, propagating dual-winged HFs was observed to cross a pre-existing 

NF at orthogonal angle (Damjanac et al., 2010) without any change in direction or dilation 

of the interface. Combination of dilation and crossing may observed occur due to 

intermediate approach angle (60° < θ < 90°) and a high differential horizontal stress 

(10Mpa < Δσ). The increase in the number pre-existing fractures will boost the likelihood 

of experiencing direct crossing and reactivation by dilation during HF-NF intersection 

(Yildirim et al., 2018a). In the Fu et al. (2015b) results, the approaching HF completely 
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crosses the interface of a fully cemented NF with no offset. Whereas in a partially cemented 

NF with large-bonded area, HF crossing the NF was also observed. For partially cemented 

NF with extra-small-bonded area, the HF dilated the NF while crossing the NF interface. 

A finite element model (FEM) was developed and incorporated with fluid mechanics in the 

hydrofracturing process to study the NF-HF interaction (Celleri et al., 2018; Serebrinsky 

et al., 2017). The results show opening of the NF (dilation) behavior which transitioned 

into crossing with increase in injected fluid viscosity. When the in situ-rock fracture 

toughness (Oyedokun and Schubert. 2017) falls below the normal stress on a NF, the 

propagating HF will cross the NF plane. Nonetheless, when the natural fracture toughness 

exceeds the treatment pressure at intersection point, the propagating HF will temporarily 

terminate at the NF, before dilating the NF and begin to cross the NF (Potluri et al., 2005). 

The Gu et al. (2011) triaxial test result validates the crossing criterion (Renshaw and 

Pollard, 1995) and showed that at orthogonal approach angle (90°), the HF crosses the NF. 

Meanwhile, at 60° approach angle, the HF dilates the NF as it crosses the NF after 

intersection. The Guo et al. (2015) numerical and experimental results also validated the 

NF dilation after HF crossing at high approach angles. 

2.1.3.3 NF-Reactivation 

We herein define NF reactivation as mode-1 (dilation), mode-2 or mode-3 (shear) 

activation of a pre-existing natural fracture due to stress interaction with an approaching 

HF. NF reactivation may or may not lead to lengthening (tip propagation) of the NF. If the 

HF does not propagate across a pre-existing NF, and instead reactivates the NF plane as 

mode-1 activation, we have a dilation behavior (Figure 2.1e). Germanovich et al. (2012) 

considered the confining stress to be most important in optimum injection pressure 

determination, and the HF growth can only be expected in the toughness-dominated region 

in unconsolidated materials. In Gu et al. (2011) triaxial tests, HF propagating at a low 

approach angle (30°) to the NF will likely get arrested at the NF interface, and/or fuse into 

the NF and activates tip of NF by dilation. Dilation of pre-existing NF can result in 

increased HF fluid loss and operational failure (Pankaj and Li, 2018), but highly permeable 

regions of the pre-existing NFs will likely arrest the HF fluids at the NF interface. In 

addition to NF temporarily arresting a propagating HF, Wang et al. (2018b) also observed 

that HF can divert into the NF and causes the interface to dilate. The interface of the NF 
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was observed to dilate after intersecting with a HF due to the high fluid rate and fluid 

viscosity of the HF (He et al., 2015). At low approach angle, the fracture overpressure force 

𝑃𝜎 acts at the HF tip making the NF interface to "open-up" and increase in width, 

propagating the tip of the NF and thus dilating the NF (Chen et al., 2014). The authors 

concluded that high differential horizontal stress and low approach angle will permit 

dilation of the NF interface. The effects of in-situ stress, strength of NF, and the 

approaching angle on HF-NF interactions was investigated by Guo et al. (2015). The 

cohesive zone finite element result was validated with the experimental triaxial test result 

using laminated block.  

The Crack Opening Displacement (COD) also known as hydraulic fracture width 

was used by Moradi et al. (2017) to investigate the behavior of HF upon intersecting a pre-

existing NF.  Lower NF spacing will tend to divert the propagating NF into the NF, and 

the NF tip will continue to propagate by dilation of the NF interface. Due to highly 

permeable NF, low viscous HF, and lower injection rates, Zhou et al. (2015) observed the 

NF dilating upon intersection with the propagating HF after initially arresting the HF. The 

propagating HF will be expected to dilate instantly when the injection pressure is higher 

the normal stress acting on the NF (Potluri et al., 2005; Xie et al., 2018). As the propagating 

HF changes the local stress field when induced, the fluid continues to discharge into the 

NF, until the NF tip begins to dilate and propagate out of the NF to connect with the next 

pre-existing NF (Mack, 2016). Although the dominant interaction behavior is the 

reactivation of pre-existing NFs by shearing, but the results of DFN modeling and 

microseismic analysis of calcite-filled core by Williams-Stroud et al. (2012a) showed 

dilation of NF because of tensile failure. The results from Dershowitz et al. (2010) showed 

shear reactivation and extension of the NF upon intersection with a HF. The DFN approach 

(Suboyin et al., 2018) is consistent with the observed microseismic behavior (Williams-

Stroud et al., 2012a), and an improved well production and fracture behavior forecast can 

be provided. 

Some NF tips is likely to propagate by shearing (mode-2). When a propagating HF 

does not propagate across a pre-existing NF, and instead propagates the tip of the NF 

resulting in shear of the NF interface, we have a shearing behavior (Figure 2.1f). Crossing 
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is less likely to be observed at low stress ratios, and smaller NF-HF angle of intersection 

(acute approach angle), which would result in slip of the interface (shearing) (Gu and 

Weng, 2010). In weakly bonded rock-NF interface with shallow burial depth, low approach 

angle, and NF of high cement thickness, propagating HF will get arrested at the NF 

interface, and later resulting in NF slip which tends to deflect the HF after intersection 

(Zhou et al., 2015). At low approach angle (30°) and low fracture toughness (0.32 Mpa), 

the propagating HF will likely "halt" at the NF interface and divert into the NF (Keshavarzi 

and Jahanbakhshi, 2013; Taheri-Shakib et al., 2016b). Yang et al. (2016) showed that 

horizontal propagating HFs tends to be arrested by NF due to strongly cemented matrix, 

and the HF is also likely to reactivate the NF tip by shearing. From the result, a secondary 

tensile fracture growth can be observed from the tip of reactivated sheared-NF, thereby 

creating a twist-like fracture network. The propagating HF tends to divert into the pre-

existing NF and slip after intersection regardless of the thickness and width of the NF 

according to Wang et al. (2013), as the samples tested are both strongly and weakly 

cemented. This was observed at low approach angles to increase the complexity of the 

fracture network created after intersection. At low differential horizontal stresses and low 

approach angles in Zhu et al. (2018), the HF will cause the NF plane to slip and re-activate 

the NF upon intersection. This will result in elongation of the NF due to shear and prevent 

the HF from crossing the NF if the distance between injection point and the NF extended.  

In Taleghani and Olson (2011), the HF is observed to slide and shear rather than 

increase the width after intersection with a growing HF at approach angle of 60°. As 

discussed in Moradian et al. (2016), shearing of the NF plane will likely be induced due to 

high stress anisotropy, since the shearing of the NF is less than maximum asperity 

wavelength and opening of HF. In shales with higher than 30% clay, the slip on the faults 

is likely to occur slowly, which would enhance the hydrofracturing process in gas 

reservoirs with low permeability (Zoback et al., 2012). At approach angles less than 45° in 

Zhao et al. (2016), the boundaries of NF tip and re-orientation exceeds the differential 

horizontal stress, the HF will not be able to cross the NF due to change orientation of HF 

propagate along the tip of NF. Finite Element Method (FEM) was used to model how 

natural fracture thickness affects HF-NF interaction (Wang et al., 2018a). The results show 

the that for in situ-rock cement friction coefficient below 0.3, the propagating HF will tend 
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to divert along the NF plane. In studying the effect of shear failure on HF-NF interactions, 

Agrawal et al. (2019) observed the diversion of HF after intersecting a pre-existing NF will 

be more pronounced in highly permeable rock than what has been observed over the years 

in lowly permeable rocks. Wang et al. (2018b) observed that the induced arrest of the 

propagating HF is sometimes accompanied by shearing stress. Mighani et al. (2018a) 

observed that in Poly (Methyl) Meta Acrylate (PMMA), the NF experienced a slip due to 

decreased differential horizontal stress after arresting the propagating HF. The HF tip tends 

to open at the NF interface after intersection, causing the NF to slide and extend, thereby 

forming "hydro-wing" fractures and prohibiting the HF from crossing the NF interface 

(Seok Yoon et al., 2017). At lower horizontal stress difference and low approach angle, the 

plane along the NF will slip and shear notwithstanding the higher stimulated reservoir 

volume (SRV) (Hou et al., 2015). Wu and Olson (2014) considered bi-winged HFs 

intersecting with a NF, and results showed that one of the propagating HF wings was 

initially arrested at the NF interface, until build-up pressure inside the HF causes the shear 

failure at the NF as fluid flows into the two HF wings.  

A stress shadow effect is produced when there is no near NF stress redistribution 

(Sesetty and Ghassemi, 2012), as a result the HF propagates along the tip of the NF and 

high velocity fluid is diverted into the NF. The Nagel et al. (2012) continuum and discrete 

finite element modeling results show the effect of stress shadowing on the NF as it 

undergoes shear failure as the tip of the propagated single and multi HF intersects with the 

NF. High perforation friction promotes diversion of the propagating multiple HFs into the 

NF and produces equal size of successive fractures notwithstanding the effect of stress 

shadow (Wu et al., 2012; Kresse et al., 2012). Taleghani and Olson (2013) observed that 

as the cement-fracture toughness threshold value falls below that of the rock matrix by 25% 

(Gfrac/Grock < 0.25), the approaching HF fuses into the NF and extend the NF tip by 

shearing. Chen et al. (2014) suggested that shearing occurs due to decrease in friction force 

(Ffriction = σn x Kf) and fracture overpressure (Pσ).  Thus, lower friction coefficient and low 

approach angle will encourage shearing at the NF interface (Chen et al., 2014). In the high 

pressure, high temperature (HPHT) KS tight sandstone reservoir, the results show that 

when the HF propagation pressure does not exceed the normal stress on the NF, the NF 

plane will likely shear and propagate the tip of the NF (Zhang et al., 2015). The auxiliary 
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HF will likely propagate the tip of the shear-activated NF plane, which tends to create new 

interconnected fractures. Transverse fractures are likely to be created due to shear failure 

in the Marcellus shale (Aimene and Nairn, 2014), and in weak and poorly consolidated 

sandstones (Ispas et al., 2012).  

When the propagating HF is arrested at the NF and continues to propagate the tip 

of the NF with increase in length and width, we have a combined dilation and shearing 

behavior (Figure 2.1g). In shale gas reservoirs, not all pre-existing NF can be reactivated 

with the propagation and dilation criteria (Song et al., 2014). Although direct crossing will 

be observed at high HF-NF approach angle (60°-90°), but at low-to-medium approach 

angles and varying differential horizontal stresses, the HF is inclined to be arrested at a 

weakly-bonded NF plane, or the HF can continue to propagate the tip of NF by dilation 

and shearing (Yildirim et al., 2018a; Zhou and Xue, 2011; Nikam et al., 2016). The 

microseismic monitoring results in Williams-Stroud et al. (2012a, 2012b) showed the 

reactivation of pre-existing NF by shearing and dilation by induced HF in well stimulation 

treatment.At low injection rate, low fluid viscosity, and low approach angles, the HF will 

tend to fuse into the NF to 'expand' the NF and reactivates the NF (Chen et al., 2015a; 

Nikam et al., 2016; Zhou et al., 2016), while at orthogonal angle, the NF opening and open-

zone length decreases (Akulich and Zvyagin 2008). Fracture network with greater length 

and width will be generated. 

Debonding (dilation) of the plane of the natural fracture prior to HF-NF intersection 

(Figure 2.1h) was identified as a newly-observed HF-NF interaction behavior. Further 

understanding of this reactivation of the NF prior to HF-NF intersection is of utmost 

importance before initiating hydro-fracturing job. This will avert any operation failure and 

ensure maximum matrix stimulation optimization. The new interaction behavior was 

identified in Keshavarzi et al. (2012), where the NF debonding was observed around the 

near-tip of the approaching HF before intersecting with a cemented NF. The NF can fail 

and begin to shear or dilate even before the HF intersects with the plane due to the modified 

stresses (normal and shear stresses) near the propagating HF (Cheng et al., 2014a), thereby 

reactivating the NF even before the HF intersects the NF. The debonded zone length and 

position on the natural fracture, NF orientation, and the differential horizontal stress 
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influences the reactivation of the NF during early phases prior to HF-NF intersection.  Bi-

winged fractures may be created in this debonded area of the NF interface (Taleghani and 

Olson, 2013).    

Taleghani and Olson (2011), Keshavarzi and Jahanbakhshi (2013) and Taheri-Shakib 

et al. (2016a) also observed the debonding of the cemented NF before the propagating HF 

intersects with the NF interface. This was induced by high tensile stress exerted at the HF 

tip as it propagates towards the interface at various approach angles (30°, 60° and 90°). A 

complex fracture network was created in Aimene and Nairn (2014) when the MPM was 

applied to laboratory investigation of HF-NF interactions. Stress is generated around the 

HF tip as the HF approaches the NF, which will further induce stress change around the 

interface of the NF. This results in 'opening' and debonding of the NF even before the 

propagating HF intersects with the NF (Zhou et al., 2015). In utilizing Extended Finite 

Element Method (XFEM), both cemented and uncemented NFs can get debonded 

(Taleghani and Olson, 2011; Taheri-Shakib et al., 2016a) or shear even before interaction 

with growing multiple HFs. This was observed to be due to combination of high shear and 

tensile stresses acting ahead-of or near the HF tip. 

2.1.3.4 Other HF-NF Interaction Behavior 

A peculiar behavior observed during the HF-NF interaction is the bypass of the NF 

by a propagating HF (Figure 2.1i). Olson et al. (2012) experimental results showed an 

induced HF of higher length bypassing a natural fracture of shorter length and propagates 

around it after intersecting it at an orthogonal angle.  Fu et al. (2015a) investigated how a 

propagating HF intersects with pre-existing NF by assuming a three-dimensional (3D) 

plane. At orthogonal approach angle and NF with very-low to no cement filling, a new HF-

NF interaction behavior was observed. If the fluid injection pressure moderately exceeds 

the minimum horizontal stress of the in-situ rock (𝜎𝐻𝑚𝑖𝑛) the propagating HF will tend to 

open and create two front tips on intersection with the pre-existing NF. These front tips 

will advance around the NF, and the space between the tips will increase if the shear stress 

is too low to induce a fracture behind the front tips. The propagating HF tips will tend to 

later merge behind the NF interface and continue to propagate as a “unit” fracture, while 

the NF plane disrupts the flow path. The approaching HF does not directly cross the NF 
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interface, as this was observed to appear like an indirect-crossing behavior.  In pre-existing 

NF with thin and very-low cement filling, the NF interface will tend to shear after the 

propagating HF bypasses the NF interface in 3D space.  

2.1.4 Approach and Investigation Parameters 

2.1.4.1 Methods of Approach 

An overview of the numerical approach of investigating HF-NF interactions with 

special concentration on the mechanical models was discussed in Taleghani et al. (2016), 

where the Linear Elastic Fracture Mechanics (LEFM) is useful in modeling HF crossover 

or diversion after intersection with a pre-existing NF. A cohesive element approach is 

applicable in correlating the local fracture release rates to the far field stresses. Virtual 

Fracture Closure Techniques (VFCT) and Cohesive Zone Model (CZM) (Guo et al., 2017; 

Taleghani et al., 2018; Wang, 2019) has shown credible results in simulating HF-NF 

interactions. Mesh dependent parameters and unpredictability of the fracture propagation 

path are the most fundamental demerits of the CZM and VFCT. When variable length and 

sizes are integrated in the simulation modeling, the Continuum Damage Mechanics (CDM) 

approach could be adopted to provide more accuracy. Phase field modeling method 

(McClure and Horne, 2013a; Wheeler, 2019) has proven to be a resourceful approach that 

can be utilized in investigating HF-NF interactions. 

Kear et al. (2017) performed studies to describe the NF-HF interactions using 2D 

Eidsvold siltstone specimen experiment and Plane-strain boundary element numerical 

hydraulic fracturing model (MineHF2D). In investigating the impact of interface properties 

on fracture propagation initiation, fracture path, and HF growth, Aimene et al. (2018) 

conducted a fully 3D anisotropic damage mechanics (ADaM) model implemented with the 

material point method (MPM). The three (3) NF-interface properties adopted are: weak 

interface model with very low interface stiffness, perfect/ well-bounded/ strong interface 

with very high interface stiffness, and the sliding/frictionless contact with zero viscosity 

using Coulomb friction model. Aimene and Nairn (2014) utilized a similar material point 

method (MPM) to investigate how multiple propagating HFs interact with pre-existing NF. 

In Cheng et al. (2014a), a 3D displacement discontinuity method was used to describe how 

the HF growth intersection with NF (at 45° and 90°), and the NF failure prediction at the 
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interface could be attempted if results obtained is compared with the Mohr-Coulomb 

criterion. Nikam et al. (2016) integrated an advanced Cohesive Pore Pressure (CPP) in 

Finite Element Analysis (FEA) to describe the injection fluid behavior at HF-NF 

intersection. Cheng et al. (2014b) study was based on numerical and experimental analyses 

of cement block fracturing test with pre-existing fractures and validated the results with 

microseismic data from the lower Silurian Longmaxi shaly formation of Sichuan basin, 

China, to develop a new NF-HF interaction criterion.  

The NF-HF interaction in a low-permeability fractured reservoir using a 3D DFN 

model was extensively discussed in Dershowitz et al. (2010), Bajestani and Osouli (2015) 

and Campbell et al. (2018). Some authors reported that HF propagation is influenced by 

properties and geometry of the pre-existing NF, in-situ stress field, and the energy of the 

HF. Although this approach can be adopted in numerical modeling of NF-HF interactions 

for wells that lack seismic monitoring, but some of its identified limitations are inability to 

estimate in-situ stress, application in 3D plane (interconnectivity of NF and HF in 3D 

space), and unpredictability of HF properties and the NF geometry. Chen and Rahman 

(2015) developed a novel Artificial Neutral Networks (ANN) to explain the NF-HF 

interaction by mapping the interaction patterns, using Back-propagation neutral network 

(BPNN) model and probabilistic neutral network (PNN) model. The ANN approach 

provides more real-time results because it is principally data-driven (Keshavarzi and 

Jahanbakhshi, 2013). Less computational cost and lower time consumption is another 

major advantage ANN have over other numerical methods of HF-NF interaction studies.) 

Propagation of multiple HFs' interaction with induced and pre-existing natural fractures 

using Extended Finite Element Method (XFEM) (Mikaeili and Schrefler, 2018; Milanese 

et al., 2018) was investigated and modeled by Taleghani and Olson (2011) and Wang et al. 

(2018c), while Ghaderi et al. (2018a) utilized Coupled DEM and XFEM.  

The 2D DEM (Nagel et al., 2012; Li and Yang, 2018; Zhao et al., 2019b), finite 

element method (FEM), and boundary element method (BEM) are some of the most-often 

adopted approach in numerical investigations of HF-NF interaction. The interaction 

between a hydraulically-induced fracture and a natural fracture can also be numerically 

investigated using: (1) Semi-analytical pressure-transient model in Laplace domain (Xiao 
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et al., 2017); (2) Fast Lagrangian Analysis of Continua in 3D (FLAC3D) simulation model; 

(3) UDEC Universal Distinct Element Code (UDEC); (4) Distinct element code (UDEC) 

model; (5) Dual-lattice fully-coupled hydro-mechanical hydraulic fracture simulator (Zhou 

et al., 2015; Pettitt et al., 2018; Zhao et al., 2018). HF-NF interactions in geothermal 

reservoirs was investigated by Riahi and Damjanac (2013) using a 2D DFN, where a 

decrease in DFN connectivity as the fracture density decreases was discovered. In 

considering a fully-bonded interface and five (5) partially-bonded interface experiments, 

Fu et al. (2015a) explained the effects of partially-cemented NF on HF-NF interaction. In 

field-derived DFN explicit model of the HF-NF interaction, injection of highly 

compressible fluid was shown to create a more complex HF geometry than when less-

compressible fluid was injected (Damjanac et al., 2010). The interaction behavior between 

NF and HF in low-permeable and brittle hard rock can be simulated by either integrating a 

coupled DFN and Dual-Lattice DEM (Zhou et al., 2016), coupled Lattice Boltzmann 

Method (LBM) and DEM (Chen et al., 2018) , a 2D Particle Flow Code (PFC2D) (Han et 

al., 2012; Seok Yoon et al., 2017; Yildirim et al., 2018a), Particle Flow Code in 3D 

(PFC3D) (Lee et al., 2018), a Bonded Particle Method (BPM) (Zhang et al., 2018), and a 

Smooth Joint Contact method (SJM). Chuprakov et al. (2013) openT model, and Carbonell 

and Detournay (1995) semi-analytical exact elastic solution of finite dislocation was used 

to predict the NF re-activation point after intersecting with a propagating HF. A 2D 

Displacement Discontinuity Method (DDM) (Wu et al., 2012; Moradi et al., 2017; Kresse 

et al., 2012; Tang et al., 2018) was adopted to investigate the stress shadow created during 

HF-NF interaction.  

The foremost experimental studies of HF-NF interaction were conducted by 

Blanton (1982); Blanton (1986), Warpinski and Teufel (1987), Warpinski (1991), 

Warpinski et al. (1993) and Renshaw and Pollard (1995). Warpinski and Teufel (1987) 

conducted their experiment in a true triaxial with Coconino sandstones containing pre-

existing microfractures. In Beugelsdijk et al. (2000) scaled laboratory experiment to 

investigate HF-NF interaction, 0.3m cubic model blocks composed of Portland cement are 

used in a triaxial pressure machine. The HF growth was observed by the authors to start 

retarding upon intersection with an opened NF. In the experimental study of Zhou and Xue 

(2011), a thin Teflon sheet was inserted in-between 0.3m cubic model blocks inside a 
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triaxial pressure machine, and the blocks are composed of a mixture of cement and fine 

sand. The authors’ results showed the influence of NF maturity and in-situ stress contrast 

on propagating HF geometry. Olson et al. (2012) utilized 1 ft cubes of hydrostone (gypsum 

cement) and glass sides (to model NFs) to experimentally investigate HF interaction with 

naturally-cemented NFs. In experimental work of Cheng et al. (2014b), 0.3m cubic blocks 

composed of cement and quartz sand was used in a triaxial system to show crossing 

behavior. Sandstone blocks from an outcrop of the Kenshen sandstone formation in Tarim 

Oil Field was utilized by Yang et al. (2016) to investigate HF-NF interaction in a poly-

axial stress frame loaded in a strike-slip stress regime to show arrest and NF-reactivation 

behavior. In approach by Mighani et al. (2018a), cylindrical blocks of Poly(methyl) Meta 

Acrylate (PMMA) and Solnhofen limestone were used for sliding experiments to 

investigate HF-NF interaction under triaxial stress condition. 

The Semi-Circular Bending (SCB) (Lee et al., 2015; Wang et al., 2013, 2018b) 

experimental test was conducted to observe how HF propagates in weak and strong cement-

bonded NF. The SCB test is efficient in testing small-sized and subsurface rock samples. 

Lee et al. (2015) utilized naturally-fractured Marcellus Shale rocks to conduct Unconfined 

Compressive Strength (UCS) and SCB tests. Fatahi et al. (2017) and Wang et al. (2018b) 

coupled numerical and experimental approach to study propagating HF interaction with 

pre-existing NF. The authors experimental results were converted to field scale using 

numerical methods. This provided more reliable results. The HF-NF interaction study 

results in a permeable pre-existing NF with a fingerlike crack was shown to have 

substantial insignificant effect of poroelasticity on changes in injected fluid pressure in the 

using Green's function approach (Sarvaramini and Garagash 2016).  

Paryani et al. (2016) also combined a pseudo 3D asymmetrical Frac Design with 

2D strain map to analytically and numerically determine the influence of frac design 

parameters. The authors concluded that the most influential parameters affecting the longer 

side of asymmetric fracture wing are drainage area, fracture height, and reservoir 

permeability; while the influential parameters affecting the shorter side of asymmetric 

fracture wing are stress gradient, fracture height, and reservoir permeability. In Yildirim et 

al. (2018b) triaxial test experiment, shale and coal blocks were tested to investigate fracture 
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initiation location and interaction between pre-existing NFs in the blocks. Solnhofen 

limestone was investigated under triaxial stress conditions in Mighani et al. (2018b) using 

fault Gouge insertion and DCDT displacement transducer. Hydrofracturing was adopted 

for pre-conditioning during block cave mining operation to enhance the cavability and 

fragmentation sizes, and the HF was shown to propagates along the horizontal plane in 

cave mining (He et al., 2015).  

Microseismic data from the field is an efficient analytical method to provide valuable 

data points to validate HF-NF interaction behavior identified from other sources (Maity 

and Ciezobka, 2018; Williams-Stroud et al., 2012a, 2012b). Microseismic data from Eagle 

Ford shale was used to validate HF-NF interaction studies from an improved frac design 

using strain maps to estimate the permeability of proppant volume and its importance 

(Ouenes et al., 2015). A sequential, hierarchical multi-scale approach was combined with 

GEOS HPC geoscience framework by Johnson et al. (2013) to model multi-scale fracture 

network created during HF-NF interaction. A coupled seismo-hydro-mechanical 

simulation was later adopted to investigate how propagation of bi-3D hydraulic fractures. 

A novel fully coupled 3D GEOS simulation code was developed by Fu et al. (2015a) to 

model HF-NF interaction in 3D space.  

A 4D near-wellbore Geomechanics simulation of HF-NF interaction was developed 

by Zhang et al. (2015) in the high pressure, high temperature (HPHT) KS tight sandstone 

reservoir, Tarim basin, China. As the effective fracture length increases, there is a rise in 

borehole internal pressure, which raises the possibility of identifying the fracture initiation 

point (Tarokh et al., 2016). Wellbore strengthening as extensively discussed in Feng and 

Gray (2017), proppant transportation and placement are also greatly influenced by presence 

of NFs in hydrofracturing process. The analytical composite criterion was utilized by Zhao 

et al. (2019a) to predict crossing and NF-reactivation behavior simultaneously. 

2.1.4.2 Influence of Test Parameters 

The interaction behavior generated before or after a propagating hydraulic fracture 

intersects with a pre-existing natural fracture is dependent on certain test parameters 

adopted for the investigation. Some dominant factors influencing HF-NF interaction 

behavior have been extensively studied and identified as: approach angle, horizontal 
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differential stress, rock and natural fracture properties, and HF fluid properties (Medlin and 

Fitch, 1988). From sensitivity analysis results, Xiao et al. (2017) concluded that the 

distance between NFs and the well, distance between NFs and HFs, NF orientation, NF 

half-length, HF half-length, number of NFs, flow regimes within the HF are significant 

parameters in understanding NF-HF interactions. Bajestani and Osouli (2015) and Yao et 

al. (2018) concluded that the parameters that influences HF-NF interactions are: (1) arrest 

of HF because of high-water flow into the NF network; (2) increase in the sets of NFs at 

an orthogonal approaching angle to the propagating HF, resulting in less water flowing into 

the NF network and crossing of the NF by the HF; (3) arrest of HF can be aided by reduction 

in injection rate and pumping pressure, because of high in-situ stress around the rock 

matrix. The approach angle is the angle at which a propagating HF intersects a pre-existing 

natural fracture or fault.  

Chen and Rahman (2015) showed that crossing of the NF by HF was aided by high 

differential horizontal stress (Δσ) and high approach angle. Zhou et al. (2015) and 

Beugelsdijk et al. (2000) reported that HF approach angle, natural fracture permeability, 

fluid injection rate, stress anisotropy, fluid injection viscosity (Fakoya and Shah 2016), and 

natural fracture cohesion are predominant factors affecting HF-NF interaction. The DFN 

and PFC2D results (Yildirim et al., 2018a) show that differential horizontal stress regulates 

the HF growth and propagation despite the omnipresence of NF in the NF-HF interaction 

and HF propagation. A high differential horizontal stress will result in direct crossing of 

the NF by a growing HF, while arrest of the HF will be expected at low differential 

horizontal stress.    

The influence of pre-existing NF on Eagle Ford shale mechanical properties was 

investigated by Hu et al. (2014). The authors concluded that approaching angle (θ) can 

alternate HF propagation pattern and affect the in-situ rock’s mechanical and elastic 

properties. The effect of intersection angle, in-situ-stresses, rock and fracture properties, 

injection rate, and fluid viscosity on HF-NF interaction was investigated by Kear et al. 

(2017) and Chen et al. (2015a). Although the fracture geometry evolution, injection 

pressure, and crossing mechanisms may differ, but the HF crossing behavior was in 

concurrence with the crossing criterion (Renshaw and Pollard, 1995). Larger-sized NF 
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tends to easily form complex-shaped HF and increase the formation of fracture networks 

(Dong et al., 2018). Differential horizontal stress exceeding 14 Mpa will form a single 

interconnected straight fracture, without any effect on the shape of the HF. Chen et al. 

(2014) concluded that approach angle has greater influence on shear failure during HF-NF 

interaction than differential horizontal stress. Ultrasonic pulse velocity (UPV) 

measurement was used by Wang et al. (2017) to study the HF-NF interaction, and they 

concluded that low in-situ stress and high injection rate creates a more complex fracture 

network after intersection. Moradi et al. (2017) attributed length and spacing of the NF, 

and approach angle to be influential in determining the distance between the tip of the NF 

and the propagating HF. Huang et al. (2014) proposed that increase in fracture intensity 

(relatively low HF spacing, < 30.48 m) will cause the propagating HF to always terminate 

and get arrested at the NF. The effects of approach angle, strength of NF plane, differential 

horizontal stress, and injection point distance to the NF interface, on the HF-NF interaction 

was also investigated by Zhu et al. (2018). Hou et al. (2015) attempted to categorize the 

factors influencing HF-NF interactions into controllable factors and uncontrollable factors.  

The pump rate, and viscosity of fracturing fluid are controllable factors, while the rock 

mechanical properties, and in-situ stress differences are uncontrollable factors. Ben et al. 

(2012) also agreed on the importance of NF orientation and location on HF-NF interaction. 

The mineral grain distribution and pore density which characterizes the permeability 

response, could significantly influence the pre-existing NFs (Schwartz et al., 2019a). 

In adopting an enhanced 2D Displacement Discontinuity Method (DDM) to study 

the effect of stress shadow in complex HF-NF interactions, Kresse et al. (2012) observed 

that stress shadow effect exists in multiple HFs, and this effect dwindles with increase in 

ratio of fracture spacing to fracture height. In simulation results obtained by Kamali and 

Ghassemi (2019) using a new DFIT simulation model, the injection pressure profile, path 

of the fracture propagation, and interference with post shut-in pressure are some of the 

effects of NF on HF propagation. He et al. (2015) reported that the NF dip angle, rock 

tensile strength, and treatment parameters have significant effect on the HF-NF intersection 

and influences the HF-NF interaction behavior in block cave mining. The numerical results 

contradict most HF-NF interaction studies, as a propagating HF may be temporarily 

arrested at the NF interface at high approach angle and small dip angles, but this is only 
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observed in block cave mining. Changes in injection rate and injected fluid viscosity was 

investigated by Gil et al. (2011), and the results obtained shows the possibility of tensile 

failure within a naturally-fractured reservoir increases with higher injection rates. On the 

other hand, lower injection rate was observed to encourage shear failure near the injection 

well. Daneshy (2019) discussed that changes in injection fluid pressure, differential 

horizontal stresses, magnitude of net fracture pressure, and 3D NF inclination angle are 

some of the factors affecting HF-NF interactions. Also, a bi-directional stepping behavior 

of sub-linear fracture network was observed when an obtuse angle (135°) NF orientation 

was formed, which led to arrest of the HF. The HF was observed to cross the NF when the 

NF orientation is an acute angle (45°).  

2.1.5 New Observations and their Implications 

2.1.5.1 Assessment of the Methods of Investigating HF-NF Interactions and Its 

Implications 

In Figure 2.2, we present already identified and newly-observed interaction 

behavior between hydraulic fracture and pre-existing natural fracture available in scientific 

publications over the past 50 years in the data from Kolawole and Ispas (2019b). The 

possible HF-NF interaction processes are listed on the ordinate, while the number of 

published scientific articles is listed on the abscissa.  

 

Figure 2. 2 Bar graph showing identified HF-NF interaction behavior and variations in 

methods of approach. 
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Figure 2. 3 Bar graph showing number of published articles between 1963 and 2019. This 

chart shows variations in methods of approach over time. 

 

The bypass of the NF by propagating HF is identified to be the least reported 

interaction behavior irrespective of the method of approach adopted, while HF crossing of 

the NF without NF dilation, and the NF-reactivation by shear, are the most often reported 

interaction behavior. In Figure 2.3, we present published articles between 1963 and 2018 

on HF-NF interactions, and the variations in methods of approach. This shows the potential 

effect of methods of approach over time. In our spatio-temporal analysis, we observed that 

the numerical modeling is the most dominant method of approach, while the analytical 

method appears to be least utilized method. The analytical method is most often adopted 

in combination with numerical or experimental methods. We observed there has been less 

focus on experimental investigations of HF-NF interactions over the past decade when 

compared to the HF-NF interaction numerical method of approach.  

2.1.5.2 Influence of Fracture Network 

Here, we define fracture array as a single- or multiple-pair of a propagating HF and a 

pre-existing NF (HF-NF); and fracture network as a pattern of fracture arrays. The fracture 
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networks created by HF-NF interactions can be grouped into the four (3) categories 

namely: 

a) Orthogonal Fracture Network 

b) Sub-Orthogonal Fracture Network  

c) Linear-to-sublinear Fracture Network 

The orthogonal fracture network (Figure 2.4a) is characterized by high approach angle 

(90°), crossing interaction behavior, and will likely create a coherent fault line (longer 

faults). In sub-orthogonal fracture network (Figure 2.4b), medium-to-high approach angles 

and high likelihood of non-crossing interaction behavior the prevailing features. It is less 

likely to create a coherent fault line. In the linear-to-sublinear fracture networks, two (2) 

forms of side-stepping of the NF plane can be observed: (a) Unidirectional stepping, (b) 

Bi-directional stepping. Although low approach angles mostly dominate the unidirectional 

stepping (Figure 2.4c) and bi-directional stepping (Figure 2.4d), the nature of the faults 

they create differentiates them. The unidirectional stepping is a branching phenomenon 

most likely to evolve in a coherent fault line (smaller faults) due to dominant shear and 

dilation HF-NF behavior. The bi-directional stepping (Ben et al., 2012; Keshavarzi et al., 

2012; Wu et al., 2012; Kresse et al., 2012; Zhou et al., 2015, 2016), is a branching 

phenomenon likely caused by competing dilation-favorable and crossing favorable 

parameters acting on the NF interface. This will not likely form a fault line because of 

alternating very-low to moderately-low approach angles that dominates the HF-NF 

interactions in addition to shear and dilation. 

Some of the long-term impact of the HF-NF interactions on the reservoir are: 

(i) Creation of faults 

(ii)  Increase in permeability of the natural fractures 

(iii) Local stress redistribution in the reservoir along the created faults (stress rotation). 
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Figure 2. 4 Fracture networks created due to HF-NF Interactions featuring array length of 

4; (a) Orthogonal fracture network (b) Sub-orthogonal fracture network (c) Linear-to-

sublinear fracture network (Unidirectional stepping) (d) Linear-to-sublinear fracture 

network (Bi-directional stepping). 

 

2.1.6 Proposed Real-Time Monitoring of HF-NF Interactions  

In this section, we consider the possibility of HF-NF interactions monitoring in 

real-time on the field from reviewed articles using a pre-frac test approach. A pre-frac 

(mini-frac) test is a typical injection test performed in the field without using a proppant 

before the actual hydraulic fracture treatment is conducted. The breakdown pressure is the 

pressure observed when the hydraulic fracture is initiated after the formation is cracked. 

This formation breakdown pressure is influenced by tensile strength of the in-situ rock, 

formation pore-pressure, and the minimum horizontal stress (𝜎𝐻𝑚𝑖𝑛).  The breakdown 

pressure must exceed the minimum horizontal stress around the wellbore, and the tensile 

strength of the in-situ rock. As the propagating hydraulic fracture grows, the fluid in the 

hydraulic fracture delays before it reaches the fracture tip. This phenomenon is known as 
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fluid lag (Jeffrey, 1989; Green et al., 2017; Napier and Peirce, 2014). The fluid-lag distance 

(D) is the region between the invaded and uninvaded (frontal) segment of the propagating 

hydro-fracturing fluid, while the distance between the borehole and the tip of the 

propagating fracture tip known as fluid lag length (𝐿𝑓).  

 

 

 

 

 

 

 

 

 

 

Figure 2. 5 Variation of Fluid lag distance and effective pressure with fracture toughness 

for a typical pre-frac test. (Modified after Jeffrey, 1989; McLennan and Potocki, 2013) 

 

Since the fluid-lag region will provide a negative value to the stress intensity factor, 

it is incorporated as an apparent fracture toughness value and presented as: 

𝐾𝐼−𝑓𝑙𝑢𝑖𝑑 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 =  𝐾𝐼𝐶 +  𝐾𝐼𝐶−𝑙𝑎𝑔       (11) 

Assuming the fluid-lag region is equal to the formation pressure, for a penny-

shaped propagating hydraulic fracture, Eq. (11) can be expressed in terms of fluid-lag 

distance (d) (Jeffrey, 1989) as: 

𝑑 = 𝑅 −  √𝑅2 −  (
2𝑃𝑤𝑅−𝐾𝐼𝐶√𝜋𝑅

2(𝜎𝑡𝑖𝑝+𝑃𝑤)
)

2

    (12) 
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When fracture toughness of the in-situ rock is zero, the maximum fluid-lag distance 

is expressed as: 

𝑑 = 𝑅 (1 − √1 −  (
𝑃𝑤

(𝜎𝑡𝑖𝑝+𝑃𝑤)
)

2

)   (13) 

The maximum fluid lag distance due to apparent fracture toughness KLf for 

pressurized penny-shaped hydraulic fracture (Eq. 14) is presented in Figure 2.5 as: 

𝐾𝐼𝐶

𝐿𝑓 = 2𝜎𝑡𝑖𝑝√
𝑅

𝜋
(

𝑃𝑤

𝑃𝑤+𝜎𝑡𝑖𝑝
)    (14) 

 

Advani et al. (1993) proposed a 3D geometry and fluid lag-fracture fluid pressure 

sensitivity phenomenon. In the field case considered, the results showed that pressure 

distribution around the tip of the propagating HF influences stress intensity factor near the 

tip of that fracture. This strong influence of the pressure exerted around the fracture tip 

creates a fluid lag during hydro-fracturing process. In the sensitivity analysis of varying 

amounts of fluid lag created, the results validated the fluid lag hypothesis that a maximal 

amount of fluid lag will result in pronounced decrease in pressure required for fracture 

propagation during hydraulic fracturing. Due to normal and shear stress acting at the 

intersection between HF and NF, the NF permeability can be facilitated by dilation and 

shearing along the natural fracture at HF-NF intersection point (Taheri-Shakib et al., 2018). 

The presence of NF can cause slowdown the propagation of HF, which would increase 

the fluid lag and delay the leak-off (Ghaderi et al., 2018b). In hydrofracturing process, the 

fluid injection pressure decreases as the hydraulic fracture propagates through the 

formation after initiating the fracture. Green et al. (2017) concluded that this reduced 

pressure can be due to intersection between injected fracturing fluid and a pre-existing NF, 

and results in fluid injection pressure trailing the fast-paced fracture growth. The fluid lag 

phenomenon will be created, which delays the formation from receiving the effect of 

injected fluid pressure and curtail the fracture propagation. The HF This fluid lag effect 

due to HF-NF intersection will be expected to produce complex interactions behavior. 
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There is a significant disparity in fluid injection pressure-time history and the fracture 

growth path, between a propagating HF intersecting with a pre-existing NF having a fluid 

lag and minimal fracture toughness, and a HF intersecting with/without a pre-existing NF 

having no fluid lag and high fracture toughness (Green et al., 2017; Napier and Peirce, 

2014). 

The possible interaction behavior which could infer varying pressure fluid injection 

and time responses are:  

a) Propagating fracture may be temporarily arrested by the pre-existing NF 

b) The propagating fracture may directly cross the pre-existing NF 

c) The propagating fracture may not intersect with a pre-existing NF 

Increase in number of pre-existing NFs will increase the complexities of HF-NF 

interaction behavior and extend the net fracture pressure (NFP) (McLennan and Potocki, 

2013). The net fracture pressure is the resistance effect to fracture propagation. There is 

increase in fracture closure stress as the propagating HF intersects with pre-existing. As 

the HF growth is slowed down by the pre-existing NF, the fluid lag and time is increased 

while a decrease in pressure will be expected. The increase in net fracture (NFP) gradient 

will tend to increase the in-situ stress, and thereby promoting the likelihood of complex 

HF-NF interaction behavior and fluid lag to be created (Potocki 2012). Yang (2008) 

investigated how the presence of pre-existing natural fractures affect formation breakdown 

pressures recorded during pre-frac tests. During the study, about 1000 formation 

breakdown pressures (between 2000-6000 psi) was considered in the Codell formation, 

Wattenberg field, Colorado, United States. The formations in Wattenberg field are 

characterized by tight sand or low-permeability carbonates. The formation breakdown 

pressures recorded was mapped with well locations in the Wattenberg field near a pre-

existing fault (NF), and wells far from faults. Observations from the results validated the 

author's prediction of low breakdown pressures recorded in oil and gas wells located near 

pre-existing NFs, and high breakdown pressures recorded in wells far from pre-existing 

NFs.  
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In study conducted by Daneshy (2007), the results showed a significant decrease in 

fluid pressure in the fracture and the fracture width as the HF propagates after fracture is 

initiated. The author reported that the varying bottomhole pressures recorded was due to 

the presence or removal of interference (NF) to the flow of fluid inside the propagating 

fracture. This interference will eventually increase fluid lag, and the time for the fluid inside 

the propagating fracture to connect with the reservoir fluid. Lecampion et al. (2004) 

proposed how fracture orientation, fracture volume, and efficiency of hydrofracturing 

treatment can be estimated in real-time from tilt data obtained from tiltmeter. Xu et al. 

(2018) utilized Displacement Discontinuity Method (DDM) and Finite Volume Method 

(FVM) to investigate the effect of fluid leak-off on HF-NF interaction, and the HF-NF 

behavior due to fluid-injection volumes and injection times. The authors concluded that 

crossing behavior can be expected during leak-off tests at high approach angle, high 

interfacial friction, and high injection rates. 

In Figure 2.6, we presented a 3D schematic illustration of interactions between 

propagating hydraulic fracture and pre-existing natural fracture during a pre-frac test.  In 

considering the stress contrast in the formation, fracture geometry, and other parameters 

influencing HF-NF interactions, we propose that real-time HF-NF interactions can be 

monitored on the field during a pre-frac test. Cementation along the pre-existing natural 

fracture can be elliptical, rectangular, circular, or microfractures. We present three possible 

scenarios, and we assumed a non-homogenous cementation along the NF: (1) Momentary 

arrest of propagating HF at the pre-existing NF with NF-reactivation by shearing or 

dilation; (2) Direct crossing of the pre-existing NF by propagating HF; (3) Non-interaction 

of propagating HF with pre-existing NF. In the first scenario, assuming a low approach 

angle and a pre-existing NF with weak cement filling, the propagating HF is expected to 

be temporarily “restricted” at the NF plane before the NF is reactivated by dilation and/or 

shearing.  

The propagating HF later continue its growth path until it connects with the reservoir 

fluid. The fluid lag and time for the fluid pressure inside the propagating fracture to be 

transmitted to the reservoir fluid area, is expected to be highest in the first scenario when 

compared to the other two scenarios. 
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The propagating HF will be expected to directly cross the NF without a significant 

delay in the second scenario as much as will be expected the first scenario, while assuming 

a high approach angle exists, and the pre-existing NF has a strong cement filling. We expect 

the fluid lag and time for the fluid pressure inside the propagating fracture to be transmitted 

to the reservoir fluid area to be minimal in the second scenario when compared to the first 

scenario. For the third scenario, we expect the propagating HF to connect with the reservoir 

fluid area without interacting with a pre-existing NF. The pre-existing NF is assumed not 

to be in proximity of the propagating HF. Therefore, we expect zero fluid lag and no delay 

in transmission of the fluid pressure inside the propagating fracture to the reservoir fluid 

area. 

 

Figure 2. 6 3D Schematic description of interactions between propagating hydraulic 

fracture and pre-existing natural fracture during pre-frac test.  Lf: Fluid lag length; L: 

Fracture half-length; NF: Pre-existing natural fracture; HF: propagating hydraulic 

fracture; σHmax: Maximum horizontal stress; σHmin: Minimum horizontal stress. (Modified 

after Advani et al., 1993). 
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2.2 Evaluation of Geomechanical Properties Via Scratch Tests: Where are 

We and Where do we go from here? 

2.2.1 Overview  

The scratch test is a quasi-non-destructive method made up of pushing a tool across 

the surface of a weaker rock at a given penetration depth. The unconfined compressive 

strength (UCS), fracture toughness (KIC), and other geomechanical parameters influence 

how geological materials fail, and how the succeeding fractures nucleate. Researchers have 

attempted to evaluate UCS, KIC, and other geomechanical properties in diverse rock 

formations through the scratch test method, but there remain differing opinions on the 

fundamental approach and principles to be adopted in estimating these properties. 

Therefore, the evaluation of geomechanical parameters and their impact on hydrocarbon 

exploration and exploitation, and underground storage remain an important issue for the 

energy industry. In this paper, we present a comprehensive review of the methods of 

approach, applications, and the mechanics of rock scratching. We showed the merits of 

utilizing scratch tests over other conventional methods of measuring and estimating 

geomechanical properties. Our review focuses on previous studies in the past few decades 

that utilized the scratch test method to investigate geomechanical properties and their 

impact on fractomechanical behavior. Finally, we highlight promising research areas of 

investigation to improve the application of the scratch test method. We envisage this 

advancement in our knowledge will improve the optimization of hydrocarbon exploitation, 

underground storage, and field-scale modeling for energy production operations. 

2.2.2 Introduction 

The scratch test is a quasi-non-destructive method, was developed (Detournay and 

Defourny, 1992; Detournay et al., 1997) over 2 decades ago, made up of pushing a tool 

across the surface of a weaker rock and tracing the groove at a given penetration depth. 

The uniaxial or unconfined compressive rock strength (UCS) which is the ultimate stress a 

rock can withstand before undergoing failure, is characterized by rock confining pressure, 

stress-strain relationship, and pore-fluid pressure. Analysis and prediction of the in-situ 

rock failure behavior as a function of rock type, pore pressure, Spatio-temporal stresses, 

and fault-reactivation potential provides critical information for proactive decision-making 

to achieve successful energy production operations.  
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In the optimization of hydrocarbon exploitation, hydraulic fracturing has proven to be one 

of the most efficient matrix stimulation methods in unconventional reservoirs (Kolawole 

et al., 2019a; Wigwe et al., 2019). During this treatment, complex fracture networks are 

often generated, and the interaction of hydraulic and natural fractures significantly 

influences the complexity of the fracture networks created (Kolawole and Ispas, 2019a, 

2020a). Stronger rocks will exhibit greater fracture toughness (𝐾𝐼𝐶), which will influence 

the fracture geometry and propagation. UCS, 𝐾𝐼𝐶, and other rock mechanical parameters 

influencing how the fracture nucleates (Thiercelin et al., 1989), fracture size and geometry, 

but fracture sizes and geometry adopted in hydraulic fracture design and modeling, 

Discrete Fracture Network (DFN) modeling, and Finite Element Modeling (FEM); are 

most often overestimated. Although scratch tests are applicable nowadays to several fields 

of science and engineering, ranging from strength characterization of rocks and 

cement/ceramics (Akono and Ulm 2011; Ulm and James, 2012), to damage of polymers 

(Felder and Bucaille, 2006; Akono et al., 2012; Lin and Zhou, 2013) and metals (Randall 

et al., 2001; Brostow et al., 2007), and quality control of thin films and coatings (Beegan 

et al., 2007; Borrero-López et al., 2010); the underlying rock failure mechanisms, 

characterization, and applications have not been fully explored. Although several 

researchers have attempted to evaluate and quantify UCS, fracture toughness, and other 

rock mechanical properties in conventional and unconventional reservoir rocks using 

indentation and scratch testing methods, there remain differing opinions on the 

fundamental approach and principles to be adopted in estimating those parameters.  

Over the past decades of advances in the evaluation of geomechanical properties 

through scratch tests, prior to this our contribution, there still exists a gap in the state of 

knowledge of the scratch test method and its application to solve current needs of the 

energy industry. This paper discusses and summarizes the key findings regarding the use 

of the scratch test method to estimate rock strength, fracture toughness, and other 

geomechanical properties over the past few decades. Firstly, we highlight the advantages 

of the scratch test method over other conventional methods of estimating geomechanical 

properties. Secondly, we extensively discussed the methodology, modifications, and 

devices available in published research studies. Subsequently, we presented the application 

of the scratch test to measure and estimate geomechanical properties. Lastly, we provided 
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recommendations for future research to address identified outstanding problems related to 

the application of the scratch test method to estimate geomechanical properties for 

improved hydrocarbon and geothermal exploitation and production and geological CO2 

sequestration. 

2.2.3 The Scratch Test Method 

2.2.3.1 Scratch Test Method Vs Other Conventional Methods 

The uniaxial compressive test using load frame to evaluate the UCS of core plugs is one 

of the most popular methods. The indentation test (Martogi et al., 2019) is another popular 

conventional method of estimating mechanical properties of rocks, and other materials. 

This method involves the use of a scratching tool to create indentations on the surface of 

the material surface. In a research study (Liu et al., 2016), micro-nano indentation method 

was utilized to evaluate and predict KIC in shale rocks, but the study failed to account for 

maximum holding stage on the indentation-displacement curves in fracture toughness 

estimation. This fracture toughness model deficiency was highlighted and corrected in 

Zeng et al. (2017), but the final 𝐾𝐼𝐶 values are in the order of magnitude two. The 

macroscopic and mesoscopic rock mechanical parameters of shale rocks were investigated 

by authors in Chen et al. (2015b) using micro-indentation test method. The shale outcrops 

from the Cambrian Longmaxi formation in Sichuan Basin, China, was utilized for the 

study. In the results, the authors observed that mesoscopic elastic modulus and indentation 

hardness are heterogeneously distributed across the formation and exhibits a non-linear 

increase behavior with rise in packing density. The microscopic mechanical properties of 

shale rocks were not accounted for in this study.  

The shale rock samples from the Longmaxi formation in Sichuan Basin, China, was 

utilized to estimate 𝐾𝐼𝐶 through micro-indentation method (Su et al., 2018). The authors 

aim to address the previous limitation of the 𝐾𝐼𝐶 estimation observed in Zeng et al. (2017), 

and their results showed much lower 𝐾𝐼𝐶 values. In KIC measurement using indentation 

method, results are more of qualitative, and can yield high inaccuracy and subjectivity by 

virtue of the crack length measurement requiring optical imaging method, which is onerous 

task for non-translucent rocks like shale (Akono and Kabir, 2016). Other methods of 

estimating rock's UCS include the point-load test (Broch and Franklin, 1972; Bieniawski, 
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1975); and "Drill Test" (Lee et al., 2016), which was developed using the drilling concept 

and incorporates 2/3 butt core sections to evaluate UCS in shale rocks. 

The rebound hardness test method using EquotipR hardness tester (PCTE; Verwall and 

Mulder, 2000) was initially adopted for evaluating the UCS of rocks, but recently utilized 

for creating UCS logs and strength contrast profiles of shale rocks (Lee et al., 2015; Lee, 

2015). The rebound hardness test can also be carried out using Schmidt hammer (Aydin 

and Basu, 2005). Although the rebound index test is also useful in qualitatively estimating 

the UCS of rocks, it has proven inefficient in providing a continuous and accurate 

quantitative rock strength profile (Germay and Richard, 2014). This is another means the 

scratch test has proven its efficiency over other methods of testing rock strength by 

providing continuous high-resolution logs of rock strength with high degree of 

repeatability.  

The effect of anisotropy in 𝐾𝐼𝐶 was estimated in Gokaraju et al. (2017) using Chevron 

Bend (CB) test and Boundary Element Method model. Sierra et al. (2010) also utilized the 

Chevron Notched Semicircular Bend (CNSCB) test to estimate rock strength and fracture 

toughness of Woodford shale rocks, with the estimated fracture toughness (𝐾𝐼𝐶) values in 

Lower and Middle Woodford shale much lesser than values of Upper Woodford shale. In 

a study by Chandler et al. (2013) using a modified Short-Rod sample geometry to estimate 

anisotropic 𝐾𝐼𝐶 values of Mancos Shale rock, conflicting values were obtained in divider, 

short-transverse, and arrester configurations. Coring operation was also suggested as 

another viable method of estimating UCS from data obtained from acoustic and bulk 

density logs (Moronkeji et al., 2017). 

The advantages of scratch test method over other conventional methods discussed, to 

measure and estimate geomechanical properties are (Mitaim et al., 2004; Dagrain and 

Germay, 2006; Germay et al., 2015, 2018):  

a. It is quasi-non-destructive, and the post-test core samples remain intact which can 

be utilized for other destructive or non-destructive tests.  

b. It provides direct equivalent measurement with the rock’s UCS.  

c. It requires limited and minimal level of sample preparation.  

d. It is simple, quick, and highly repeatable. 
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e. It can be conducted on any dimension of rock, as the results are not affected by the 

core sample geometry.  

f. It provides precise continuous profile of rock strength over the scratch interval.  

The scratch profile from the scratch tests provides a reliable quantitative measurement 

of the scale and distribution of the heterogenous properties along the tested core samples. 

2.2.3.2 The Mechanics of Rock Scratching 

In the scratch testing method, continuous trace of the groove of the rock surface is 

conducted with a stronger cutting tool, while the cutter penetration depth (𝑑) and the cutting 

velocity (𝑣) between the cutter and the rock are held constant.  In Figure 2.7, the FT and FV 

are horizontal and vertical components of the cutting force (FC) applied on the cutter face, 

which is normal to the cutting velocity. The rock cutting configuration is also composed of 

other parameters such as: the back-rake angle of the cutter (θ); the contact surface between 

the cutter and the rock surface which is represented by 𝑙; frictional force (Ff) acting on 

wear-flat surface below the cutter; cross-sectional area (Ac) of the cutter face; width (w) of 

the cutter; and the internal friction angle of the (∅). 

The mechanisms of rock scratching are evident in the linear relationship between cutter 

penetration depth (𝑑) and𝐹𝑇. The two rock failure mechanisms (Figure 2.8) depending on 

the cutter penetration depths are (Schei et al., 2000; Richard et al., 2012):  

a. Ductile failure mode: Also known as "plastic flow". The ductile failure mode 

occurring at shallow penetration depth (𝑑), is characterized by the rock shearing 

ahead of the cutter. As the rock matrix and the grains are dislodged, the rock grains 

and powder accumulate continuously ahead of the cutter, and they are removed by 

the moving cutter.   

b. Brittle failure mode also known as "chipping", The brittle failure mode occurring 

at large penetration depth (𝑑), is characterized by macroscopic fractures generating 

from the tip of the cutting tool and propagates upwards towards the rock surface 

ahead of the cutter. The chips and fragments formed are removed by the cutter.   
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The brittle failure mode is dependent on fracture toughness (𝐾𝐼𝐶), while the ductile 

failure mode onUCS, and the transition between ductile and brittle failure modes is 

dependent on the cutter penetration depth (𝑑). 

He and Xu (2015) adopted the Bažant's Size Effect Law (SEL) to investigate the 

critical ductile-to-brittle transition depth in a wide range rock type. This critical ductile-to-

brittle transition penetration depth (𝑑𝑐), distinguishes the ductile failure regime from the 

brittle failure regime. The Quasi-brittle fracture property of cement paste was investigated 

(Thiercelin et al., 1989) to account for the linear elastic relationship between applied forces 

and scratch width and depth (𝑤√𝑑). The authors proposed a linear scaling method from 

scratch geometrical scale to large scale ranges for estimating 𝐾𝐼𝐶 in homogenous materials. 

 

 

 

 

 

 

 

 

 

 

Figure 2. 7 Rock scratching configuration 
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Figure 2. 8 Schematic of rock failure regimes (a) Ductile regime; (b) Brittle regime. 

Modified after Naeimipour et al. (2015). 

 

2.2.3.3 Scratch Test Devices 

2.2.3.3.1 The Rock Strength Device 

The Rock Strength Device (RSD) is designed to scratch the rock surface while the 

normal and tangential forces applied to the cutter are measured, and the device is 

kinematically controlled (Detournay et al., 1997; Coudyzer et al., 2005; Dagrain et al., 

2004, 2006). The main components of the RSD as shown in Figure 2.9 are: 1 - a transverse 

with a core holder of length 𝑙; 2 – a moving cart; 3 – housing the vertical positioning 

system; 4 -  the load cell; 5 – cutting tool; 6 – computer controlled stepper-motor (controls 

the horizontal movement of the cart); 7 – horizontal ball screw; 8 – gearbox; 9 – the vertical 

positioning system  (controls the depth of cut); 10 – micrometer; 11 – locking system 

(keeping the vertical mechanical system locked against the frame to maintain a constant 

penetration depth). The load sensor measures tangential (𝐹𝑇) and vertical (𝐹𝑉) forces acting 

on the cutter. 
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Figure 2. 9 Rock strength device showing the front and side view. (Laubie, 2013) 

 

2.2.3.3.2 The Wombat Machine 

The wombat scratch test machine as shown in Figure 2.10, is a unique scratch test 

equipment developed by Epslog S.A. with the capability of testing core samples up to 0.91 

m long and a diameter range of 0.013 - 0.150 m. The following are the main components 

of the Wombat machine: horizontal bed on which the core samples are fixed; mobile 

carriage to hoist the vertically erected cutter; load sensor measuring 𝐹𝑇 and 𝐹𝑉; high-

definition camera to capture continuous images of the rock core surface during scratching. 

The results are processed and analyzed by a computer software solution. 

 

 

 

 

 

 

Figure 2. 10 Wombat scratch machine (Image Courtesy of Epslog S.A.) 
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2.2.3.3.3 Other Devices 

The Mechanical Profiler Test System (MPTS) from TerraTek TSITM (Suarez-

Rivera et al., 2002; Schlumberger, 2014; Chen et al., 2017) is another type of scratch test 

equipment utilized for estimating rock mechanical properties and other parameters through 

the scratch test method. Its system consists of a moving cart containing a core sample 

holder, a cutting tool with the rock “scratching” capability, loading cell to measure the 

vertical and horizontal forces acting on the rock surface. As part of an existing compression 

machine, a simple scratching cell was developed (Ali and Al Awad, 2014)  and utilized to 

create rock strength correlation for predicting UCS of rocks in Saudi Arabia. Most recently, 

the miniature linear cutting device (Naeimipour et al., 2018) was developed using a milling 

machine and designing it to measure forces and distance scratched by the probe. 

 

2.2.4 Scratch Test Method Application for Estimation of Geomechanical Properties  

2.2.4.1 Uniaxial Compressive Strength (UCS) 

The scratch test can be resourceful in estimating reservoir geomechanical and 

petrophysical properties. The concept of obtaining rock strength information from rock 

cutting tests was proposed by Adachi et al. (1996a, 1996b), and this approach was 

dependent on phenomeno-logical model of continuously cutting of rock with blunt cutter. 

This cutter/rock interaction model in ductile failure mode was developed based on three 

assumptions, irrespective of the cutting tool wear. These assumptions are that (Detournay 

et al., 1997; Richard et al., 2012):  (i) the forces acting on the cutter face, averaged over a 

distance higher than the penetration depth, is directly proportional to the cross-sectional 

area (𝐴𝑐) due to horizontal force; (ii) the inclination of the average force acting normal to 

the cutter face is constant; (iii) friction force at the wear-flat rock interface exists. The 

above developed model is composed of three major parameters:  

a. The intrinsic specific energy (𝜀) of the rock cutting process, which is the energy 

required to cut rock per unit volume, and this parameter correlates to UCS. 

b. The inclination (𝜁) of the average force acting on the face of the cutter.  

c. The coefficient of friction (𝜇) on the wear flat/rock interface.  



 Texas Tech University, Oladoyin Kolawole, May 2021 

49 
 

The model assumptions and its application to estimate rock strength, combining the 

pure cutting and frictional contact process is presented in Eq. 1- 6 (assuming a rectangular 

cutter; Ac = wd) as: 

𝐹𝑇 = 𝜀(1 − 𝜇𝜁)𝑤𝑑 + 𝐹𝑉      (1) 

𝜇 = tan ∅        (2) 

𝐸 = 𝐸𝑜 + 𝜇𝑆        (3) 

𝐸 =
𝐹𝑇

𝑤𝑑
        (4) 

𝑆 =
𝐹𝑉

𝑤𝑑
         (5) 

𝐸𝑜 = 𝜀(1 − 𝜇𝜁)       (6) 

Where: 𝑆 is the drilling strength, and 𝐸 is the specific energy. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 11 Correlation of intrinsic specific energy and uniaxial compressive strength in 

limestones, sandstones, and other rocks. (Naeimipour et al., 2015) 
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The feasibility of RSD to estimate rock strength parameters from scratch test was 

first conducted (Adachi et al., 1996a). The researchers used blunt and sharp cutters in 

conducting the scratch tests on sandstone samples. The RSD was also utilized (Richard et 

al., 2012) to investigate to estimate the rock strength of different rocks using scratch test 

method. The experiment was conducted on 130 quarry rocks and 236 oil and gas reservoir 

rocks (sandstones, limestones, dolomites and shales). The results of the tests show strong 

correlation between the values of intrinsic specific energy (ε) and the UCS as shown in 

Figure 2.11. Schei et al. (2000) conducted a study on 35 sandstone and 24 carbonate 

samples to assess the strength and Young’s modulus (stiffness) of sedimentary rocks 

through scratch testing as shown in Figure 2.12. The values of intrinsic specific energy (ε) 

obtained in their results agree with the UCS, which further validates the efficiency of 

scratch test for quick and effective estimation of UCS and other geomechanical properties 

in rocks.  

 

 

Figure 2. 12 Uniaxial compressive strength and Young’s modulus over the scratch length 

in carbonates and sandstones. (Hoek and Brown, 1980b) 
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Thin layer of weakness or heterogeneity along rock core can be captured through 

scratch testing, and this was showed in the rock strength estimation experiment conducted 

(Mitaim et al., 2004) using the RSD. The UCS results from Ferreira et al. (2017) uniaxial 

lab test and scratch test from Brazilian limestone core with high heterogeneity was 

presented by researchers. Their results validated the use of scratch testing to estimate UCS 

and Young's modulus in rocks such as limestone. 

Fairhurst (2014) combined the strength profiles with well logs to create correlations 

of strength and other petrophysical properties such as porosity, density, and sonic velocity. 

The continuous strength profile obtained provides a reliable quantitative measurement of 

the scale and distribution of the heterogenous properties along the tested core samples. The 

mechanistic basis of equivalence between a rock's estimated intrinsic specific energy (𝜀) 

and the UCS was further validated by using the scratch test. In their results, they observed 

in sedimentary rocks that in addition to the compressive strength, the Mohr-Coulomb 

failure envelope could also be obtained by scratch testing by the substitution of the 

scratching tool or cutter in order to evaluate the rock friction coefficient.  The UCS of 

carbonate rocks was estimated by conducting 85 uniaxial compressive tests with RSD, and 

the result range from 9.16 MPa to 401.83 MPa (Adachi et al., 1996b). Adachi et al. (1996a) 

attempted to investigate the rock strength under the ductile-failure mode, and the 𝐾𝐼𝐶 under 

the under brittle-failure mode through scratch testing method. The authors applied the 

Bažant's Size Effect Law (SEL) to the experimental results to estimate 𝐾𝐼𝐶 and UCS of 

different rock types. The fracture toughness values are estimated in brittle regime, while 

the UCS is estimated in ductile regime.  

Naeimipour et al. (2015) attempted to investigate the mechanical properties of 4 

different rocks (limestone, coal, conglomerate, siltstone) using scratch tests with various 

scratch probes. In their results, they observed high degree of agreement between the values 

average normal force and the compressive and tensile strengths of the rocks tested. They 

showed that the UCS and Brazilian tensile strength (BTS) of the 4 different rock samples 

can be estimated by averaging the forces acting on the cutter in the scratch test. The authors 

also suggested that the rock properties can be best estimated at cutter penetration depth > 
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0.4 mm. The results from the study can be used for borehole probe design for evaluation 

of rock strength in small hole drilled for bolting or blasting. 

The rock material and the strength of rock materials has been mostly mis-interpreted 

to be equal to intact rock and intact rock strength (Gonzalez-Garcia, 2011). This 

misconception was clarified by Hoek and Brown (1980a, 1980b), that the intact rocks are 

rocks that are free from fractures and contains minimal disturbance by the core sampling 

process; whereas intact rock strength is the UCS of intact rock conducted in core samples 

of ~0.061 m in diameter. The successive tests conducted (Hoek, 2007) proposed that a 

rock's principal stresses relationship at failure are characterized by two parameters, the 

uniaxial compressive strength and an instant rock strength parameter. The author suggested 

those parameters could be estimated in rocks by unconfined compression test and the 

Brazilian indirect tension test. 

2.2.4.2 Fracture Toughness (KIC) 

Fracture toughness (𝐾𝐼𝐶) is a measure of a material's resistance to fracture 

propagation. Propagating fractures tends to travel along the path of lowest resistance, but 

the fracture orientation, direction and limit of its path creates a complex relationship 

between in-situ stress-field, the rock's anisotropic mechanical properties, and the pore 

pressure, and fracturing pressure (Chandler et al., 2013). Williams (1996) conducted 

scratch tests on brittle solids to investigate its scratch hardness, and the researcher observed 

plastic behavior aided by the high hydrostatic compressive stresses which are localized. 

Reliable geomechanical parameters such as 𝐾𝐼𝐶, are of upmost importance in hydraulic 

fracturing design and simulation to achieve successful operation and optimum hydrocarbon 

recovery. Notwithstanding the several attempts by researchers to investigate the 

elastoplastic behavior of shale rocks, its fracture characterization has not been adequately 

investigated. It is a common knowledge that fractures is inherently a multi-scale 

phenomenon, but a substantial number of studies have limited fractures to the macroscopic 

sphere. The novel study by Akono and Kabir (2016) focused on fracture characterization 

in gas shales on microscopic scale using the scratch test method. The authors used shale 

rocks from 3 systems: Torcian Shale in Paris, Basin, France, and Lower and Upper 

Woodford shale in Oklahoma, USA. The authors presented a novel method of estimating 
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fracture energy and 𝐾𝐼𝐶 in shale rocks at microscopic scale through the scratch testing 

method. An experiment involving four consecutive tests with an Anton Paar scratch testing 

machine was utilized for this study using a sphero-conical scratch probe. Akono (2013) 

presented the macroscopic scale investigation of fracture characterization in gas shales. 

The test was carried out using an inclined parallel-piped blade and scratch velocities of 6 

and 180 mm/min. The results validate the anisotropic fracture behavior of shale rocks at 

both microscopic and macroscopic scales. The author also confirmed the fractured 

resistance of shales is lowest when the fracture is along the bedding plane, and highest 

when the fracture nucleates perpendicular to the bedding plane. 

Larsen et al. (2004) presented a scratch force linear relationship for scratch probes 

with axisymmetric shapes. In the force-scaling relationship developed, the scratch probe 

geometries considered are conical probe, flat punch, and hemi-spherical probe. The scratch 

force criterion utilized for characterizing scratch resistance of materials is termed as the 

scratch hardness (𝐻𝑇) (Laubie, 2013), and it can be quantified in Eq. 7 as: 

𝐹𝑇 ≝  𝐻𝑇𝐴𝑐     (7) 

Akono et al. (2014) addressed the limitation of Akono and Ulm (2011) by 

accounting for cutter blade width in estimation of 𝐾𝐼𝐶. The force-scaling relationship for 

scratch probe geometries (Larsen et al., 2004; Lin and Zhou, 2013) are well defined by 

Akono (2013) for conical scratch probe (Eq. 8), and spherical scratch probe (Eq. 9): 

𝐹𝑒𝑞 = √𝐹𝑇
2 +

3

5
𝐹𝑉

2    (8) 

𝐹𝑒𝑞 = √𝐹𝑇
2 +

665

1188
𝐹𝑉

2   (9) 

For crack-initiation point, Akono and Kabir (2016) used threshold criterion for the 

energy release rate (𝒢), and stated that the fracture propagation occurs when 𝒢 = 𝒢𝑓. 

Where 𝒢𝑓, is the fracture energy and is the threshold value. Their scratch toughness (Κ𝑠) 

estimation is given as: 

𝐾𝑠 =
𝐹𝑇

√2𝑝𝐴𝑐 
      (10) 
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The scratch toughness of shale rock is highly dependent on scratch orientation, 

while the probe function, 2𝑝𝐴𝑐 is dependent on the stylus geometry and the penetration 

depth, 𝑑. The term 2𝑝𝐴𝑐 is applicable for scratch testing using flat punch, spherical, and 

conical or sphero-conical scratch probe geometries. Since a sphero-conical probe was 

utilized, the expression for the probe function was given as: 

2𝑝𝐴𝑐 =  
4 tan 𝜃

cos 𝜃𝑑3
     (11) 

The authors also attempted to estimate 𝒢𝑓 for an anisotropic material such as shale 

rock, using the J-integral solution (Laubie, 2013; Laubie and Ulm, 2014). The fracture 

energy (𝒢𝑓) for anisotropic rocks such as shale is given as: 

𝒢𝑓 =
1−𝜐2

𝑎𝑏

Ε𝑎
𝐾𝑠

2     (12) 

Where 𝐸𝑎, is the Young’s modulus parallel to the bedding plane, while 𝜐𝑎𝑏, is the 

Poisson’s ratio parallel to the bedding plane. 

From their results (Akono and Kabir, 2016), the authors observed that increase in 

cutting depth  yields higher scratch toughness (Κ𝑠) and focalize at an asymptotic value 

(𝐾𝑠
∞) which highlights the ductile-to-brittle transition as a function of depth of 

penetration. The microscopic scratch toughness estimated was observed to be to three times 

greater than the macroscopic fracture toughness estimated through other methods, while 

the microscopic fracture energy is twice as much as that estimated by other researchers at 

macroscopic scale. The scanning electron microscopy (SEM) result shows very rough 

scratch surfaces which tends to result in deflection of the fracture, due to the interaction 

between the shale rock's weaker component such as clay, and much stronger constituents 

such as quartz. The fracture mechanical behavior observed by the authors from the SEM 

images are: (i) particle pull-out; (ii) fracture bridging; and (iii) fracture branching, micro-

fracturing, and fracture trapping. 

In a microscale experimental study by Ante et al. (2018), the fracture mechanical 

behavior was investigated to characterize its initiation and propagation in shale and 

sandstone rocks using microscale mechanical scratch tests. The 𝐾𝐼𝐶 and fracture 

directionality were evaluated in the formation to identify the effect of grain-scale 
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heterogeneity and inelasticity on hydraulic fracturing design and operations. Micro-scratch 

testing was conducted on the shale and sandstone cores used in the experiment and the 

cores are sourced from the Monterey formation. The continuity of core scratching increases 

the degree of elastic and plastic deformation of the rock.  

In 𝐹𝑇  versus scratch length results for sandstones and shales, the instantaneous 

change in penetration depth along the scratch length signifies fracture occurrences. In 

fracture toughness estimation results presented by the authors, the values for both shale 

and sandstone core samples perpendicular to the bedding plane are greater the values 

obtained in core samples parallel to the bedding plane. Their result validates this 

observation made by Akono (2013). This is due to the contrasting beddings intersected 

during fracture toughness estimation in core samples perpendicular to the bedding plane. 

In cores oriented along the bedding plane in shale rocks, 𝐾𝐼𝐶values intersect at an 

average value with increase in scratch length, and this is similar to the asymptotic value 

(𝐾𝑠
∞) in Akono and Kabir (2016). Ante et al. (2018) subsequently combined Acoustic 

Emission (AE) with SEM to observe the scratch area, and the damage within and outside 

the scratch path, to characterize the crack surface events. The authors showed (Figure 2.13) 

the possible microscopic fracture mechanical behavior in sandstone and shale rock samples 

as: fracture branching, fracture bridging, particle pull-out, and fracture deflection. This 

validates the microscopic fracture mechanical behavior in shales already identified in 

Akono and Kabir (2016). 

2.2.4.3 Other Parameters 

Scratch testing was utilized in sanding prediction evaluation by obtaining the 

vertical distribution of the rock mechanical properties (Suarez-Rivera et al., 2002). The 

logging measurements (GR, Sonic, porosity, and density) of the mechanical properties was 

obtained experimentally using the TerraTek TSITM scratch machine. The tests conducted 

on 85 ft sandstone reservoir provided reliable results showing the capability of the scratch 

testing to (i) evaluate the vertical heterogeneity of the core; (ii) choose a number that is 

representative of the core sections for rock mechanical experiments; (iii) displaying the 

minimum vertical resolution display and log evaluation; (iv) provide quick and immediate 
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calibration of logs for proactive decision to prevent wellbore instability and sand 

production.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 13 Post-scratch fracture mechanical behavior (a) Parallel to bedding plane in 

sandstone sample; (b) Perpendicular to bedding plane in sandstone sample; (c) Parallel to 

bedding plane in shale sample; (d) Perpendicular to bedding plane in shale sample. 

Modified after Ante et al. (2018). 

Micro-scratch test can be resourceful in evaluating mudrock brittleness of shale 

rocks (Hernandez-Uribe et al., 2017). The results showed that the transverse force 
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measured can be used to estimate rock brittleness index. Scratch testing also proved 

resourceful in studying the effect of bit wear in polycrystalline diamond compact (PDC) 

bits (Michaels et al., 2019). The UCS from scratch tests can be combined with 

sedimentology, core analysis and wireline logs to provide better characterization of rock's 

heterogeneity and create continuous profile of the geomechnical properties in un-cored 

intervals (Nguyen et al., 2014).  

Borehole instability issues arising from oil and gas drilling operations can be 

addressed by predicting the strength of homogenous and heterogeneous rocks using scratch 

test (Ali and Al Awad, 2014). This test was conducted on 13 carbonate and sandstone rocks 

with the scratching cell. Chen et al. (2017) utilized the scratch testing method to evaluate 

continuous rock drillability by correlating the scratch test's intrinsic specific energy and the 

micro-drilling tests with PDC bits. In their results, the drillability of heterogeneous 

sandstone from Songnan oilfield, China, was determined using combination of scratch and 

micro-drill tests. Filter cakes formed by various mud systems was addressed using scratch 

test method to determine the rock strength and stiffness and correlated them to external 

filter cake probing. In Cerasi et al. (2006), results from the tests conducted on sandstone 

core samples, the scratch test technique showed the entire shear strength profile starting 

from the mud/cake interface to the cake/rock boundary. The authors also showed the 

capability of the scratch testing tool to clean-out mud filter cake layers to a lowly thickness 

of 0.1 mm. 

2.2.5 Scratch Test State of Knowledge 

As shown in Figure 2.14a, the indentation test method has been more adopted in 

other materials such as metals, polymer/wax and ceramics/concrete than in rocks, and 

likewise, the scratch test is mostly used for testing rocks, followed by concrete/ceramics. 

Assessment of the chart in Figure 2.14b shows that in geologic materials (rocks and 

unlithified sediments), scratch test is most utilized for estimating rock strength, and least 

for fracture toughness. This shows minimal application of scratch test method in 

investigating fractomechanical behavior of geological materials. 
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Figure 2. 14 Chart showing (a) scratch test, indentation test, and other methods with. 

materials investigated; (b) scratch and indentation tests vs. geomechanical parameters 

investigated. 
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CHAPTER 3 

TIME-LAPSE BIOGEOMECHANICAL MODIFIED PROPERTIES 

OF LOW-PERMEABILITY RESERVOIRS 

3.1 Overview 

Introducing biogeomechanics, an emerging field of geotechnics, as a resourceful 

approach in assessing the impact of biological processes on the mechanical properties and 

behavior of geologic materials. Here, we study the localized and bulk mechanical 

properties and behavior due to interaction between microbes and ultra-low permeability 

reservoirs, using 2 types (containing artificially-induced and/or pre-existing natural 

fractures) of shale rock specimens; and 2 distinct microbial strains.  We treat and cultivate 

the core specimens with the bacteria strains at different temperatures, temporal, and growth 

conditions. Subsequently, we measure the near-term and long-term mechanical properties 

of the shale rock specimens impacted by the two distinct microbes. Our results indicate 

that over time, microbial actions on Eagle Ford and Marcellus shale rocks can: (1.) Enhance 

the localized (+10% unconfined compressive strength, -18% Poisson’s ratio, +25% scratch 

toughness) and bulk (+43% unconfined compressive strength, -13% Poisson’s ratio) 

mechanical integrity; or (2.) Weaken the localized (-20% unconfined compressive strength, 

+25% Poisson’s ratio, -13% scratch toughness) mechanical integrity. Our findings in this 

study provide a novel insight into the temporal localized and bulk mechanical responses of 

ultra-low permeability formations with high heterogeneity, impacted by biological 

processes. 

3.2 Introduction 

Biogeomechanics is the scientific study of how biological processes influence the 

mechanical properties and the behavior of rocks and soil (Kolawole et al., 2021). The 

mechanical and elastic properties of a reservoir rock include rock strength and fracture 

toughness (KIC), Poisson's ratio (ν), Young’s modulus, shear modulus, bulk modulus, and 

Biot coefficient. Few studies have attempted to investigate the effect of biological 

processes on the mechanical properties of unconsolidated sandstones (Kalish et al., 1964; 

Phillips et al., 2013, 2015a, 2015b; Hudyma et al., 2018; Gao et al., 2019), river sand 
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(Riveros and Sadrekarimi, 2020), carbonates (Raleigh and Flock, 1965), Opalinus shale 

(Cunningham et al., 2015), and minerals such as vermiculite (Mueller and Défago, 2006), 

and clay (Mueller, 2015). Abdel Aal et al. (2004) and Atekwana et al. (2006) also 

investigated the effect of biological processes on the geochemical properties of 

unconsolidated sediments.  

Sporosarcina pasteurii birthed the concept of microbially-induced calcite 

precipitation (MICP), a process by which a distinct quantity of calcites is deposited in the 

microfissures (microfractures) of reservoir rocks and wellbores. Phillips et al. (2015a) 

identified the MICP technique, as critical in sealing the pre-existing fractures and flow 

paths in sandstone rocks, wellbores, and subsurface environments, to achieve long-term 

security of underground-stored CO2 (CO2 sequestration), natural gas, drilling fluid 

containment, and nuclear waste disposal. The authors conducted a MICP study on 

sandstone by injecting Sporosarcina pasteurii and urea into the specimens. The results 

showed that the aperture in core specimens was filled with calcites, yielding a permeability 

reduction in the range of three to five orders of magnitude, and flow rates through the cores 

were reduced. The authors applied this MICP technique on a field scale to a well in a 

fractured Fayette Sandstone formation 341 m below ground surface in Walker County, 

Alabama. The well casing was perforated in the Fayette Sandstone formation zone, 

microbial (Sporosarcina pasteurii) and urea solutions were injected into the fractured 

region for 4 days. The field test results show that the fractured sandstone formation was 

sealed with MICP.  

Hudyma et al. (2018) applied the MICP technique on coquina, a historic building 

stone from Northeastern Florida, the results showed calcite precipitated by Sporosarcina 

pasteurii improved the physical properties (unit weight and bulk specific gravity) of the 

building stone after 40 days. An increase in pore throat clogging and unit weight were also 

observed after the treatment. Gao et al. (2019) investigated the reconstruction effect of 

Sporosarcina pasteurii (Bacillus pasteurii) on fractured sandstones. The result showed that 

after 42 days of specimen cultivation, there was a repair of cracks in the specimens, 36% 

porosity reduction, 95% permeability decrease, and a 31% increase in compressive 

strength. 
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In Tanner et al. (1993), experimental investigations revealed that microbes such as 

Clostridium acetobutylicum, could modify the hydrogeological properties of rocks through 

the growth of this acid-producing bacteria through the pores of the rock. They also 

concluded that in the carbonate rock core investigated, the actions of these acid-producing 

bacteria increased permeability from less than 0.1 mD to 4.7 mD, and the porosity was also 

increased from 11.5 to 16%. In another study (Yarbrough and Coty, 1983), where growth 

molasses was injected together with Clostridium acetobutylicum into poorly-consolidated 

sand with carbonate minerals (CaCO3), the metabolism action of the bacteria increased the 

reservoir permeability and yielded a 250% increase in hydrocarbon production. In Wagner 

et al. (1995) and Nazina et al. (1999), the results from the injection of Clostridium 

tyrobutyricum (an acid-producing and related specie of Clostridium acetobutylicum) into 

the carbonate reservoir showed an increase in hydrocarbon production by 50-65%, and 

increase in Calcium (Ca+) and bicarbonate (HCO3
-). This indicates a dissolution action of 

such acid-producing bacteria in carbonate reservoir rocks. In Van Hamme et al. (2003), in-

situ growth and metabolism action of Clostridium acetobutylicum reduces interfacial 

tension and increases microscopic oil-displacement efficiency, and hence improves oil 

recovery. The study also established that the synthesis of organic metabolites by 

Clostridium bacteria species dissolves minerals in reservoir rocks, reduces viscosity, and 

increases the pressure and permeability. 

Shale formations typically have ultra-low permeability in the range of nano-Darcy, 

and hydraulic fracturing is the most-efficient conventional reservoir-stimulation technique 

used in producing hydrocarbon from unconventional shale reservoirs (AL-Bazali, 2013; 

Yuan et al., 2013; Du et al., 2020). In Eagle Ford shale play, efficient hydraulic stimulation 

and horizontal drilling are highly dependent on rock mechanical properties, and the states 

of stress (Enriquez-Tenorio et al., 2019). The clay particle orientation, heterogenous 

layering, and microfissures are causes of high anisotropy in shale rocks (Hornby et al., 

1993). Several methods (Rasouli and Sutherland, 2014; Labani and Rezaee, 2015; Jiang et 

al., 2019; Yang et al., 2020) have been adopted in estimating the geomechanical properties 

of shale reservoirs. The conventional methods of investigating the mechanical properties 

of shales rocks, usually provide the bulk properties, generated from their average 

mechanical responses. However, due to high heterogeneity in shales, there is a need to 
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comprehensively investigate the effects of in-situ microbial processes on the localized 

(fine-scale) and bulk (overall-scale) mechanical properties of tight reservoirs with ultra-

low permeabilities.  

3.3 Geological Setting 

The Eagle Ford shale formation in Southern Texas, a sedimentary formation, can be 

divided into the carbonate-rich Upper Eagle Ford formation, and the organic-rich Lower 

Eagle Ford formation (Donovan et al., 2016). Eagle Ford shales appear dark gray to black, 

highly anisotropic, weak and, strongly susceptible to failure along with its bedding (Hsu 

and Nelson, 2002). Eagle Ford shales show high compressibility, creep deformation, and 

swelling potentials due to their high composition of smectite. The Eagle Ford shale 

formation has very low permeability (50 and 1500 nD) (Crumpton, 2018). The Marcellus 

shale formation in the Appalachian Basin of Northeastern America extends from Southern 

New York through Northeastern and Western Pennsylvania, West Virginia, and branches 

into Maryland and Eastern Ohio (Bartuska et al., 2012). Marcellus shale formation has low 

porosity (<6%) and ultra-low permeability (El sgher et al., 2018). 

 

Figure 3. 1 Map of the United States showing the shale formations used for this study. 
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In ultra-low permeability reservoirs such as the Eagle Ford and Marcellus shale 

formations; one common feature is the pre-existing fractures (Kolawole and Ispas, 2020a), 

which contributed to the high degree of heterogeneity observed in these formations. The 

shale formations utilized for this study are presented in Figure 3.1. 

3.4 Materials and Methods 

3.4.1 Microbial Specimen Cultures 

We utilized two bacteria specimens for this study as shown in Table 3.1. The first 

bacteria specimen, Sporosarcina pasteurii (ATCC® 11859™) was grown with a newly 

introduced nutrient (Luria Broth ) inside a Lab-Line 4628 Incubated Orbital Shaker at 220 

rpm, to form a microbial solution and named solution 1.  Preceding the study, Bushnell 

Hass (BH) Broth and few other nutrients, have been used as a growth nutrient for culturing 

the Sporosarcina pasteurii bacterium. We, therefore, conducted a sensitivity test to decide 

the best growth medium for Sporosarcina pasteurii using 3 growth nutrients:  (a) Urea; (b) 

BH Broth; (c) Luria Broth (LB). After 24 h of culturing the bacteria with each of the 

nutrients separately at 30 °C, we observed that the Sporosarcina pasteurii with the Luria 

Broth medium had the most robust growth. The Sporosarcina pasteurii is a light-

independent and an aerobic ureolytic bacterium, which breaks down Urea [CO(NH2)2] into 

carbon dioxide (CO2) and Ammonia (NH3) (producing an increase in pH), with produced 

CO2 undergoing kinetic reaction with Calcium ions (Ca2+) to precipitate Calcites (CaCO3). 

The second bacteria specimen, Clostridium acetobutylicum (ATCC® 824™), an 

anaerobic bacteria, was grown with Fluid Thioglycolate Medium inside a Lab-Line 4628 

Incubated Orbital Shaker at 220 rpm for 24 h, to produce another microbial solution, named 

Solution 2. The Thioglycolate medium provided the optimal growth for the Clostridium 

acetobutylicum at 37 °C. 

The bacteria strains, the growth medium, and the laboratory utilized for this study 

are categorized as Biosafety Level 1, and as such, these low-risk microbes pose no potential 

threat of infection to personnel and the environment. 
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Table 3. 1 Microbe and Cultured Solution 

 

Bacteria 

Specimen 

Growth 

Temperature 

Growth 

Medium 
Microbial 

Solution 

Sporosarcina pasteurii 30°C Luria Broth Solution 1 

Clostridium acetobutylicum 37°C Fluid 

Thioglycolate 
Solution 2 

 

3.4.2 Rock Specimens 

In this study, we utilized shale specimens from blocks of unweathered outcrops of 

Eagle Ford (E#) and Marcellus (M#) formations. The core groups 1-6 (Figure 3.2a) have a 

high degree of artificially-induced fractures (on the outside of the core specimens created 

by a clean sharp knife) and pre-existing natural fractures. The specimens in Groups 6-9 

(Figure 3.2b) contain only minimal-to-no pre-existing natural fractures. The mechanical 

behavior of geological materials is expected to be transversely isotropic with the axis of 

symmetry, which is perpendicular to the bedding plane (Akono and Kabir, 2016). 

Therefore, the core specimens (Groups 1-7) were cut nominally using a GTCS RCD-250 

Pressure-Controlled Coring Machine with odorless mineral spirit (OMS) oil as a cooling 

fluid, orthogonally (90°) to the bedding plane, to show the varying overlaying interbedded 

formations. The core specimens are prepared as cylindrical sister core plugs with a 9.69 (± 

0.61) cm height and a 3.75 cm diameter. 

The grouping of the core specimens is presented in Table 2. In ascribing naming 

nomenclature, Groups 1, 5, and 7 were designated as the control for uncultivated 

(untreated) core specimens, whereas Groups 4 and 9 were designated as disk specimens 

that were measured pre- and post-cultivation with Solution 1 or Solution 2. Groups 2, 3, 4, 

and 6 were designated as specimens treated and cultivated with Solution 1 media for 10 or 

30 days as applicable. Group 8 was designated as core specimens treated and cultivated 

with Solution 2 media for 20 days. The core specimens in Groups 1-4,  5-6, and 7- 9 were 
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originally single intact cores after the coring procedure and were later cut into multiple 

sister-core and disk specimens. 

All the core specimens were then dried in an oven for 48 h at 60°C to evaporate all 

free hydrocarbons and water present in the pore spaces until the weight dried core 

specimens remained unchanged. This was carried out to eliminate the effect of water 

content on the mechanical behavior of these shale specimens. The face of the core 

specimens in Groups 5 and 6 was ground and polished, to achieve little or no intergranular 

relief which can affect the unconfined compression test results. During the rock specimen 

preparation procedure, disk specimens (Fig. 2c) were taken from the bottom of each core 

specimen in Groups 1 and 7, and categorized as Groups 4 and 9. All the full core and disk 

specimens were preserved in a desiccator after preparation, drying, and pre- and post-

cultivation before testing to avoid absorption of moisture. 

 

 

Table 3. 2 Rock Specimen Grouping 

S/N Specimen 

Name 

Cultivation 

Period 

(Days) 

Specimen 

Type 

Microbial 

Solution 

Condition Measurement Group 

Number 

1 E#α0 0 Full Core Nil Uncultivated Scratch Test 
Group 1 

2 M#α0 0 Full Core Nil Uncultivated Scratch Test 

3 E#1βi 10 Full Core Solution 1 Cultivated Scratch Test 
Group 2 

4 M#1βi 10 Full Core Solution 1 Cultivated Scratch Test 

5 E#1βii 30 Full Core Solution 1 Cultivated Scratch Test 
Group 3 

6 M#1βii 30 Full Core Solution 1 Cultivated Scratch Test 

7 E#01 0/30 Disk 

Specimen 

Solution 1 Uncultivated/ 

Cultivated 

Pre- and Post-

cultivation 

SEM & XRD 
Group 4 

8 M#01 0/30 Disk 

Specimen 

Solution 1 Uncultivated/ 

Cultivated 

Pre- and Post-

cultivation 

SEM & XRD 
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9 E#TX0 0 Full Core Nil Uncultivated Uniaxial 

Compression 

Test 
Group 5 

10 M#TX0 0 Full Core Nil Uncultivated Uniaxial 

Compression 

Test 

11 E#TXii 30 Full Core Solution 1 Cultivated Uniaxial 

Compression 

Test 
Group 6 

12 M#TXii 30 Full Core Solution 1 Cultivated Uniaxial 

Compression 

Test 

13 E#2α0 0 Full Core Nil Uncultivated Scratch Test 
Group 7 

14 M#2α0 0 Full Core Nil Uncultivated Scratch Test 

15 E#2βii 20 Full Core Solution 2 Cultivated Scratch Test 
Group 8 

16 M#2βii 20 Full Core Solution 2 Cultivated Scratch Test 

17 E#02 0/20 Disk 

Specimen 

Solution 2 Uncultivated/ 

Cultivated 

Pre- and Post-

cultivation 

SEM & XRD 
Group 9 

18 M#02 0/20 Disk 

Specimen 

Solution 2 Uncultivated/ 

Cultivated 

Pre- and Post-

cultivation 

SEM & XRD 

 

 

Table 3.2. Continued 
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Figure 3. 2 Digital photograph of Shale core specimens utilized for this study. (a) Full 

core specimens containing artificially-induced fractures and pre-existing microfractures 

(b) Full core specimens containing minimal-to-no pre-existing microfractures. (c) Disk 

specimens containing artificially-induced and/or pre-existing natural fractures. 
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3.4.3 Core Microbial Treatments  

Owing to the ultra-low permeability and low porosity of shale rocks, a DCI 

Volume-Pressure-Actuator (VPA) Dual Syringe Pump was used to push the microbial 

solution through the designated core specimens at high pressure and constant ultra-precise 

flow rate. The cultured microbial solutions were injected into each core specimen placed 

inside a Hassler type core holder for 20 h per specimen at a constant flow rate (Qinj) of 0.4 

ml/min, 2.6 MPa injection pressure (Pinj), and 2.9 MPa confining pressure (Pc). We selected 

a minimal constant flow rate (0.4 ml/min) due to the ultra-low permeability of shale rocks, 

and to ensure a feasible volume of the microbial solutions flow through the core specimen 

without creating additional microfractures in the cores.  The core imbibition and saturation 

set up is shown in Figure 3.3.  

Subsequently, after injection with solution 1, we immersed each of the Groups 2, 

3, 5, and 9 specimens in a feedstock solution of 2.5M urea [CO(NH2)2] and 2.5M calcium 

chloride (CaCl2) according to the method used by Phillips et al. (2013, 2015a, 2015b), and 

Hudyma et al. (2018); followed by the cultivation of the core specimens inside an incubator 

at 30°C for 10 days and 30 days respectively according to their groupings. Similarly, after 

the injection with solution 2, the core specimens in Groups 7 and 10 were cultivated inside 

an incubator at 37°C for 20 days. This cultivation period allows the bacteria to grow into 

the specimens’ pores, and microfractures, thereby impacting the properties of the core 

specimens. 

 

 

 

 

 



 Texas Tech University, Oladoyin Kolawole, May 2021 

70 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 3 The core imbibition experimental configuration (a) Schematic diagram; (b) 

Actual setup. 

 

3.4.4 Geomechanical Investigations 

The continuous sampling by the Scratch Test method provides a localized and detailed 

mechanical measurement of points along the sample (i.e., continuous strength profile), 

whereas the larger-scale trends describe the bulk mechanical properties of the rock. The 

degree of correlation for the UCS (±20%) and Poisson’s ratio (±10%) values in the Eagle 

Ford, Marcellus, and Niobrara shale formations using the scratch test and uniaxial 

compression test methods has been established (Appendix A). The scratch test (Figure 
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3.4a) is a quasi-non-destructive method based on pushing a tool (cutter) across the surface 

of a rock and tracing the groove created, at a given penetration depth (Kolawole and Ispas, 

2020b). The scratch test has proven to be an efficient method for determining the 

continuous profile of the localized mechanical properties of a reservoir rock (Detournay 

and Defourny, 1992; Schei et al., 2000; Richard et al., 2012; Germay et al., 2015; He and 

Xu, 2015; Germay et al., 2018). The scratch test method measures horizontal (FT) and 

vertical (FV) forces and infers the unconfined compressive strength (UCS). The ultrasonic 

compressional and shear velocities (Vp and VS) are utilized to estimate a dynamic  Poisson’s 

ratio (ν). The scratch toughness (Ks) is estimated from the horizontal scratch force (FT). 

Poisson’s ratio and the UCS were independently measured on the same core specimens. 

The intrinsic specific energy (ε) is the energy required to scratch a unit volume of 

rock (Suarez-Rivera et al., 2002).  ε is presumed to be a rock property characteristic that 

directly correlates to the rock’s unconfined compressive strength (UCS). The model that 

characterizes the cutter/rock interaction was developed by Detournay and Defourny (1992) 

based on three assumptions, irrespective of the cutting tool wear:  (i) the forces acting on 

the cutter face, averaged over a distance higher than the penetration depth, is directly 

proportional to the cross-sectional area (Ac) due to horizontal force; (ii) the inclination of 

the average force acting normal to the cutter face is constant; and (iii) friction force at the 

wear-flat rock interface exists. The model assumptions and its application to estimate the 

rock strength, combining pure cutting and frictional contact processes are presented in Eq. 

3.1-3.6 (for a rectangular cutter; Ac = wd) as: 

𝐹𝑇 = 𝜀(1 − 𝜇𝜁)𝑤𝑑 + 𝐹𝑉      (3.1) 

𝜇 = tan 𝜙        (3.2) 

𝐸 = 𝐸𝑜 + 𝜇𝑆        (3.3) 

𝐸𝑜 = 𝜀(1 − 𝜇𝜁)       (3.4) 

𝐸 =
𝐹𝑇

𝑤𝑑
        (3.5) 

𝑆 =
𝐹𝑉

𝑤𝑑
         (3.6) 
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where: 𝜁 is the inclination of the average force acting on the face of the cutter; 𝜇 is 

the coefficient of friction on the wear flat/rock interface; w is the width of the cutter; d is 

the cutter penetration depth; ε is the intrinsic specific energy; 𝜙 is the internal friction angle 

of the rock; 𝑆 is the drilling strength of the cutter; 𝐸 is the specific energy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 4 The Scratch Test Schematics. (a) Rock scratching configuration for a sharp 

cutter; (b) Epslog Wombat machine (Pre-modified Image courtesy of Epslog S.A.). 
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In this study,  we used the Wombat scratch machine (Figure 3.4b) to scratch core 

specimens (Groups 1, 2, 3, 7, and 8) at cutting depths (penetration depth) (d) ranging 

between 0.05 mm and 0.25 mm, with a cutting velocity of 5 mm/s. The features of the 

polycrystalline diamond compact (PDC) rectangular shaped-cutter used for the scratching 

include a sharp, flat, with a width (w) of 10 mm, and back-rake angle (θ) of 15˚. The Vp 

and Vs measurements from scratch tests were conducted in an axial orientation 

(perpendicular to the bedding of the cores). 

The experimental data obtained from these tests allow us to obtain the scratch 

toughness (Ks) and Poisson’s ratio (ν) values along the core specimen. Ks, with units of 

MPa·√m,  is an estimate of the fracture toughness (KIC) of the rock (Akono, 2013; Akono 

and Kabir, 2016) given by the following numerical relationship: 

𝐾𝑠 =
𝐹𝑇

√2𝑝𝐴𝑐  
   [𝑀𝑃𝑎 · √𝑚]           (3.7)  

Where: Ac is the contact area due to horizontal force (FT) in the scratch direction 

for a rectangular-shaped cutter, and p is the fracture surface perimeter for a cutter width 

(w) at a maximum cutter penetration depth (d). 

 

The standard Uniaxial Compression Test is a destructive method of measuring the 

maximum axial compressive stress a geologic material can withstand before failing. The 

Uniaxial Compression Test measures the bulk mechanical properties, which include axial 

deviatoric stress (Sd) (stress difference), axial strain (εa), radial strain (εr), and the UCS.  

The Uniaxial Compression Test allows the estimation of a dynamic Poisson’s ratio (ν) from  

εa and εr using the stress-strain mathematical relationship: 

𝜈 = |
𝑟𝑎𝑑𝑖𝑎𝑙 𝑠𝑡𝑟𝑎𝑖𝑛

𝑎𝑥𝑖𝑎𝑙 𝑠𝑡𝑟𝑎𝑖𝑛
| = −

∆Ɛ𝑟

∆Ɛ𝑎
       (3.8) 

We conducted uniaxial compression tests on the core specimens (Groups 5 and 6) 

at 5E-7 in/in/sec strain rate, using the GCTS RTR-2500 Rapid Rock Triaxial Testing 

System (Figure 3.5). 
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Figure 3. 5 GCTS RTR-2500 Rapid Rock Triaxial Testing System. 

 

3.4.5 Mineralogical and Microstructural Investigation 

Data collection for mineral identification was completed with X-ray-diffraction 

(XRD) on the whole sample set before and after cultivation with the microbial solutions 

(i.e., Groups 4 and 9). The XRD sample preparation included hand-crushing into a fine, 

consistent powder and back-loaded into samples mounts to minimize the effect of 

preferential orientation. The samples were analyzed with a Bruker D8-Advanced 

diffractometer installed at Texas Tech University’s Geosciences Department, and run with 

step scan parameters in the Bragg-Brentano geometry using CuKa radiation. The 

measurement settings were 40 kV and 40 mA with sample mounts scanned from 3 to 70 

2ϴ. All measurements were done under air-dried conditions and at a counting time of 3 s 

per 0.02 2ϴ. Measurement settings were carefully selected to ensure the best possible phase 
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quantification (Hillier, 2000). The software used to analyze and quantify the XRD data was 

the Bruker EVA diffraction suite. Following the data acquisition, the samples were 

quantified using the reference intensity ratio (RIR) method which is based on measuring 

the intensity of one or more peaks for each mineral present and an added internal standard. 

Due to the micropore structure and complex fracture networks in shale formations, a 

scanning electron microscope (SEM) was used to characterize the microstructural features 

of the matrix (grain) in the shale core specimens. SEM was conducted on the rock 

specimens (Groups 4 and 9) before and after cultivating core specimens with the microbial 

solutions, to show the surface morphology, mineral grain exposure, and the microfissures 

between grains. SEM magnifications of 900x, 2000x, and 6000x were adopted.  

3.5 Results 

3.5.1 Action of Sporosarcina pasteurii on Shale Rocks 

3.5.1.1 Geomechanical Properties from Scratch Test 

The Scratch Test method provided localized and detailed mechanical 

measurements of points along the cored samples (Figure 3.6-3.7). At the end of the 

cultivation periods of 10 and 30 days, a continuous UCS log profile from the scratch tests 

of the core specimens shows an incremental highest UCS value in the cultivated cores after 

treatment with microbial solution 1. In Eagle Ford shale core specimens, the highest value 

on the UCS log for 0 days (pre-cultivation) was 126 MPa, whereas, for 10 and 30 days 

(post-cultivation period) were 127 MPa and 141 MPa, respectively (Figure 3.6a). Similarly, 

in Marcellus shale cores, the highest value on the UCS log for 0 days was 107 MPa, 

whereas, for 10 and 30 days were 115 MPa and 128 MPa, respectively (Figure 3.7a). 

The measured ultrasonic shear (Vs) and compressional (Vp) velocities and the 

corresponding Poisson’s ratio from the scratch test pre- and post-cultivation, showed the 

changes in the mechanical properties along the core length from 0 days to 10 days, and 

finally to 30 days cultivation periods. The Poisson’s ratio (ν) for the Eagle Ford shale 

specimen was in the range of 0.25 - 0.27 for 0 days, 0.25 – 0.27 for 10 days, and 0.20 – 

0.23 for 30 days, respectively (Figure 3.6b-d). 
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Figure 3. 6 Action of Sporosarcina pasteurii bacteria on Eagle Ford shale rocks: (a) 

Scratch Test unconfined compressive strength (UCS) at 0, 10, and 30 Days; Ultrasonic 

shear and compressional velocities, and dynamic Poisson’s ratio at (b) 0 Days, (c) 10 

Days, and (d) 30 Days; Scratch toughness at (e) 0 Days, (f) 10 Days, and (g) 30 Days. 
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Figure 3. 7 Action of Sporosarcina pasteurii bacteria on Marcellus shale rocks: (a) 

Scratch Test unconfined compressive strength (UCS) at 0, 10, and 30 Days; Ultrasonic 

shear and compressional velocities, and dynamic Poisson’s ratio at (b) 0 Days, (c) 10 

Days, and (d) 30 Days; Scratch toughness at (e) 0 Days, (f) 10 Days, and (g) 30 Days. 
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In Marcellus shale cores, ν was in the range of 0.18 - 0.19 for 0 days, 0.17 – 0.19 

for 10 days, and 0.12 – 0.18 for 30 days, respectively (Figure 3.7b-d). 

In Figure 3.6e-g and Figure 3.7e-g, we present the estimates of Ks along the shale 

cores for 0, 10, and 30 days cultivation period.  Recurrently, there are changes in the highest 

Ks values and the trend of the moving average fitting curve, from 0 to 10 days, and finally 

30 days of cultivation. In Eagle Ford shale cores, the highest Ks value for 0 days was 4.2 

MPa·√m, whereas, for 10 and 30 days were 4.5 MPa·√m and 5.6 MPa·√m, respectively 

(Figure 3.6e-g). In Marcellus shale cores, the highest Ks value for 0 days was 5.2 MPa·√m, 

whereas, for 10 and 30 days (post-treatment cultivation period) were 5.2 MPa·√m and 6.5 

MPa·√m, respectively (Figure 3.7e-g). The range of Ks values in our results is consistent 

with results in published studies on rocks containing biologically-induced calcite 

precipitations (Dakhane et al., 2018) and shales (Akono, 2013; Liu, 2015; Ante et al., 

2018). 

3.5.1.2 Geomechanical Properties from Uniaxial Compression Test 

The measured bulk mechanical properties from the stress-strain relationship of the 

uniaxial compression tests for uncultivated, and cultivated Eagle Ford and Marcellus shales 

specimens. Rheology of a rock describes the deformation a rock undergoes in response to 

stress, excluding the fracture (Handin and Carter 1987). As shown in Figure 3.8-3.9, the 

stress-strain relationship of these shale specimens can be characterized by three stages: 

elastic, yield, and failure stages. The curves (Figure 3.8-3.9) rise non-linearly until they 

exceed their yield strengths to attain their ultimate strengths (UCS) before failure. In the 

cored specimens, the UCS values are measured at the peak of the curves in Figure 3.8-3.9. 

In both the Eagle Ford and Marcellus shale, cultivated core specimens show relatively 

higher deformation before they fracture than the uncultivated core specimens. This 

suggests that the uncultivated rock samples may be relatively more brittle than the post-

cultivated core samples. We present the bulk UCS and the estimated ν for Eagle Ford and 

Marcellus shale specimens in Table 3.3.  
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Figure 3. 8 The stress-strain relationship of Eagle Ford shale specimens treated with 

Sporosarcina pasteurii bacteria at different cultivation conditions under uniaxial 

compression. 

 

 

 

 

 

 

 

 

 

 

Figure 3. 9 The stress-strain relationship of Marcellus shale specimens treated with 

Sporosarcina pasteurii bacteria at different cultivation conditions under uniaxial 

compression. 
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Table 3. 3 UCS and Poisson’s Ratio of pre-cultivation and post-cultivation core 

specimens from uniaxial compression tests 

Specimen Name Cultivation 

Period 

UCS (MPa) Poisson’s Ratio, ν (-) 

E#α0 0 Days 88.4 0.2448 

E#1βii 30 Days 137.8 0.2348 

M#α0 0 Days 120.4 0.1900 

M#1βii 30 Days 155.4 0.1477 

 

3.5.1.3 Mineralogical and Microstructural Properties 

In Table 3.4, we present the changes in the mineralogical compositions of Eagle 

Ford and Marcellus shales for uncultivated and post-cultivated (treated with solution 1) 

specimens.  

 

Table 3. 4 Mineral compositions of uncultivated and cultivated core specimens treated 

with solution 1 

Specimen 

Name 

Quartz 

[%] 

Calcite 

[%] 

Illite 

[%] 

Pyrite 

[%] 

Chlorite 

[%] 

Dolomite 

[%] 

Gypsum 

[%] 

Albite 

[%] 

Kaolinite 

[%] 

E#01 

(Pre) 
30.6 42.2 6.4 0.8 1.0 2.1 8.8 0.1 8.0 

E#01 

(Post) 
30.8 54.0 4.2 2.2 0.0 2.2 0.0 0.0 6.6 

M#01 

(Pre) 57.6 10.6 18.6 5.0 1.1 1.7 2.1 3.3 0.0 

M#1 

(Post) 55.6 13.3 17.8 5.4 0.5 1.7 2.0 3.7 0.0 

 

In pre- and post-cultivation phases in both shale formations, the compositions seem 

to be altered, in one hand, calcite and pyrite seem to increase after 30 days cultivation, and 

on the other, the clay minerals (i.e. illite, chlorite) and gypsum which appear on the contrary 

to be reduced. The scanning electron microscope (SEM) images of the pre-cultivation and 

post-cultivation (treated with solution 1) specimens of Eagle Ford and Marcellus shales at 

900x, 2000x, and 6000x magnifications and at various scales; are presented in Figure 3.10-

3.11. The analyses of the specimens highlight major differences in texture and composition. 



 Texas Tech University, Oladoyin Kolawole, May 2021 

81 
 

 

Figure 3. 10 The scanning electron microscopy (SEM) images of Eagle Ford shale 

specimens treated with Sporosarcina pasteurii bacteria at different cultivation conditions. 

 

 

 

 

 

 

 

 

 

Figure 3. 11 The scanning electron microscopy (SEM) images of Marcellus shale 

specimens treated with Sporosarcina pasteurii bacteria at different cultivation conditions. 
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3.5.2 Action of Clostridium acetobutylicum on Shale Rocks 

3.5.2.1 Geomechanical Properties 

A continuous UCS log profile from the scratch tests of Eagle Ford and Marcellus 

core specimens treated with solution 2, shows a regressive highest UCS value along the 

length of the cores. In Eagle Ford shale core specimens, the highest value on the UCS log 

for 0 days (pre-cultivation) was 114 MPa, and 98 MPa for 20 days (post-cultivation period) 

(Figure 3.12a). Similarly, in Marcellus shale cores, the highest value on the UCS log for 0 

and 20 days were 111 MPa and 90 MPa, respectively (Figure 3.13a). 

The measured ultrasonic shear (Vs) and compressional (Vp) velocities and the 

corresponding Poisson’s ratio from the scratch test after microbial treatment with solution 

2, shows similar changes in the mechanical properties along the core length from 0 to 20 

days cultivation period. ν for the Eagle Ford shale cores were in the range of 0.23 - 0.26 

for 0 days, and 0.29 – 0.32 for 20 days, respectively (Figure 3.12b-c). In Marcellus shale 

cores, n was in the range of 0.17 - 0.18 for 0 days, and ~0.22 for 20 days, respectively 

(Figure 3.13b-c). The estimated Ks along the shale cores for the 0- and 20-days cultivation 

period are presented in Figure 3.12d-e and Figure 3.13d-e.  We observe changes in the 

highest Ks values and the trend of the moving average fitting curve, from 0 days to 20 days 

cultivation. In Eagle Ford shale cores, the highest Ks value for 0- and 20-days cultivation 

period was 4.3 MPa·√m and 3.8 MPa·√m, respectively (Figure 3.12d-e). In Marcellus shale 

cores, the highest Ks value for 0 days (uncultivated) was 5.3 MPa·√m, whereas, for 20 days 

(post-treatment cultivation period) was 4.9 MPa·√m (Fig 3.13d-e). 
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Figure 3. 12 Action of Clostridium acetobutylicum bacteria on Eagle Ford shale rocks: (a) 

Scratch Test unconfined compressive strength (UCS) at 0 and 20 Days; Ultrasonic shear 

and compressional velocities, and dynamic Poisson’s ratio at (b) 0 Days, and (c) 20 Days;  

Scratch toughness at (d) 0 Days, and (e) 20 Days.  
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Figure 3. 13 Action of Clostridium acetobutylicum bacteria on Marcellus shale rocks: (a) 

Scratch Test unconfined compressive strength (UCS) at 0 and 20 Days; Ultrasonic shear 

and compressional velocities, and dynamic Poisson’s ratio at (b) 0 Days, and (c) 20 Days;  

Scratch toughness at (d) 0 Days, and (e) 20 Days. 
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3.5.2.2 Mineralogical and Microstructural Properties 

In Table 3.5, we present the changes in the mineralogical compositions of Eagle 

Ford and Marcellus shales for uncultivated and post-cultivated (treated with solution 2) 

specimens.  

Table 3. 5 Mineral compositions of uncultivated and cultivated core specimens treated 

with solution 2 

Specimen 

Name 

Quartz 

[%] 

Calcite 

[%] 

Illite 

[%] 

Pyrite 

[%] 

Chlorite 

[%] 

Dolomite 

[%] 

Gypsum 

[%] 

Albite 

[%] 

Kaolinite 

[%] 

E#02 

(Pre) 
30.6 42.4 6.2 0.8 1.0 2.1 8.8 0.1 8.0 

E#02 

(Post) 
28.4 43.2 6.6 0.5 1.3 2.2 11.0 0.1 6.7 

M#02 

(Pre) 57.6 10.6 18.6 5.0 1.1 1.7 2.1 3.3 0.0 

M#02 

(Post) 55.2 11.1 19.4 5.0 1.7 1.8 2.2 3.6 0.0 

 

 

 

 

 

 

 

 

 

 

Figure 3. 14 The scanning electron microscopy (SEM) images of Eagle Ford shale 

specimens treated with Clostridium acetobutylicum bacteria at different cultivation 

conditions. 
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Figure 3. 15 The scanning electron microscopy (SEM) images of Marcellus shale 

specimens treated with Clostridium acetobutylicum bacteria at different cultivation 

conditions. 

 

In Figure 3.14-3.15, we present the SEM images of the pre-cultivation and post-

cultivation (treated with solution 2) specimens of Eagle Ford and Marcellus shales at 900x, 

2000x, and 6000x magnifications, and at various scales. 

 

3.6 Discussion 

3.6.1 Biogeomechanical Modified Properties Due to Sporosarcina pasteurii   

The results of the localized and bulk properties indicate a change in the mechanical 

integrity of the Eagle Ford and Marcellus shale rocks after a 10- and 30-days cultivation 

period of post-Sporosarcina pasteurii (solution 1) treatment. Here, we characterize the 

mechanical integrity of the shale rocks by the UCS, ν, Ks, and their behavior. In the 

localized biogeomechanical modified properties of Eagle Ford shales, after 30 days 

cultivation period, the mean UCS increased by 5%, mean Ks by 28%, and mean ν decreased 

by 18% (Figure 3.16a-c). Likewise, in Marcellus shales, the mean UCS increased by 14%, 

mean Ks by 21%, and mean ν reduced by 17% (Figure 3.17a-c). 
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Figure 3. 16 Eagle Ford shale specimens treated with Sporosarcina pasteurii bacteria at 

different cultivation conditions: (a) Mean UCS from Scratch test and Uniaxial 

compression test; (b) Mean Poisson’s ratio from Scratch test and Uniaxial compression 

test; (c) Mean Scratch toughness; (d) X-ray Diffraction (XRD) analysis at 0 Days; (e) X-

ray Diffraction (XRD) analysis at 30 Days. (Error bars indicate standard deviation from 

the mean value). 



 Texas Tech University, Oladoyin Kolawole, May 2021 

88 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 17 Marcellus shale specimens treated with Sporosarcina pasteurii bacteria at 

different cultivation conditions: (a) Mean UCS from Scratch test and Uniaxial 

compression test; (b) Mean Poisson’s ratio from Scratch test and Uniaxial compression 

test; (c) Mean Scratch toughness; (d) X-ray Diffraction (XRD) analysis at 0 Days; (e) X-

ray Diffraction (XRD) analysis at 30 Days. (Error bars indicate standard deviation from 

the mean value). 
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A similar trend was observed in the bulk biogeomechanical properties and behavior 

of Eagle Ford shales treated with solution 1, where the UCS increased by 56%, and ν 

decreased by 4% (Figure 3.16a-b). In Marcellus shale, the results are consistent with the 

observed trends with a 29% increase in UCS, and a 22% reduction in ν (Figure 3.17a-b). 

The high heterogeneity and transverse isotropy in shales make its rheology to vary. After 

the 30 days of cultivation of Eagle Ford and Marcellus shale specimens, we observed a 

relatively higher deformation (strain accumulation) before near-fracture in reached 

(Figures 3.8-3.9), in comparison with the uncultivated rock specimens. This type of 

behavior observed suggests the rock was more ductile or less brittle. Therefore, our results 

suggest that the uncultivated cores tend to be relatively more brittle than the post-

cultivation specimens treated with solution 1. 

The biogeomechanical action of Sporosarcina pasteurii is also evident in the 

modification of the mineralogical (Figure 3.16d-e; Figure 3.17d-e) and microstructural 

(Figure 3.10-3.11) properties of the shale specimens. The increase in calcite depositions 

due to the action of Sporosarcina pasteurii in Eagle Ford and Marcellus shales, in addition 

to the reduction in the clay phases, contributed to the mechanical integrity enhancement of 

the rocks by improving the cementation bonds (Appendix B) between the mineral grains. 

The microstructural results (Figure 3.10-3.11) also indicate mineral (calcite) grain deposits, 

observed in the mineralogy and appear as cement crystals in the pore spaces, due to the 

biogeomechanical modification activity of Sporosarcina pasteurii.  

Thus, the biogeomechanical action of Sporosarcina pasteurii on Eagle Ford and 

Marcellus shales, suggests an enhancement in the mechanical integrity of the rocks after 

30 days cultivation period.   

3.6.2 Biogeomechanical Modified Properties Due to Clostridium acetobutylicum  

The results of the mean UCS, ν, and Ks indicate a change in the localized 

mechanical integrity of Eagle Ford and Marcellus shale rocks after 20 days cultivation 

period of post-Clostridium acetobutylicum (solution 2) treatment (Figure 3.18-3.19).  
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Figure 3. 18 Eagle Ford shale specimens treated with Clostridium acetobutylicum 

bacteria at different cultivation conditions: (a) Mean UCS from Scratch test and Uniaxial 

compression test; (b) Mean Poisson’s ratio from Scratch test and Uniaxial compression 

test; (c) Mean Scratch toughness; (d) X-ray Diffraction (XRD) analysis at 0 Days; (e) X-

ray Diffraction (XRD) analysis at 20 Days. (Error bars indicate standard deviation from 

the mean value). 
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Figure 3. 19 Marcellus shale specimens treated with Clostridium acetobutylicum bacteria 

at different cultivation conditions: (a) Mean UCS from Scratch test and Uniaxial 

compression test; (b) Mean Poisson’s ratio from Scratch test and Uniaxial compression 

test; (c) Mean Scratch toughness; (d) X-ray Diffraction (XRD) analysis at 0 Days; (e) X-

ray Diffraction (XRD) analysis at 20 Days. (Error bars indicate standard deviation from 

the mean value). 
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After the cultivation period, the biogeomechanical modified properties of Eagle 

Ford shale specimens show a drop in their mechanical integrity, with a 26% decrease in 

UCS, a 12% decrease in Ks, and a 22% increase in ν (Figure 3.18a-c). In Marcellus shale 

specimens, the biogeomechanical modifications show the same trend, with a 13% decrease 

in UCS, a 14% decrease in Ks, and a 27% increase in ν (Figure 3.19a-c). 

The microstructural results show a decrease in the size of the matrix grains, having 

shorter widths, due to the biogeomechanical modification activity of Clostridium 

acetobutylicum (Figure 3.14-3.15). The matrix clusters were degraded to smaller cubic-

like grain crystals, and in the process breaking and dissolving the cementation that held the 

matrices together. The XRD quantification results (Figure 3.18d-e; Figure 3.19d-e) showed 

a reduction in the composition of quartz, which was originally cemented the mineral grains 

together. This further suggests that the mineral grains have been degraded and the 

cementations have been weakened. Therefore, the biogeomechanical action of Clostridium 

acetobutylicum on Eagle Ford and Marcellus shales, suggests a weakening in the 

mechanical integrity of the rocks after 20 days cultivation period. 

3.6.3 Time-Lapse Biogeomechanical Modified Properties 

The mean values from the mechanical properties of uncultivated cores in Group 1 

are slightly lower than the values from the uncultivated sister-core specimens in Group 7 

because the core specimens in Group 1 contain a high degree of artificially-induced 

fractures in addition to their pre-existing natural fractures. Adversely, the mechanical 

properties of the uncultivated cores specimens in Group 7 have slightly higher mean values 

because, the core specimens in Group 6 contain minimal to no natural fractures, and no 

induced fractures. The varying degree of biogeomechanical modifications (Appendix C) 

observed in Eagle Ford and Marcellus shale specimens are controlled by the interplay 

between its pre- and post-cultivation mineralogical compositions. 

We can link the biogeomechanics changes in shale rock specimens to their 

morphology and mineralogy,  resulting from the actions of Sporosarcina pasteurii and 

Clostridium acetobutylicum. The localized and bulk biogeomechanical properties and 

behavior, mineralogical compositions and microstructures, suggest that microbial actions 

on shale rocks can modify their properties over a given time.  



 Texas Tech University, Oladoyin Kolawole, May 2021 

93 
 

The results indicate that biogeomechanical modifications of shale rocks are more 

significant in the localized regions than in the bulk region. The reason is due to the low 

microbial depth of invasion across the surface of the core samples, which is the source for 

the localized geomechanical properties. In addition, the heterogeneous characteristic nature 

of shale rocks with microfractures; is also a contributing factor. The bulk biogeomechanical 

altered properties are measured and estimated from the total volume of the core sample. 

The microbes being microscopic will interact with the shale rock specimens depending on 

optimum time, availability of nutrients in those pores, and the existence of microfractures. 

During the cultivation process, the microbial activities are first concentrated on the surface 

of the shale cores specimens, and subsequently begin to temporally grow into the 

micropores, impacting the rock in the process.  The microbial activities in the micropores 

and intra-grains can either strengthen the cementation (Sporosarcina pasteurii) or weaken 

the cementation (Clostridium acetobutylicum). Therefore, the biogeomechanical 

modifications due to the microbial activities are more pronounced in the local properties 

than in the bulk core properties of shale rocks. 

There is periodicity in the temporal evolution of the mechanical properties of the 

rock (biogeomechanical modifications), dependent on the activities within the rock. As 

shown in Figure 3.16a-c and Figure 3.17a-c, the biogeomechanical modified properties are 

minimal for the 0 to 10 days cultivation period, and the major change in the mechanical 

properties of the shale rocks are observed between 10 to 30 days cultivation period. In this 

study, after the shales were treated with Sporosarcina pasteurii, we observed a minimal 

increase in the average UCS with 2.4% and 3.1% in Eagle Ford and Marcellus shale rocks, 

respectively, for 0 to 10 days cultivation period. Similar observations in Ks and ν, with a 

minimal increase in Ks (5.7% in Eagle Ford and 1.9% in Marcellus) and a nominal decrease 

in ν (0.5% in Eagle Ford and 1.0% in Marcellus) for 0 to 10 days cultivation period. This 

contrasts with the higher average values observed in the biogeomechanical changes from 

10 to 30 days cultivation period, with a significant increase in average values of UCS (2.7% 

in Eagle Ford and 10.8% in Marcellus) and Ks (21.2% in Eagle Ford and 19.1% in 

Marcellus) of shale rocks. A greater drop in ν was also observed (17.9% in Eagle Ford and 

16.2% in Marcellus) in shale rocks from 10 to 30 days cultivation period. This periodicity 

was also evident in the total change in UCS of sandstones observed in Gao et al. (2019) for 
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the cultivation period ranging from 0 to 42 days. We suspect that this observed cyclicity is 

likely due to the microbial activities, as this the only non-static parameter in the entire 

biogeomechanical modification process. Therefore, the insignificant change in the 

mechanical properties of shale rocks within a short cultivation period may be attributed to 

the low activity of the microbes. This is because the growth and movement of the microbes 

within the pores of the rock are time-dependent, and while they feed on the nutrients, the 

microbes act on the original pore spaces on the rock in the process either by occluding the 

pores (Sporosarcina pasteurii) or degrading the original mineral grains and cementations 

in the pores (Clostridium acetobutylicum). 

The overall trends in the temporal biogeomechanical modifications observed in our 

results due to the actions of Sporosarcina pasteurii and Clostridium acetobutylicum are 

consistent in the shale formations investigated in this study (Figure 3.16-3.19). 

 

 

Publication of the Results:  

Kolawole O., Ispas I., Kumar M., Weber J., Zhao B. (2021) Time-Lapse Biogeomechanical 

Modified Properties of Ultra-Low Permeability Reservoirs. Rock Mechanics and Rock 

Engineering. 
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CHAPTER 4  

HOW CAN BIOGEOMECHANICAL ALTERATIONS IN SHALES 

IMPACT CAPROCK INTEGRITY AND CO2 STORAGE? 

4.1 Overview 

Shale reservoirs have been a major focus of the energy industry over the past few 

decades. Recently, there is a paradigm shift in the energy industry to low-carbon solutions, 

such as carbon capture and storage (CCS), to mitigate global warming caused by carbon 

footprint. The problem of long-term safe and efficient geological CO2 storage (GCS) and 

caprock integrity are some of the major challenges impeding large-scale CCS application 

and deployment. Here, we investigate how the localized and bulk geomechanical responses 

due to microbial action, could potentially impact caprock integrity and long-term CO2 

storage in depleted shale reservoirs. We cultivated the core samples (containing both 

artificial-induced and pre-existing natural fractures) with a cultured microbial solution at 

specific temperature, time, and growth conditions. Subsequently, we obtain the properties 

of the fractured shale rock samples impacted by this microbial process. We investigate the 

impact of the mechanical responses due to the microbial process, on the long-term integrity 

and storage potentials of CO2 in shale reservoirs. Our results suggest that in Eagle Ford, 

Marcellus, and Niobrara shale formations, microbially-impacted local and bulk mechanical 

properties can enhance the long-term caprock integrity and CO2 storage security by: (1.) 

Increasing the localized (+19% unconfined compressive strength, -20% Poisson’s ratio, 

+35% scratch toughness) and bulk (+50% unconfined compressive strength, -13% 

Poisson’s ratio) mechanical integrity; (2.) Decreasing permeability (-93%) and porosity (-

38%); (3.)  Altering the clay mineral content (-56%), calcite microbial precipitation 

(+21%), and morphology; (4.) Occluding microfractures; and (5.) Mitigating any deep 

subsurface potential leakage to the atmosphere. This study considers the heterogeneity of 

shales, and provide valuable insights and viable assessment in solving the long-term GCS 

application in depleted hydrocarbon reservoirs. 
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4.2 Introduction 

Biogeomechanics is the scientific study of how biological processes influence the 

mechanical properties and behavior of geologic materials (Kolawole et al., 2021). Previous 

studies have attempted to investigate the effect of biological processes on the geochemical 

(Abdel Aal et al., 2004; Atekwana et al., 2006), physical and mechanical properties of 

unconsolidated sandstones (Kalish et al., 1964; Phillips et al., 2015a; Hudyma et al., 2018; 

Gao et al., 2019), carbonates (Raleigh and Flock, 1965), opalinus shale (Cunningham et 

al., 2015), river sand (Riveros and Sadrekarimi, 2020), and minerals such as vermiculite 

(Mueller and Défago, 2006) and clay (Mueller, 2015). Geologic CO2 Storage (GCS), also 

known as geological CO2 sequestration, is the process by which supercritical CO2 (SC-

CO2; critical point = 31 °C and 7.4 MPa) is injected and stored in deep subsurface geologic 

formations (depleted hydrocarbon-bearing reservoirs, deep saline aquifers, etc.) for long-

term storage (Duncan and Morrissey, 2011; Ajoma et al., 2020). An important factor in the 

selection of a potential GCS site location is the storage capacity of the reservoir. This is 

the reason why oftentimes most GCS sites are located in conventional reservoirs. However, 

proximity to the source of CO2, worldwide availability, advancement in technology, 

economic feasibility, and other factors, indicate the viability and tends to necessitate the 

CO2 storage in shale reservoirs. The application and achievability of CO2 storage (Kelemen 

et al., 2019) in shale reservoirs have already been established (Eshkalak and Aybar, 2015; 

Senger et al., 2015; Jin et al., 2017; Louk et al., 2017; Jia et al., 2019). Depleted reservoirs 

with ultra-low permeability such as shale reservoirs are of immense interest to GCS due to 

their attractive potentials to store CO2 (Levine et al., 2016; Myshakin et al., 2019; 

Sanguinito, et al., 2020), and the ability to provide seals for sequestered CO2 as a caprock 

(Stadleman et al., 2015; Myshakin et al., 2019).  

Sporosarcina pasteurii birthed the concept of microbially-induced calcite 

precipitation (MICP), a process by which a distinct quantity of calcites is deposited in the 

microfissures (microfractures) of reservoir rocks and wellbores. The MICP has shown 

potential as a profitable, carbon-reducing, and environmentally friendly technique than 

other conventional methods (El Mountassir et al., 2018). In Hudyma et al. (2018), the 

MICP technique was applied on coquina, a historic building stone from Northeastern 

Florida, the results showed calcite precipitated by Sporosarcina pasteurii improved the 
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physical properties of the building stone. An increase in pore throat clogging and unit 

weight were also observed after the treatment. In investigating the reconstruction effect of 

Sporosarcina pasteurii (Bacillus pasteurii) on fractured sandstones, result in Gao et al. 

(2019) showed that after 42 days of sample cultivation, there was repair in fractured 

samples, 36% porosity reduction, 95% impermeability increase, and 31% increase in 

compressive strength. Calcites precipitated by Sporosarcina pasteurii biofilms can 

potentially plug and strengthen high permeable regions in sandstones and fractured cores, 

thereby reducing the susceptibility of geologically stored CO2 leakages (Phillips et al., 

2013). The authors also showed that wellbore pressure resistance of the sandstone 

formation increased by 3 times after impacting the core with the Sporosarcina pasteurii 

biofilm. 

The results from research works (Mitchell et al., 2009, 2010, 2013) conducted on the 

effect of biological process on carbon capture and underground storage (CCUS), showed 

the potential of microbes in enhancing GCS by reducing the permeability of deep 

subsurface geological formation at high pressure and decreasing potential leakage of 

injected SC-CO2 from the deep subsurface formations to the atmosphere. In a recent report 

by the U.S. Department of Energy National Energy Technology Laboratory (NETL, 

2020a), the application of the GCS technique establishes “not only the ability to reduce 

carbon dioxide emissions, but it also enhances the efficiency of oil production”. In 

investigating the geochemical and geomechanical modification of siliciclastic reservoirs 

by SC-CO2 brine during GCS, the study used siliciclastic reservoir samples from Mt. Simon 

in the Illinois Basin (Fuchs et al., 2019). The observations from the results showed an 

increase in porosity from 8% to 15% after 8 weeks in acidified brine and loss of clay 

cementation. The fracture toughness estimated by the scratch test method showed a 69% 

decrease after 8 weeks in SC-CO2 saturated brine, which confirmed geomechanical CO2 

storage stability could be influenced during GCS.  

A  MICP study on Sandstone where Sporosarcina pasteurii and urea were injected 

into fractured samples, showed that the aperture in core samples was filled with calcites, 

yielding a permeability reduction in the range of three to five orders of magnitude, and 

flow rates through the cores were reduced (Phillips et al., 2015a, 2015b). The study results 
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led to a field-scale application of the MICP treatment to a well in a fractured Fayette 

Sandstone formation 341 m below ground surface in Walker County, Alabama. The well 

casing was perforated in the Fayette Sandstone formation zone, and microbial 

(Sporosarcina pasteurii) and urea solutions were injected into the fractured region over 4 

days. The field test results showed that the fractured sandstone formation was sealed with 

MICP. The MICP has an edge over the traditional squeeze cementing repair method in 

sealing leakage pathways, due to the microbes being microscopic can seal up 

microfractures and very small casing-cement or cement-formation delamination (Appendix 

B; De Muynck, 2010; Phillips et al., 2015a, 2015b). Another study (Gollakota and 

McDonald, 2012) to assess the field-scale applicability of GCS was conducted by injecting 

SC-CO2 in the Mt. Simon Sandstone reservoir, Illinois Basin, at a depth of approximately 

20.7 km. The CO2 captured from biofuel production, was compressed and dehydrated to 

form SC-CO2 before injection in the Mt. Simon Sandstone. The Mt. Simon storage 

reservoir unit is overlaid by the Eau Claire Shale which provides a primary caprock seal 

for preventing the stored CO2 from migrating upwards and leakage to the atmosphere. This 

large-scale GCS project is expected to store ~1 Million tons of CO2 per year. 

Shale reservoirs typically have ultra-low permeability in the range of nano Darcy 

(nD) to micro Darcy (μD) and reservoir-stimulation techniques are adopted in injecting or 

extracting fluids from the shale reservoirs (Jin et al., 2017; Schwartz et al., 2019b). The 

clay particle orientation, heterogeneous layering, and microfractures are causes of high 

anisotropy in shale rocks (Hornby et al., 1993). A study (Goodman et al., 2020) was 

conducted to explore the impact of pore-alteration on CO2 storage in shale reservoirs. The 

result shows that the presence of water in shale reservoirs can impact CO2 movement into 

the matrix by closing the pores at the nano-scale. The results from an experimental study 

(Liu et al., 2020) showed the storage safety advantage of CO2 storage in the depleted shale 

reservoirs by trapping more CO2 in the steady immobile phase due to adsorption and having 

moderate and ephemeral pressure perturbation response to CO2 injection. A recent review 

study (Fatah et al., 2020) stated that CO2-shale interaction is a major factor influencing the 

long-term CO2 storage efficiency in shale reservoirs. The study further stated that due to 

the heterogeneity of shales, the microstructural and mineralogical may be altered by CO2 

injection, in addition to weakening its mechanical properties. The study concluded that to 
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achieve feasible and efficient long-term GCS in shale reservoirs, advanced methods and 

technologies to enhance the physical, chemical, and mechanical properties of shales should 

be incorporated.  

Geomechanics is critical in the assessment of potential GCS location for injection of 

SC-CO2 into depleted hydrocarbon-bearing reservoirs or deep saline aquifers for long-term 

storage (Streit and Hillis, 2004; Rutqvist et al., 2007, 2009; Chiaramonte et al., 2008; 

Morris et al., 2011; Fang and Khaksar, 2013). Geomechanical assessment is important to 

the application of GCS because of the following: (1) the potential influence of changes in 

in-situ pressure and temperature during CO2 injection, (2) the peak sustainable pressure of 

storage reservoir and overlaying caprock to avert fracture generation or reactivation pre-

existing fractures (faults), (3) wellbore instability and sand production in new injection 

wells, (4) creation of possible leakage paths for the stored CO2, and (5) the projected 

sustainable CO2 injection pressure. However, the long-term containment risks of GCS in 

subsurface formations, due to leakage of SC-CO2 via an injection well or the pre-existing 

fractures in the reservoir storage units and overlaying caprock; remains an important issue 

that has not been fully addressed for the development and application of GCS (Nicot et al., 

2009; Mitchell et al., 2013; Pawar et al., 2015; Evans and Schultz, 2017). In addition, due 

to the heterogeneous distribution of physical, mechanical, and mineralogical properties in 

shale reservoirs, it is imperative to also consider both the localized (fine-scale) and bulk 

(large-scale) properties of these shale formations for efficient and long-term CO2 storage, 

rather than only the bulk properties which provide the average properties.  

In this chapter, I will investigate how microbial action on the localized and bulk 

geomechanical properties could potentially impact caprock integrity and CO2 storage in 

depleted shale reservoirs, using a microbial solution of Sporosarcina pasteurii bacteria 

with a novel growth medium. I will first measure the geomechanical and other properties 

of uncultivated shale samples (containing both artificial-induced and pre-existing natural 

fractures), and measure the corresponding new geomechanical properties of the shale rocks 

impacted by this cultured bacteria solution. I will subsequently evaluate the impact of the 

biogeomechanical alterations on GCS in shales. I will quantitatively and qualitatively show 

how the in-situ microbial alterations may impact the mechanical integrity, permeability and 
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porosity, and hence impact the caprock integrity and CO2 storage security of shales. 

Finally, the fine-scale heterogeneity effects of shale reservoirs for efficient CO2 storage 

will be considered for adequate representation of in-situ conditions. 

4.3 Geological Setting of Shale Formations Used in this Study 

The GCS potential and activities and the three (3) shale formations utilized for this 

study are shown in Figure 1. The Eagle Ford shale, a sedimentary formation located in 

Southern Texas, can be divided into the carbonate-rich Upper Eagle Ford formation, and 

the organic-rich Lower Eagle Ford formation (Donovan et al., 2016). Eagle Ford shales 

appear dark gray to black, highly anisotropic, weak and, strongly susceptible to failure 

along its bedding (Hsu and Nelson, 2002). Eagle Ford shales can exhibit high 

compressibility, creep deformation, and swelling potentials due to their high smectite 

content and have ultra-low permeability (0.05 and 1.5 μD) (Crumpton, 2018).  

The Marcellus shale formation, located in the Appalachian Basin of Northeastern 

America, extends from Southern New York through Northeastern and Western 

Pennsylvania, West Virginia, and branches out into Maryland and Eastern Ohio (Bartuska 

et al., 2012). The Marcellus shale formation has low porosity (<6%) and ultra-low 

permeability (0.124 μD) (Elsaig et al., 2016; El sgher et al., 2018). Niobrara Shale 

formation, located in Northeastern Colorado and parts of adjacent Wyoming, Nebraska, 

and Kansas, has a low porosity (Φ) (<10%), and ultra-low permeability (<1 μD) (Pathak et 

al., 2014; Iriarte et al., 2018). 

In ultra-low permeability reservoirs such as the Eagle Ford, Marcellus, and 

Niobrara shale formations, one common feature is the microscale and mesoscale pre-

existing fractures (Kolawole and Ispas, 2020a), which has contributed to the high degree 

of heterogeneity observed in these shale formations. 
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Figure 4. 1 Google Earth© satellite image of the United States showing the shale 

formations utilized for this study, with Carbon Capture and Storage (CCS): (a) potential 

(sources); (b) activities. [CCS Data: (NETL, 2020b, 2020c)] 
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4.4 Experimental Program 

The bacteria strain, the growth medium, and the laboratory utilized for this study are 

categorized as Biosafety Level 1, and as such, these low-risk microbes pose no potential 

threat of infection to personnel and the environment. 

4.4.1 Microbial Culture 

The Sporosarcina pasteurii (ATCC® 11859™) is a light-independent and an 

aerobic ureolytic bacterium, which breaks down urea [CO(NH2)2] into Carbon dioxide 

(CO2) and Ammonia (NH3) (producing an increase in pH), with the produced CO2 

undergoing kinetic reaction with Calcium ions (Ca2+) to precipitate calcites (CaCO3). For 

this study, we utilized a microbial solution of Sporosarcina pasteurii. The bacteria strain 

was grown with Luria Broth medium inside a Lab-Line 4628 Incubated Orbital Shaker at 

220 rpm for 16 hr, to produce a cultured microbial solution. Preceding the study, Bushnell 

Hass (BH) Broth and few other media, have been adopted as a growth medium for the 

Sporosarcina pasteurii bacteria. For this study, we conducted a preliminary test to decide 

the optimum growth medium for culturing Sporosarcina pasteurii bacteria using 3 growth 

media as follows:  (a) Urea; (b) BH Broth and urea (c) Luria Broth (LB). After 24 hr of 

culturing the bacteria with each of the media separately at 30°C, we observed that the Luria 

Broth medium provided the optimal growth for the Sporosarcina pasteurii.  

 

Table 4. 1 Microbe and Cultured Solution 

Bacteria Growth 

Temperature 

Growth Medium 

Sporosarcina 

pasteurii 

30°C Luria Broth 

 

4.4.2 Rock Samples  

In this experimental study, we utilized shale samples from blocks of unweathered 

outcrops of Eagle Ford (E#), Marcellus (M#), and Niobrara (N#) shale formations with 

varying degrees of pre-existing natural fractures (Figure 4.2). All the samples (Groups A-

F) have a high degree of artificial-induced fractures (on the outside of the core samples 
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created by a clean sharp knife) in addition to the pre-existing natural microfractures 

present. The mechanical behavior of geological materials is expected to be transversely 

isotropic with the axis of symmetry, which is perpendicular to the bedding plane (Akono 

and Kabir, 2016). Consequently, the core specimens (Groups A-D) were cut nominally 

using a GCTS RCD-250 pressure-controlled Coring Machine with odorless mineral spirit 

(OMS) oil as a cooling fluid, orthogonally (90°) to the bedding plane, to show the varying 

overlaying interbedded formations. The core specimens are prepared as cylindrical sister 

core plugs of 9.25 (± 0.58) cm height and 3.75 cm in diameter. 

The grouping of the core samples is presented in Table 2. In ascribing naming 

nomenclature to the experiment, Groups A, C, and E were designated as the control for 

uncultivated (unprocessed) core samples, whereas Groups B, D, and F were designated as 

core samples cultivated after treatment with the microbial solution for 30 days. The face of 

the core samples in Groups C and D were ground and polished, to achieve little or no 

intergranular relief which can affect the unconfined compression test results. All the core 

samples (Groups A-F) were dried in an oven for 48 hr at 60°C to evaporate all free 

hydrocarbons and water present in the pore spaces until the weight dried core specimens 

remained unchanged. This was carried out to eliminate the effect of water content on the 

mechanical behavior of these shale samples. 

The weight of all the core specimens was measured before and after cultivation, using 

the High Precision Lab Scale Digital Analytical Electronic Balance. During core 

preparation, disk samples (Figure 4.2b) were taken from the bottom of each core sample in 

Group A, and categorized as Group E, respectively. All the core and disk samples were 

preserved in a desiccator after preparation, drying, and prior to testing, to avoid absorption 

of moisture. 
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Figure 4. 2 Digital photography of shale samples utilized for this study: (a) Core 

Samples; (b) Disk Samples. 
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Table 4. 2 Core Sample Grouping 

S/N Sample 

Name 

Cultivation 

Period 

(Days) 

Specimen 

Type 

Condition Measurement  Group 

Number 

1 E#α0 0 Full Core Uncultivated  Scratch Test 

Group A 2 M#α0 0 Full Core Uncultivated  Scratch Test 

3 N#α0 0 Full Core Uncultivated  Scratch Test 

4 E#1βii 30 Full Core Cultivated  Scratch Test 

Group B 5 M#1βii 30 Full Core Cultivated  Scratch Test 

6 N#1βii 30 Full Core Cultivated  Scratch Test 

7 E#TX0 0 Full Core Uncultivated  Uniaxial 

Compression Test , 

Permeability, 

Porosity 

Group C 

8  M#TX0 0 Full Core Uncultivated  Uniaxial 

Compression Test, 

Permeability, 

Porosity 

9 N#TX0 0 Full Core Uncultivated  Uniaxial 

Compression Test, 

Permeability, 

Porosity 

10 E#TXii 30 Full Core Cultivated  Uniaxial 

Compression Test, 

Permeability, 

Porosity  

Group D 

11  M#TXii 30 Full Core Cultivated  Uniaxial 

Compression Test, 

Permeability, 

Porosity 

12 N#TXii 30 Full Core Cultivated  Uniaxial 

Compression Test, 

Permeability, 

Porosity 

13 E#01 (Pre) 0 Disk 

Specimen 

Uncultivated  XRD 
Group E 



 Texas Tech University, Oladoyin Kolawole, May 2021 

106 
 

14 M#01(Pre) 0 Disk 

Specimen 

Uncultivated  XRD 

15 N#01 (Pre) 0 Disk 

Specimen 

Uncultivated  XRD 

16 E#01 

(Post) 

30 Disk 

Specimen 

Cultivated  SEM & XRD 

Group F 
17 M#01 

(Post) 

30 Disk 

Specimen 

Cultivated  SEM & XRD 

18 N#01 

(Post) 

30 Disk 

Specimen 

Cultivated  SEM & XRD 

 

 

 

4.4.3 Imbibition and Microbial Treatment  

Due to the ultra-low permeability and low porosity of shale rocks, a DCI Volume-

Pressure-Actuator (VPA) Dual Syringe Pump was used to push the microbial solution 

through the designated core specimens at high pressure and constant ultra-precise flow rate. 

The cultured microbial solution was injected into each shale core sample placed inside a 

Hassler type core holder for 20 hr per sample at a constant flow rate (Qinj) of 0.4 ml/min, 

2.6 MPa injection pressure (Pinj), and 2.9 MPa confining pressure (Pc). We selected a 

minimal constant flow rate (0.4 ml/min) due to the ultra-low permeability of shale rocks, 

and to ensure a feasible volume of the microbial solution flow through the core sample 

without creating additional microfractures in the cores. The core imbibition setup is shown 

in Figure 4.3. We subsequently immersed each of the core samples in Groups B, D, and F 

in a feedstock solution of 2.5M urea [CO(NH2)2] and 2.5M calcium chloride (CaCl2) 

according to the established method used by Phillips et al. (2013, 2015a, 2015b) and 

Hudyma et al. (2018); followed by the cultivation of the core samples inside an incubator 

at 30 °C for 30 days according to their groupings. This cultivation period allows the 

bacteria to grow into the specimens’ pores, micro- and meso-fractures, thereby impacting 

the physical and mechanical properties of the core specimens. 

Table 4.2. Continued 
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Figure 4. 3 The core imbibition experiment. (a) Schematic diagram; (b) Actual setup. 

 

4.4.4 Geomechanical Investigations 

The continuous sampling by the Scratch Test method provides a localized and 

detailed mechanical measurement of points along the sample (i.e. continuous strength 

profile), whereas the larger-scale trends describe the bulk mechanical properties of the 

rock. The scratch test (Figure 4.4a) is a quasi-non-destructive method is based on pushing 
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a tool (cutter) across the surface of a rock and tracing the groove created, at a given 

penetration depth (Kolawole and Ispas, 2020b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 4 The Scratch Test Schematic. (a) Rock scratching configuration for a sharp 

cutter; (b) Epslog Wombat machine (Pre-modified Image courtesy of Epslog S.A.). 
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The scratch test is an efficient method for determining the continuous profile of the 

localized mechanical properties of a reservoir rock (Detournay and Defourny, 1992; 

Richard et al., 2012; Germay et al., 2015).  The scratch test method measures horizontal 

(FT) and vertical (FV) forces and infers the unconfined compressive strength (UCS). The 

ultrasonic shear and compressional velocities (Vs and Vp) are used to estimate a dynamic  

Poisson’s ratio (ν). Poisson’s ratio and the UCS were independently measured on the same 

shale core samples. 

The localized mechanical properties that can be measured through the Scratch Test 

method includes horizontal (FT) and vertical (FV) scratch forces, unconfined compressive 

strength (UCS), Ultrasonic velocities (Vp and Vs),  Poisson’s ratio (ν); also allowing the 

calculation of scratch toughness (Ks) from horizontal (FT) scratch force. The Poisson’s ratio 

and the UCS are independently measured.  

In this experimental study, we used the Wombat scratch machine (Figure 4.4b) to 

scratch 6 core samples (Groups A and B) at cutting depths (penetration depth) (d) in the 

range of  0.05 - 0.25 mm, with a cutting velocity of 5 mm/s. The polycrystalline diamond 

compact (PDC) cutter used for the scratching includes a rectangular-shaped, sharp, flat, 

with a width (w) of 10 mm, and back-rake angle (θ) of 15˚. The Vp and Vs measurements 

from scratch tests were conducted in an axial orientation (perpendicular to the bedding of 

the cores). 

The data from these tests allow us to obtain the scratch toughness (Ks) and Poisson’s 

ratio (ν) values along the core specimen. Ks, in MPa·√m,  is an estimate of the fracture 

toughness (KIC) of the rock (Akono, 2013; Akono and Kabir, 2016) given by the following 

relationship: 

𝐾𝑠 =
𝐹𝑇

√2𝑝𝐴 𝑐 
   [𝑀𝑃𝑎 · √𝑚]        (4.1) 

where: Ac is the contact area due to horizontal force (FT) in the scratch direction for 

a rectangular-shaped cutter, and p is fracture surface perimeter for a cutter width (w) at 

maximum cutter penetration depth (d). 
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The standard Uniaxial Compression Test is a destructive method of measuring the 

maximum axial compressive stress a geologic material can withstand before failing. The 

Uniaxial Compression Test measures the bulk mechanical properties, which include axial 

deviatoric stress (Sd) (stress difference), axial strain (εa), radial strain (εr), and the UCS.  

The Uniaxial Compression Test allows the estimation of a dynamic Poisson’s ratio (ν) from  

εa and εr using the stress-strain mathematical relationship: 

𝜈 = |
𝑟𝑎𝑑𝑖𝑎𝑙 𝑠𝑡𝑟𝑎𝑖𝑛

𝑎𝑥𝑖𝑎𝑙 𝑠𝑡𝑟𝑎𝑖𝑛
| = −

∆Ɛ𝑟

∆Ɛ𝑎
         (4.2) 

We conducted uniaxial compression tests on 6 core specimens (Groups C and D) at 5E-7 

in/in/sec strain rate, using the GCTS RTR-2500 Rapid Rock Triaxial Testing System 

(Figure 4.5a). 

4.4.5 Permeability and Porosity Measurements 

The permeability of the core samples (Groups C and D) was measured with New 

Research England (NER) AutoLab 1500 (Figure 4.5b) using the complex transient method. 

This equipment has the capacity of measuring ultra-low permeability from 50 mD to 5 nD. 

To avoiding inducing microfractures in the core samples during this test, we applied a 

confining pressure of 5.17 MPa was slowly applied to the core samples at a rate of 0.017 

MPa/s. At a starting injection pressure of 1.72 MPa and confining pressure of 5.17 MPa, 

Helium was injected into the core sample through the core holder upstream, until the 

pressure transducer at the core holder downstream records the same pressure. 

Subsequently, the pore pressure was increased to 2.59 MPa, and this pressure was 

maintained until the pore pressure dropped and stabilized at 1.7 MPa. The permeability of 

the core samples was measured for pre- and post-cultivation conditions and the results 

obtained were analyzed.  

Since core samples from shale reservoirs have low porosity, adopting a 

conventional method of porosity measurement may introduce certain errors in the results. 

Consequently, the porosities of the core samples at pre- and post-cultivation conditions 

were measured using a helium porosimeter at 1.38 MPa injection pressure. Experimental 

research studies (Khalil et al., 2019; Khalil and Emadi, 2020) have shown that the optimum 
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injection pressure to measure the porosities of shale core samples is ~1.38 MPa, and 

pressure increments beyond that value have an insignificant effect on the porosity results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 5 (a) GCTS RTR-2500 Rapid Rock Triaxial Testing System; (b) New Research 

England (NER) AutoLab 1500 system. 
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4.4.6 Microstructural and Mineralogical Analyses 

The data collection for mineral identification was completed with X-ray-diffraction 

(XRD) on the whole sample set before and after cultivation with the microbial solution (i.e. 

Pre-cultivation samples of E#1, M#01, & N#01 in Group E, and their post-cultivation in 

Group F). The XRD sample preparation included hand-crushing into a fine, consistent 

powder and back-loaded into samples mounts to minimize the effect of preferential 

orientation. The samples were analyzed with a Bruker D8-Advanced diffractometer 

installed at Texas Tech University’s Geosciences Department, and run with step scan 

parameters in the Bragg-Brentano geometry using CuKa radiation. The measurement 

settings were 40 kV and 40 mA with sample mounts scanned from 3 to 70 2ϴ. All 

measurements were done under air-dried conditions and at a counting time of 3 s per 0.02 

2ϴ. Measurement settings were carefully selected to ensure the best possible phase 

quantification (Hillier, 2020). The software used to analyze and quantify the XRD data was 

the Bruker EVA diffraction suite. Following the data acquisition, the samples were 

quantified using the reference intensity ratio (RIR) method which is based on measuring 

the intensity of one or more peaks for each mineral present and an added internal standard. 

Due to the micropore structure and complex fracture networks in shale formations, 

a scanning electron microscope (SEM) was used to characterize the microstructural 

features of the shale matrix in the core specimens. SEM was conducted on the core samples 

(E#1, M#01, & N#01) before and after cultivation with the microbial solution, to show the 

surface morphology, mineral grain exposure, and the microfractures between grains. SEM 

magnifications of 900x, 2000x, and 6000x were adopted.  

4.5 Results  

4.5.1 Localized Biogeomechanical Properties – Scratch Test 

A continuous UCS log profile from the scratch tests of the core specimens shows a 

post-cultivation incremental highest UCS values along the length of the cores. In Eagle 

Ford shale cores, the highest peak on the UCS log for 0 days (uncultivated) was 126 MPa 

(Figure 4.6a), whereas, for 30 days (post-treatment cultivation period) was  141 MPa 

(Figure 4.6b).  
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Figure 4. 6 Eagle Ford shales scratch test: Unconfined compressive strength (UCS) at (a) 

0 Days, (b) 30 Days; Ultrasonic compressional and shear velocities, and dynamic 

Poisson’s ratio at (c) 0 Days, (d) 30 Days; Scratch toughness at (e) 0 Days, (f) 30 Days. 
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Figure 4. 7 Marcellus shales scratch test: Unconfined compressive strength (UCS) at (a) 0 

Days, (b) 30 Days; Ultrasonic compressional and shear velocities, and dynamic Poisson’s 

ratio at (c) 0 Days, (d) 30 Days; Scratch toughness at (e) 0 Days, (f) 30 Days. 
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Figure 4. 8 Niobrara shales scratch test: Unconfined compressive strength (UCS) at (a) 0 

Days, (b) 30 Days; Ultrasonic compressional and shear velocities, and dynamic Poisson’s 

ratio at (c) 0 Days, (d) 30 Days; Scratch toughness at (e) 0 Days, (f) 30 Days. 



 Texas Tech University, Oladoyin Kolawole, May 2021 

116 
 

Similarly, in Marcellus (Figure 4.7a-b) and Niobrara (Figure 4.8a-b) shale cores, 

the highest peak on the UCS log for 0 days were 107 MPa and 87 MPa respectively, 

whereas, for 30 days were 128 MPa and 131 MPa, respectively. 

The color shades (Figure 4.6a-b; Figure 4.7a-b; Figure 4.8a-b) indicate variations 

from low to high strength along the shale cores. We observe that in Eagle Ford and 

Marcellus shales, the yellow and light green shades are dominant in the uncultivated core 

samples (0 days), whereas the light and dark blue shades are dominant in the microbial-

treated core samples after 30 days cultivation period. Likewise, in Niobrara shales, we 

observe that the red, orange, yellow, light green, and light blue shades are dominant in the 

uncultivated cores, whereas the light green, light blue, and dark blue shades are dominant 

in the cultivated post-microbial treated core samples. 

The measured ultrasonic shear (Vs) and compressional (Vp) velocities and the 

corresponding n from the scratch test show the alterations in the mechanical properties 

along the core length from pre- and post-microbial treatment cultivation period. The ν from 

uncultivated (0 days) Eagle Ford, Marcellus, and Niobrara shale were in the range of 0.25 

- 0.27 (Figure 4.6c), 0.18 - 0.19 (Figure 4.7c), and 0.30 – 0.34 (Figure 4.8c), respectively. 

After 30 days cultivation period of the microbial treatment of Eagle Ford, Marcellus, and 

Niobrara shale cores, the altered values of ν are in the range of 0.20 – 0.23 (Figure 4.6d), 

0.12 – 0.18 (Figure 4.7d), and 0.22 – 0.28 (Figure 4.8d), respectively.  

We present the estimates of Ks along the shale cores for the 0- and 30-days cultivation 

period in Figure 4.6e-f, Figure 4.7e-f, Figure 4.8e-f.  Reiteratively, we observe incremental 

alterations in the Ks values and the trend of the moving average fitting curve, from 0 to 30 

days of post-treatment cultivation. In Eagle Ford, Marcellus, and Niobrara shale core 

samples, the peak Ks value for 0 days (uncultivated) was 4.1 MPa·√m (Figure 4.6e), 4.9 

MPa·√m (Figure 4.7e), and 3.1 MPa·√m (Figure 4.8e), respectively.  After the 30 days 

cultivation period, the biogeomechanical altered Ks in Eagle Ford, Marcellus, and Niobrara 

shales were 5.2 MPa·√m (Figure 4.6f), 5.9 MPa·√m (Figure 4.7f), and 4.9 MPa·√m (Figure 

4.8f), respectively. The Ks values in our results are consistent with published studies on 

geological materials containing biologically-induced calcite precipitations (Dakhane, 

2018) and shales (Akono, 2013; Ante et al., 2018; Liu et al., 2015). 
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4.5.2 Bulk Biogeomechanical Properties - Uniaxial Compression Test 

The bulk mechanical properties obtained from the stress-strain relationship of the 

uniaxial compression tests for pre- and post-cultivated Eagle Ford, Marcellus, and Niobrara 

shales are presented in Figure 4.9-4.11.  

 

 

 

 

 

 

 

Figure 4. 9 The Stress-Strain relationship of Eagle Ford shales for uncultivated (0 Days) 

and cultivated (30 Days) samples under uniaxial compression. εa: Axial strain; εr: Radial 

strain. 

 

 

 

 

 

 

 

 

Figure 4. 10 The Stress-Strain relationship of Marcellus shales for uncultivated (0 Days) 

and cultivated (30 Days) samples under uniaxial compression. εa: Axial strain; εr: Radial 

strain. 
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Figure 4. 11 The Stress-Strain relationship of Niobrara shales for uncultivated (0 Days) 

and cultivated (30 Days) samples under uniaxial compression. εa: Axial strain; εr: Radial 

strain. 

 

Rheology of a rock describes the deformation a rock undergoes in response to 

stress, excluding the fracture (Handin and Carter 1987). As shown in Figures 4.9 - 4.11, 

the stress-strain relationship of these shale samples can be characterized by three stages: 

elastic, yield, and failure stages. The UCS values are measured at the peak of the stress-

strain curves after the yield points are exceeded (Figure 4.9-4.11). In the shale formations 

examined, post-cultivation core samples show relatively higher deformation before they 

fracture than the uncultivated core samples. This suggests that the post-cultivation rock 

samples may be more ductile or less brittle than the uncultivated core samples. 

In the stress-strain plots, we observed that after the 30 days cultivation period, the 

bulk UCS of Eagle Ford shales increased from 88 MPa to 138 MPa, and n decreased from 

0.24 to 0.23 (Figure 4.9). A similar trend was observed in Marcellus (Figure 4.10) and 

Niobrara (Figure 4.11) shales after 30 days with increments in the UCS values from 120 

MPa to 155 MPa, and 66 MPa to 110 MPa, respectively. In addition, after the 30 days 

cultivation period, the ν decreased from 0.19 to 0.15 in Marcellus shales, and from 0.26 to 

0.22 in Niobrara shales. 
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4.5.3 Other Properties 

The result of the mineralogical compositions of the shale samples for uncultivated 

and post-treatment cultivated samples are presented in Table 4.3. The pre-cultivation and 

post-cultivated permeability and porosity of the 3 shale formations are presented in Table 

4.4. In the pre- and post-cultivation phases of Eagle Ford, Marcellus, and Niobrara shales, 

the mineral concentrations seem to be altered post-cultivation. in one hand, calcite and 

pyrite seem to increase, and on the other, the clay minerals (i.e. illite, chlorite) and gypsum 

appear on the contrary to be reduced. 

Table 4. 3 Mineral compositions of pre- and post-cultivation shale samples 

Sample 

Name 

Quartz 

[%] 

Calcite 

[%] 

Illite 

[%] 

Pyrite 

[%] 

Chlorite 

[%] 

Dolomite 

[%] 

Gypsum 

[%] 

Albite 

[%] 

Kaolinite 

[%] 

Pre-

E#01 
30.6 42.2 6.4 0.8 1.0 2.1 8.8 0.1 8.0 

Post-

E#01 
30.8 54.0 4.2 2.2 0.0 2.2 0.0 0.0 6.6 

Pre-

M#01 57.6 10.6 18.6 5.0 1.1 1.7 2.1 3.3 0.0 

Post-

M#01 55.6 13.3 17.8 5.4 0.5 1.7 2.0 3.7 0.0 

Pre-

N#01 10.8 77.3 8.6 0.5 0.8 0.6 0.0 1.4 0.0 

Post-

N#01 6.2 83.7 7.6 0.6 0.0 0.4 0.0 1.5 0.0 

 

Table 4. 4 Permeability and porosity of pre-cultivation and post-cultivation shale 

samples. 

Formation Pre-cultivation 

Permeability (μD) 

Post-cultivation 

Permeability (μD) 

Pre-cultivation 

Porosity [%] 

Post-cultivation 

Porosity [%] 

Eagle Ford 1.760 0.005 9.46 6.48 

Marcellus 0.069 0.014 6.22 4.41 

Niobrara 1.470 0.022 5.41 2.50 

 

The SEM images of the uncultivated and post-microbial cultivated samples of 

Eagle Ford, Marcellus, and Niobrara shales at 900x, 2000x, and 6000x magnifications and 

at various scales; are presented in Figure 4.12-4.14. The analyses of the specimens 

highlight major differences in texture and composition. The SEM shows granular and plate-
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shaped calcite crystal depositions in post-microbial cultivated shale samples. (Figure 

4.12b; Figure 4.13b; Figure 4.14b). 

 

 

 

 

 

 

 

 

 

Figure 4. 12  Microscopic observation of Eagle Ford shales at different cultivation 

conditions. 

 

 

 

 

 

 

 

 

 

Figure 4. 13  Microscopic observation of Marcellus shales at different cultivation 

conditions. 
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Figure 4. 14  Microscopic observation of Niobrara shales at different cultivation 

conditions. 

 

4.6 Discussion 

4.6.1 Biogeomechanical Alterations of Shales 

The results from the scratch tests show localized biogeomechanical alterations of 

the Eagle Ford, Marcellus, and Niobrara shales at fine-scale along the core. Similarly, the 

results from the uniaxial compression tests show an overall trend in biogeomechanical 

alterations of the shale samples at a bulk-scale. A key observation of this study is that these 

biogeomechanical alterations (Appendix C) can significantly impact the mechanical 

integrity of the shale samples. Here, we characterize the mechanical integrity of the shale 

rocks by the UCS, ν, Ks, and their behavior.  

The peak UCS values tend to be significantly higher in the cultivated shale samples 

than in uncultivated shale samples (Figure 4.15a; Figure 4.16a; Figure 4.17a). The 

moderate- to high-strength regions are dominant in the localized UCS distribution along 

the axis of the cultivated cored samples, whereas in the uncultivated core samples, low- to 

moderate-strength are dominant (Figure 4.6a-b; Figure 4.7a-b; Figure 4.8a-b). The fine-

scale biogeomechanical alteration results show changes of the mean properties in each 

formation type as follows: Eagle Ford shales, UCS increased by 5%, Ks increased by 28%, 

and ν decreased by 18% (Figure 4.15b-d); Marcellus shales, UCS increased by 14%, Ks 
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increased by 21%, and ν decreased by 17% (Figure 4.16b-d); Niobrara shales, UCS 

increased by 37%, Ks increased by 55%, and ν decreased by 24% (Figure 4.17b-d). 

At bulk-scale, biogeomechanical alteration results show similar trends of 

enhancement in the post-cultivation mechanical integrity of shales: Eagle Ford, 56% 

increase in UCS and 4% decrease in ν (Figure 4.15b-c);  Marcellus, 29% increase in UCS  

and 22% decrease in ν (Figure 4.16b-c); and Niobrara, 66% increase in UCS  and 14% 

decrease in ν (Figure 4.17b-c). A closer look at the stress-strain behavior of the post-

cultivation rock samples shows a relatively higher deformation post-yield stress (Figure 

4.9-4.11) when compared with the pre-cultivation rock behavior. This type of post-

cultivation behavior suggests the rocks are relatively less brittle or more ductile. Although 

shale rocks are most-commonly described through a brittle failure, the high heterogeneity 

and anisotropy in shales can lead to substantial rheology variations. Hence, the 

experimental results show that post-cultivation shale cores tend to be relatively less brittle 

and will take a longer time to fracture than the uncultivated samples. 

Thus, the increase in UCS and Ks, and lower ν observed after 30 days of cultivation 

at both localized and bulk scales, show that all shale formations used in this study, Eagle 

Ford, Marcellus, and Niobrara; will have higher mechanical integrity due to microbial 

alterations in the rock properties. Therefore, we can attribute the observed alterations of 

the geomechanical properties, permeability, porosity, mineralogical composition, and 

microstructure of the Eagle Ford, Marcellus, and Niobrara shales to the microbial action of 

the Sporosarcina pasteurii bacteria. The varying degree of biogeomechanical alterations 

observed between the Eagle Ford, Marcellus, and Niobrara shale specimens are controlled 

by the interplay between its pre- and post-cultivation mineralogical compositions. 

4.6.2 The Implications of Biogeomechanical Alterations for Geologic CO2 Storage  

After the cultivation period, the microbial altered samples appear to exhibit higher 

mechanical integrity in comparison to the uncultivated shale samples. This enhancement 

in mechanical integrity is characterized by the biogeomechanical altered properties and 

suggests that the cultivated shale samples are stronger and more difficult to break, thereby 

improving CO2 storage security in shale reservoirs.  
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The biogeomechanical alterations are more significant in the localized properties of 

the shale samples than in the bulk properties. We suspect that this is due to the reduced 

microbial depth of invasion across the surface of the core samples, which solely contributes 

to the localized geomechanical properties. In addition, the heterogeneous, low porosity, 

and ultra-low permeability characteristic nature of shale reservoirs with microfractures is 

also a contributing factor. The bulk biogeomechanical altered properties are measured and 

estimated from the total volume of the core sample. The microbes being microscopic will 

interact with the shale rock specimens depending on optimum time, availability of growth 

medium in those pores, and the existence of microfractures. During the cultivation process, 

the microbial activities are first concentrated on the surface of the shale cores samples, and 

subsequently temporally begin to grow into the micropores, occluding the micropores by 

depositing calcite crystals in the process. These deposited calcite crystals develop as a 

consolidated array on the matrices and increase their particle size (Figure 4.12-4.14).  

Similarly, these deposited calcites can also develop between the mineral grains, as a cement 

fill in the pore spaces (Figure 4.12-4.14). These newly developed calcites form a uniform 

colloidal network in the microstructures, thereby increasing the strength of the intra-

granular, the inter-granular boundary, and the micropore cementations. Hence, the 

evidence of biogeomechanical modifications is more pronounced in the local properties 

than in the bulk core properties of shale rocks. Therefore, we can expect biogeomechanical 

alterations to have a higher impact near the CO2 injection wells, in addition to the 

occlusions of the micro- and meso-fractures, thereby concurrently sealing the formation 

after CO2 injection and storage.  

The permeability of the treated shale samples was altered after cultivation, with a 

reduction in Eagle Ford (-99%), Marcellus (-80%), and Niobrara (-98%) shales. The results 

of this study show a reduction in permeability of shale reservoirs, which are consistent with 

the previous reports of permeability reduction in geological formations due to the action of 

Sporosarcina pasteurii (Cunningham et al., 2015; Phillips et al., 2015a; Gao et al., 2019). 

Similarly, the porosity of treated samples was reduced after cultivation, with a 32% 

decrease in Eagle Ford, 29% in Marcellus, and  54% in Niobrara shales. Therefore, the 

permeability and porosity results suggest that the cultivated shale core samples have been 

altered to a significant impermeable state. 
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The biogeomechanical alterations observed in the shale samples are controlled by 

the interplay between its mineralogy (calcite precipitation, clay minerals, and non-clay 

minerals), which can ultimately influence the long-term CO2 storage potential. XRD 

quantification results show that calcite mineral deposition increased by 28% in Eagle Ford 

shale (Figure 4.15e-f), 26% in Marcellus shales (Figure 4.16e-f), and 8.3% in Niobrara 

shales (Figure 4.17e-f). These increased calcite depositions contributed to the enhancement 

of the mechanical integrity of the microbially-altered shale rocks. A very small increase in 

clay content (1 - 2%) of rock can significantly reduce the rock strength, resulting in quick 

deformation of the rock (Han et al., 1986; Plumb, 1994; Hawkins, 1998; He et al., 2020). 

In shale rocks injected with SC-CO2, previous studies have shown that the non-clay 

minerals are most likely to relatively increase, due to the presence of silicate minerals 

having high-dissolution susceptibility during CO2 injection, and eventually precipitating 

carbonate solids in the process (Yin et al., 2016; Ao et al., 2017). Our observations from 

the clay mineral and non-clay mineral compositions of the shale rocks after 30 days 

cultivation period (Figure 4.15e; Figure 4.16e; Figure 4.17e), show that the clay mineral 

content has been reduced by 66% in Eagle Ford, 46% in Marcellus, and 56% in Niobrara 

shales. The observed increase in calcite depositions, decrease in clay contents, and increase 

in non-clay contents, contributed to the biogeomechanical alterations in shales, which 

enhanced the mechanical integrity of the treated shale core samples after cultivation. 

Furthermore, this can increase the potential for mineral-trapping mechanisms during long-

term CO2 storage in shales. 

The local and bulk alterations in shale rock samples suggest that microbial induced 

cementation has the potential of occluding natural microfractures and artificially-induced 

meso- and mega-fractures in shale reservoirs with a high degree of heterogeneity. These 

microbially induced occlusions are synthesized by the action of Sporosarcina pasteurii 

bacteria on shale rocks. The microbial induced cementation can significantly enhance the 

local and bulk mechanical properties of shale reservoirs.  
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Figure 4. 15 Eagle Ford shales at different cultivation conditions: (a) Continuous UCS log 

profiles; (b) Mean UCS; (c) Mean Poisson’s ratio; (d) Mean Scratch toughness; (e) 

Calcite precipitation and clay fraction; (f) Mineral distribution; (g) Permeability; (h) 

porosity. (Error bars indicate standard deviation from the mean value). 
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Figure 4. 16 Marcellus shales at different cultivation conditions: (a) Continuous UCS log 

profiles; (b) Mean UCS; (c) Mean Poisson’s ratio; (d) Mean Scratch toughness; (e) 

Calcite precipitation and clay fraction; (f) Mineral distribution; (g) Permeability; (h) 

porosity. (Error bars indicate standard deviation from the mean value). 



 Texas Tech University, Oladoyin Kolawole, May 2021 

127 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 17 Niobrara shales at different cultivation conditions: (a) Continuous UCS log 

profiles; (b) Mean UCS; (c) Mean Poisson’s ratio; (d) Mean Scratch toughness; (e) 

Calcite precipitation and clay fraction; (f) Mineral distribution; (g) Permeability; (h) 

porosity. (Error bars indicate standard deviation from the mean value). 
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The injection of CO2 in deep geologic formations for long-term storage requires the 

compression of CO2 to a pressure that exceeds the formation pressure. This exerts further 

pressure on the already high-pressured deep reservoirs, thereby making it imperative to 

adopt safe and efficient methods of increasing the long-term mechanical integrity of the 

CO2 storage reservoir units. Thus, results suggest that the biogeomechanical alterations, 

which result in the substantial reduction of its already low permeability and porosity, 

increase in calcite depositions, reduction in clay mineral content, increase in its non-clay 

content; makes this study a viable assessment in solving the long-term storage security of 

CO2 in shale reservoirs. 
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CHAPTER 5 

IMPACT OF INTEGRATED BIOGEOMECHANICS ON CO2 

STORAGE IN DEPLETED HYDROCARBON RESERVOIRS: 

INSIGHTS FROM WOLFCAMP SHALE 

5.1 Overview 

The depleted shale reservoirs have shown promising potentials for permanent 

geological CO2 storage (GCS) in either as a caprock or reservoir storage unit. In this study, 

we experimentally investigated the impact of localized biogeomechanical process on 

caprock integrity and CO2 storage in a depleted heterogeneous reservoir, using subsurface 

samples from Wolfcamp shale formation and a microbial strain. We first obtained the 

mechanical properties of shale samples using the scratch test method, in addition to the 

measurement of their initial porosity. We treated the shale core samples with a bacteria 

strain at distinct conditions. Further, we obtain the post-treatment mechanical properties 

and the new porosity measurement of the microbially-treated shale samples. Finally, we 

analyzed the effect of the modified properties on the long-term CO2 storage in the 

Wolfcamp shale formation. Our results indicated that in depleted Wolfcamp shale 

reservoirs, microbially-altered properties could decrease the porosity, and enhance long-

term caprock integrity and the security of stored CO2. 

5.2 Introduction 

Biogeomechanics is the scientific study of how biological processes influence the 

mechanical properties and behavior of rock and soil (Kolawole et al., 2021). Few studies 

have attempted to investigate the effect of biological processes on the geochemical (Abdel 

Aal et al., 2004; Atekwana et al., 2006), physical and mechanical properties of 

unconsolidated sandstones (Kalish et al., 1964; Phillips et al., 2015a; Hudyma et al., 2018), 

carbonates (Raleigh and Flock, 1965), and minerals (Mueller and Défago, 2006). 

The bacterium Sporosarcina pasteurii (ATCC® 11859™) (Yoon et al., 2001), also 

known as Bacillus pasteurii, was utilized for this study. The bacterium Sporosarcina 

pasteurii, was observed to rapidly precipitate calcite in sand columns as the bacteria growth 
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increases, for selective cementation and plugging of porous media (Stocks-Fischer et al., 

1999). 

Shale reservoirs, with ultra-low permeability, require reservoir-stimulation techniques 

to inject or extract fluids from the shale reservoirs (Jia et al., 2019; Schwartz et al., 2019b; 

Kolawole and Ispas, 2020a; Kolawole et al., 2020a). The clay particle orientation, 

heterogenous layering, and microfissures are causes of high anisotropy in shale rocks 

(Hornby et al., 1993). Studies have shown that shale reservoirs have promising potentials 

for permanent geological CO2 storage (GCS) (Kang et al., 2011; Aljamaan et al., 2017; 

Kim et al., 2017; Azenkeng et al., 2020; Goodman et al., 2020). In another study (Jin et al., 

2017), shale formations show their potential to trap and store supercritical carbon dioxide 

(SC-CO2) under a wide range of pressures. Similarly, another research study results 

indicate that shale reservoirs can contribute to potential GCS storage after depletion 

through primary production (Levine et al., 2016). The physical, mechanical, and 

mineralogical heterogeneity in shale reservoirs makes it important to conduct a 

geomechanical assessment of the localized properties of shale reservoirs for long-term 

GCS. 

In this chapter, I will investigate the impact of microbially-modified geomechanical 

properties on caprock integrity and CO2 storage in depleted Wolfcamp shale formation, 

using a microbial solution of Sporosarcina pasteurii. I will first obtain the geomechanical 

properties using the scratch test method, in addition to the mineralogical, microstructural, 

and porosity measurements of the subsurface Wolfcamp shale samples. Subsequently, I 

will treat the core samples with the cultured microbial solution at distinct conditions. 

Further, I will obtain the post-treatment mechanical properties, in addition to the new 

porosity measurement of the shale rock samples impacted by the process. Finally, I will 

show the impact of these altered properties on geological CO2 storage in Wolfcamp shale 

rocks. I will show that in depleted Wolfcamp shale reservoirs, in-situ biogeomechanical 

alterations can potentially seal near-wellbore fractures, and impact its long-term GCS 

potential. 
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5.3 Materials and Methods 

5.3.1 The Wolfcamp Shale Reservoir 

In this chapter, I utilized subsurface core samples from Wolfcamp shale formation. 

The Wolfcamp shale is located in the Midland Sub-Basin portion of the Permian Basin, 

Texas. In Wolfcamp formation, the permeability measurements are in the range of 1 -50 

nD, and the porosity measurements are in the range of 0.89-12% (EIA, 2018b; Bhandari et 

al., 2019; Garner, 2019; Jones, 2019; Ramiro-Ramirez et al., 2018, 2020). 

5.3.2 Rock Samples 

In this experimental study, I utilized two (2) subsurface cores (A# and B#) from 

Wolfcamp shale formations, that can be classified as typical dolomitic shale because they 

are dominated by siliciclastic grains (>75% noncarbonate grains). The cores were further 

cut into shorter core samples and disk samples as grouped in Table 1. The rock samples 

contain a pre-existing microfractures. The disk samples (A#0) was taken from the bottom 

of core sample A#. The core samples (A#2, A#3, and B#1) are cylindrical in size with an 

average height of 2.54 cm height and 2.54 cm in diameter. Prior to the conduct of 

subsequent experiments on the Wolfcamp shale core samples, the samples were kept in 

their preserved state, to prevent evaporation of formation fluids. 

 

Table 5. 1 Rock Samples and Grouping 

S/N Core 

Sample 

Treatment 

Period 

(Days) 

Rock 

Sample  

Microbial 

Treatment 

Measurement  Group  

1 A#0 0/30 
Disk 

Sample 

Untreated/ 

Treated 

Pre- and Post-

Treatment 

SEM & XRD 

Group 1 

2 A#2 0 Full Core Untreated Scratch Test Group 2 

3 A#3 30 Full Core Treated 
Porosity, 

Scratch Test 
Group 3 

4 B#1 30 Full Core Treated Scratch Test Group 4 
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5.3.3 Treatment 

The microbe Sporosarcina pasteurii, was grown with Luria broth medium inside a 

Lab-Line 4628 Incubated Orbital Shaker at 220 rpm at 30 °C for 24 h, to yield a cultured 

microbial solution.  

The treatment procedure was performed in a Laboratory with a room temperature 

of 25 °C. In the first step, the core samples were treated by immersion for 24 hr in the 

cultured solution and then removed. Secondly, the samples were immersed in glass beakers 

containing feedstock of 2.5M urea [CO(NH2)2] and 2.5M calcium chloride (CaCl2). These 

glass beakers were placed inside an incubator at 30 °C for 30 days. 

5.3.4 Scratch Test  

The scratch test is a quasi-non-destructive method is based on pushing a tool 

(cutter) across the surface of a rock and tracing the groove created, at a given penetration 

depth (Kolawole and Ispas, 2020b). The scratch test method measures horizontal (FT) and 

vertical (FV) forces and infers the unconfined compressive strength (UCS). The scratch 

toughness (Ks) is estimated from the horizontal scratch force (FT).  

The mechanical parameters that we measured through the Scratch Test method 

include horizontal (FT) and vertical (FV) scratch forces, unconfined compressive strength 

(UCS).  

In this experimental study, we utilized the Wombat scratch machine to scratch core 

samples at penetration depths (d) in the range of  0.05 - 0.25 mm, with a cutting velocity 

of 5 mm/s. The data from these tests allow us to obtain the scratch toughness (Ks) values 

along the core specimens. The Ks, in MPa·√m,  is an estimate of the fracture toughness 

(KIC) of the rock.  

As shown in Table 1, pre- and post-treatment scratch tests were conducted on the 

same surface in the A#2 core sample, and a post-treatment scratch test was conducted on 

the A#3 core sample after the porosity measurement. Similarly, pre- and post-treatment 

scratch tests were conducted on the same surface in B#1 sample. 
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5.3.5 Porosity Measurement 

The porosity (𝜙) of the core sample in Group 3 was measured using a helium 

porosimeter (CoreLab UltraPoreTM300)  before and after the treatments. This porosimeter 

uses Boyle’s Law (eq. 2) to obtain the pore volume or grain volume from the expansion of 

a given mass of helium into the calibrated sample holder.   

𝜙 =
𝑉𝑝

𝑉𝑇
=  

𝑉𝑇 − 𝑉𝑔

𝑉𝑇 
     (1) 

𝑃1𝑉1

𝑇1
=  

𝑃2𝑉2

𝑇2
     (2) 

where: 𝜙 is the porosity, Vp is the pore volume, Vg is the grain volume, VT is the 

total volume, P1 is the initial pressure, P2 is the expanded pressure, V1 is the initial volume, 

V2 is the expanded pressure, T1 is the initial temperature, T2 is the expanded temperature.  

5.3.6 X-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM) 

X-ray diffraction (XRD) was used to analyze the mineral composition and clay 

fraction of all the samples before and after cultivating samples with the microbial solution. 

This quantification was done using the reference intensity ratio (RIR) method, which 

considers the major phase reflexes against a highly crystalline standard (corundum). 

Due to the micropore structure and complex fracture networks in shale formations, 

a scanning electron microscope (SEM) was used to characterize the microstructural 

features of the shale matrix in the rock samples. The SEM was conducted on marked areas 

of the samples before and after cultivating samples with the microbial solution, to show 

the surface morphology, mineral grain exposure, and the microfissures between grains. 

5.4 Results and Discussion 

5.4.1 Assessment of the Biogeomechanical Properties of Wolfcamp Shales 

Figure 5.1 shows the continuous UCS profiles of the pre- and post-treatment 

Wolfcamp shale samples. The pre-treatment UCS values are in the range of 48.5 – 54.7 

MPa (A#2 sample) and 59.2 – 72.9 MPa (B#1 sample). The post-treatment values of A#2, 

A#3, and B#1 are in the range of 51.3 – 57.9 MPa, 51.8 – 59.9 MPa, and 73.3 – 107.3 MPa, 

respectively. The average UCS of pre-treatment Wolfcamp shale cores investigated in this 

study were in a range between 51 – 66 MPa, whereas the average UCS of the corresponding 
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post-treatment cores ranged between 54 – 88 MPa. The observations from these results 

showed a significant increase in the UCS  Wolfcamp shale cores relative to the pre-

treatment cores.  

 

Figure 5. 1 Unconfined compressive strength (UCS) of pre-treatment and post-treatment 

shales. 

 

The Ks values of the A#2, A#3, and B#1 Wolfcamp shale samples are presented in 

Figure 5.2. The pre-treatment Ks values of A#2 and B#1 samples are in the range of 2.88 – 
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3.91 MPa·√m and 2.44 – 3.37 MPa·√m, respectively. The post-treatment Ks values of A#2, 

A#3, and B#1 are in the range of 4.27 – 6.99 MPa·√m, 4.10 – 6.93 MPa·√m, and 4.16 – 

6.58 MPa·√m, respectively. The average Ks of pre-treatment Wolfcamp shale cores 

investigated ranged between 3.02 – 3.29 MPa·√m, whereas the average Ks of the 

corresponding post-treatment cores increased to a range between 5.93 – 6.01 MPa·√m. 

Therefore, the observations from the UCS and Ks results showed an enhancement of the 

mechanical integrity of the Wolfcamp shale cores due to the impact of the microbial 

process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 2 Scratch toughness (Ks) of pre-treatment and post-treatment Wolfcamp shales. 
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Figure 5. 3 Porosity measurements of pre-treatment and post-treatment Wolfcamp shales. 

 

Figure 5. 4 XRD result showing mineral composition of pre- and post-treatment 

Wolfcamp shales. 
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After treatment of the same A#2 sample, the scratch test conducted on the same 

scratch surface showed a significant increase in the UCS and Ks comparison to the values 

of the pre-treatment A#2 sample. The relatively higher post-treatment values of UCS and 

Ks observed in sample A#3 can be attributed to the scratch test that was conducted on the 

A#2 samples prior to treatment, which weakened the pre-existing cementation between the 

mineral grains, in addition, to further greater microfractures that could have been 

artificially induced during the pre-treatment scratch test. Only a post-treatment scratch test 

was conducted A#3 sample, and the UCS and Ks measurements were measured in the intact 

condition of the A#3 sample without any damage and alteration to the pre-treatment 

cementation and pre-existing microfractures in the A#3 core sample. 

The biogeomechanical alterations observed in the UCS and Ks results of the 

Wolfcamp shales were also evident in the porosity measurements and the mineralogical 

properties. The porosity (Figure 5.3) of the Wolfcamp shales decreased from 5.54% (pre-

treatment) to 3.46% (post-treatment). Similarly, the mineralogical properties (Figure 5.4) 

showed changes in the mineral contents of the post-treatment shale samples relative to the 

pre-treatment samples. The results in Figure 5.4 showed an increase in the calcite and 

dolomite contents, with a reduction in the clay mineral content (illite). 

 

Figure 5. 5 Scanning Electron Microscope (SEM) results showing  microstructural 

analyses of pre-treatment and post-treatment Wolfcamp shales. 
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In Figure 5.5, the post-treatment SEM images showed a deposit of calcite and 

dolomite minerals in the micropores between the mineral grains, which helps to seal the 

microfractures in the shale rock sample as suggested in the rock fabric. 

5.4.2 Implications for Geological CO2 Storage in Wolfcamp Shale Formation 

After the treatment period, the biogeomechanical alterations observed in the 

Wolfcamp shales suggests a relatively higher mechanical integrity (UCS and Ks) in 

comparison to the pre-treatment samples. The observed 38% decrease in the porosity of 

the post-treatment Wolfcamp shale rocks with a pre-existing low porosity, suggests that 

the reservoir storage units in the Wolfcamp shale rocks are secured from leakage. 

The increase in the mechanical integrity of the Wolfcamp shales observed in our 

results can be attributed to biogeomechanical alterations, and these alterations were also 

observed in the porosity measurements, mineralogical properties, and microstructural 

properties. A minimal increase in clay content (~2%) of a rock can significantly decrease 

its rock strength, resulting in quick deformation of the rock (Plumb 1994; He et al. 2020). 

In Figure 5.4, the results showed a 26% decrease in clay mineral content, which further 

indicates that the post-treatment Wolfcamp shale rocks have a greater mechanical integrity 

than the pre-treatment rocks.  

Biogeomechanical alterations, in addition to other modified properties of shale 

rocks, can enhance the long-term caprock integrity and storage security by mitigating any 

potential leakage to the atmosphere (Kolawole et al., 2021). Thus, a similar trend in 

biogeomechanical alterations was observed in the post-treatment Wolfcamp shale 

reservoirs, in addition to a decrease in porosity, increase in calcite and dolomite deposits, 

with an increase in clay mineral content.   

Further, the biogeomechanical alterations in the Wolfcamp shales due to the impact 

of the microbial process indicates that the treated Wolfcamp shale samples are stronger and 

more difficult to break, thereby improving the caprock integrity and CO2 storage security 

in the Wolfcamp shales.  
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Publication of the Results:  

Kolawole O., Kumar M., Ispas I., Huffman K. (2021) Impact of Integrated 

Biogeomechanics on CO2 Storage in Depleted Hydrocarbon Reservoirs: Insights from 

Wolfcamp Shale. American Rock Mechanics Association, 55th US Rock Mechanics/ 

Geomechanics Symposium, Houston, Texas. 
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CHAPTER 6 

BIOGEOMECHANICAL ALTERATION OF NEAR-WELLBORE 

PROPERTIES: IMPLICATIONS FOR HYDROCARBON 

RECOVERY 

6.1 Overview 

Unconventional shale reservoirs, with typically ultra-low permeabilities, have been 

a major focus of hydrocarbon production over the past few decades. In this paper, we 

investigated how biogeomechanical alteration of near-wellbore properties could potentially 

impact hydrocarbon recovery from low-permeability reservoirs, using Wolfcamp shale and 

Niobrara shale formations. We first obtained the geomechanical properties using the 

scratch test method, in addition to the mineralogical, microstructural, and porosity 

measurements of the shale samples. Subsequently, we treated the core samples with a 

cultured microbial solution at distinct conditions. Further, we obtained the corresponding 

new geomechanical properties, in addition to the new mineralogical, microstructural, and 

porosity measurements of the samples impacted by the process. Finally, we showed the 

implications of the altered near-wellbore properties for hydrocarbon recovery from shale 

reservoirs. Our results suggest that in shale reservoirs, microbial-induced alterations of near 

well-bore properties could improve porosity (+43%) by reducing its mechanical integrity 

(-23% unconfined compressive strength, -28%  scratch toughness), and impact the 

microstructural and mineralogical properties, thereby improving hydrocarbon recovery 

potential from the shale reservoirs. 

6.2 Introduction 

Biogeomechanics is the scientific study of how biological processes influence the 

mechanical properties and behavior of rock and soil (Kolawole et al., 2021). Few studies 

have attempted to investigate the effect of biological processes on the geochemical (Abdel 

Aal et al., 2004; Atekwana et al., 2006), physical and mechanical properties of 

unconsolidated sandstones (Kalish et al., 1964; Phillips et al., 2015a, 2015b; Hudyma et 

al., 2018), carbonates (Raleigh and Flock, 1965), and minerals (Mueller and Défago, 2006). 
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The bacterium Clostridium acetobutylicum (ATCC® 824™) (Sreekumar et al., 2015) 

is utilized for this study, and it is also known as “Weizmann Organism”. In a research study 

(Banat, 1995), molasses were injected together with Clostridium acetobutylicum into 

sandstone rock samples, the metabolism action of the bacteria increased the reservoir 

permeability, and hence significantly improved oil recovery. In a microbial enhanced oil 

recovery (MEOR) study (Van Hamme et al., 2003), the in-situ growth and metabolism 

action of Clostridium acetobutylicum reduced the interfacial tension and increased 

microscopic oil-displacement efficiency, hence improving hydrocarbon recovery. The 

study further established that the synthesis of the organic acid metabolite by Clostridium 

species dissolved the minerals-grain bond (cementation) in reservoir rocks, and increases 

pressure and permeability. 

Shale formations typically have ultra-low permeability, and hydraulic fracturing is the 

most-efficient conventional reservoir-stimulation technique used in producing oil and gas 

(hydrocarbon) from unconventional shale reservoirs (Schwartz et al., 2019b; Kolawole et 

al., 2020a). In shale plays, efficient hydraulic fracturing stimulation and horizontal drilling 

are highly dependent on rock mechanical properties, and the states of stress (Enriquez-

Tenorio et al., 2019; Kolawole and Ispas, 2020a). The clay particle orientation, 

heterogenous layering, and microfissures are causes of high anisotropy in shale rocks 

(Hornby et al., 1993). Another research was conducted recently to investigate the impact 

of pore-alteration on hydrocarbon recovery and CO2 storage in shale unconventional 

reservoirs (Goodman et al., 2020). The result shows that the pore-alteration processes can 

affect the movement of hydrocarbon out of the pore spaces (i.e. opening of the pores) at a 

micro-scale. 

In this chapter, I will investigate how biogeomechanical alteration of near-wellbore 

properties could potentially impact hydrocarbon recovery from shale reservoirs, using 

Wolfcamp and Niobrara shale samples and a cultured microbial solution of Clostridium 

acetobutylicum. I will first obtain the geomechanical properties of the core samples using 

the scratch test method, in addition to the mineralogical, microstructural, and porosity 

measurements of the rock samples. Subsequently, I will treat the rock samples with the 

cultured microbial solution of Clostridium acetobutylicum at distinct conditions. Further, I 
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will obtain the corresponding new geomechanical properties, in addition to the new 

mineralogical, microstructural, and porosity measurements of the shale rock samples 

impacted by the microbial process. Finally, I will assess the impact of changes in the near-

wellbore properties on hydrocarbon recovery from shale reservoirs. I will show that in 

shale reservoirs, in-situ biogeomechanical process can impact near-wellbore properties, 

and have implications for hydrocarbon recovery. 

6.2.1 The Geological Background 

In this chapter, I utilized subsurface core samples from Wolfcamp shale formation 

and outcrop core samples from Niobrara shale formation.  

The United States is currently the largest global crude oil producer according to the 

U.S Department of Energy report, and the shale formations in the United States have 

contributed significantly to this feat (EIA, 2018a).  

 

Figure 6. 1 The crude oil and natural gas production in the Permian Basin from 2007 to 

2018 (EIA, 2018c). 

 

Starting in 2007, the reservoir-stimulation techniques adopted has been responsible 

for much of the hydrocarbon production growth in the Permian Basin (EIA, 2018c). In 
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2018, the Wolfcamp shale accounted for approximately one-third (1 million BOPD) of the 

total Permian crude oil production and over one-third (4 billion cf/d) of the Permian natural 

gas production (EIA, 2018c), as shown in Figure 6.1. Similarly, from 2004 to 2018, the 

shale formations in the United States accounted for the majority of the total crude oil and 

dry natural gas production (EIA, 2019), as shown in Figure 6.2.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. 2 The Monthly U.S. Production between 2004 and 2018  (a) Dry Natural Gas; 

(b) Crude Oil. [(Modified after (EIA, 2019)]. 

 

The Wolfcamp shale is located in the Midland Sub-Basin portion of the Permian 

Basin, Texas. The assessment of Wolfcamp shale showed an estimated mean of 20 billion 

STB of oil and 1 trillion SCF of associated natural gas (USGS, 2016; JPTS, 2018). In 

Wolfcamp shale formation, the permeability measurements are in the range of 1 -50 nD, 

and the average porosity of Wolfcamp shale formation ranges from 0.89 – 12 % (EIA, 
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2018b; Bhandari et al., 2019; Garner, 2019; Jones 2019; Ramiro-Ramirez et al., 2018, 

2020). 

The Niobrara Shales are located in Northeastern Colorado and parts of adjacent 

Wyoming, Nebraska, and Kansas. The Niobrara shales have a low porosity (𝜙) (<10%), 

and ultra-low permeability (<1 μD) (Pathak et al., 2014; Iriarte et al., 2018).  

6.3 Method and Data 

6.3.1 Rock Samples  

In this experimental study, I utilized three (3) cores from subsurface Wolfcamp shale 

(X# and Y#) and outcrop Niobrara shale (N#) formations. The Wolfcamp shale and 

Niobrara shale cores utilized in this study can be classified as carbonate shales because 

they are dominated by calcite and quartz grains. The cores were further cut into shorter 

core samples and disk samples as grouped and described in Table 1. The disk samples were 

taken from the bottom of core samples X# and N#. The full core samples are cylindrical in 

size. The shale core samples are prepared orthogonally (90°) to the bedding plane. The core 

samples N#, X#, and Y# were originally single intact cores, which were later cut into other 

2 or 3 sister-core samples. Prior to the conduct of subsequent experiments on the Wolfcamp 

shale core samples, the samples were kept in their preserved state. 

Table 6. 1 Rock Samples and Grouping 

S/

N 

Shale 

Sample 

Sample 

Source and 

Formation 

Type  

Treatm

ent 

Period 

(Days) 

Rock 

Sample  

Microbial 

Treatment 

Measurement  Groups  

1 X#0 Subsurface 

Wolfcamp 

0/20 Disk 

Sample 

Untreated/ 

Treated 

Pre- and Post-

treatment SEM 

& XRD 

1 

2 N#0 Outcrop 

Niobrara 

0/20 Disk 

Sample 

Untreated/ 

Treated 

Pre- and Post-

treatment SEM 

& XRD 

2 

5 N#1 Outcrop 

Niobrara 

0 Full Core Untreated Pre-treatment 

Scratch Test 
3 

6 X#2 Subsurface 

Wolfcamp 

0 Full Core Untreated Pre- and Post-

treatment 

Scratch Tests  
4 
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7 X#3 Subsurface 

Wolfcamp 

20 Full Core Treated Porosity, Post-

treatment 

Scratch Test 
5 

8 Y#1 Subsurface 

Wolfcamp 

0 Full Core Untreated Pre- and Post-

treatment 

Scratch Test  

4 

9 Y#2 Subsurface 

Wolfcamp 

20 Full Core Treated Porosity, Post-

treatment 

Scratch Test 

5 

10 N#2 Outcrop 

Niobrara 

20 Full Core Treated Post-treatment 

Scratch Test 6 

 

The Niobrara shale core samples contain little-to-no pre-existing natural fractures. 

The Niobrara shale samples (disk and full-core samples) were kept in an oven at 60°C until 

there was no change in unit mass, to remove water present in the pore spaces. This will 

exclude the water effect on shale rock samples from our results and analyses. 

6.3.2 Core Microbial Treatment 

The microbe Clostridium acetobutylicum (ATCC® 824™), an anaerobic bacteria, 

was grown with a Fluid Thioglycolate Medium inside a Lab-Line 4628 Incubated Orbital 

Shaker at 220 rpm at 37 °C for 24 h, to yield a cultured microbial solution.  

The treatment experiment was performed in a laboratory with a room temperature in 

the range of 25 - 28 °C. The core and disk samples were treated by immersion in the 

cultured microbial solution inside Corning™ Falcon 50mL Conical Centrifuge Tubes, and 

these tubes are stable for a temperature of -10 °C to +80 °C. Subsequently, each of the 

tubes were tightly-sealed with their caps to ensure air-tight and pressure conditions that is 

substantially greater than the ambient pressure. The tubes are later kept in glass beakers 

before placing them inside an incubator with a constant temperature of 37 °C for 20 days. 

6.3.3 Scratch Test  

The scratch test is a quasi-non-destructive method based on pushing a tool (cutter) 

across the surface of a rock and tracing the groove created, at a given penetration depth 

(Kolawole and Ispas, 2020b). The scratch test method measures horizontal (FT) and vertical 

Table 6.1. Continued 



 Texas Tech University, Oladoyin Kolawole, May 2021 

146 
 

(FV) forces and infers the unconfined compressive strength (UCS). The scratch toughness 

(Ks) is estimated from the horizontal scratch force (FT).  

The mechanical parameters that we measured through the Scratch Test method 

include horizontal (FT) and vertical (FV) scratch forces, and unconfined compressive 

strength (UCS).  

In this experimental study, we utilized the Wombat scratch machine (Figure 6.3) to 

scratch core samples at penetration depths (d) in the range of  0.05 - 0.25 mm, with a cutting 

velocity of 5 mm/s. The data from these tests allow us to obtain the scratch toughness (Ks) 

values along the core samples. The Ks, in MPa·√m,  is an estimate of the fracture toughness 

(KIC) of the rock given by the following relationship (Akono 2013; Akono and Kabir 2016): 

𝐾𝑠 =
𝐹𝑇

√2𝑝𝐴 𝑐 
   [𝑀𝑃𝑎 · √𝑚]      (1) 

where: Ac is the contact area due to horizontal force (FT) in the scratch direction for 

a rectangular-shaped cutter, and p is fracture surface perimeter for a cutter width (w) at 

maximum cutter penetration depth (d). 

The pre- and post-treatment scratch tests of samples X#2 and Y#1 were conducted on the 

same groove of their scratch surfaces. 

 

 

 

 

 

 

 

Figure 6. 3 Epslog Wombat machine (Pre-modified Image courtesy of Epslog S.A.). 
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6.3.4 Porosity Measurement 

The porosity (𝜙) of the core samples was measured using a helium porosimeter 

(CoreLab UltraPoreTM300)  (Figure 6.4) before and after the treatments. This porosimeter 

uses Boyle’s Law (eq. 3) to obtain the pore volume or grain volume from the expansion of 

a given mass of helium into the calibrated sample holder.   

𝜙 =
𝑉𝑝

𝑉𝑇
=  

𝑉𝑇 − 𝑉𝑔

𝑉𝑇 
     (2) 

𝑃1𝑉1

𝑇1
=  

𝑃2𝑉2

𝑇2
     (3) 

where: 𝜙 is the porosity, Vp is the pore volume, Vg is the grain volume, VT is the 

total volume, P1 is the initial pressure, P2 is the expanded pressure, V1 is the initial volume, 

V2 is the expanded pressure, T1 is the initial temperature, T2 is the expanded temperature. 

 

 

 

 

 

 

 

 

Figure 6. 4 UltraPoreTM300 Porosimeter  

 

6.3.5 X-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM) 

X-ray diffraction (XRD) was used to analyze the mineral composition and clay 

fraction of the core samples before and after the treatment periods. The sample preparation 

for XRD measurement included hand-crushing into a fine, consistent powder and back-

loading into sample mounts to minimize the effect of preferential orientation. The XRD 
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analyzes was carried out with a Bruker D8-Advanced diffractometer installed at Texas 

Tech University’s Geosciences Department, and run with step scan parameters in the 

Bragg-Brentano geometry using CuKa radiation. The measurement settings were 40 kV 

and 40 mA with sample mounts scanned from 3 to 70 2ϴ. This quantification was done 

using the reference intensity ratio (RIR) method, which considers the major phase reflexes 

against highly crystalline standard (corundum). 

The scanning electron microscope (SEM) images are collected by Hitachi S/N 4300 

with variable pressure backscattered electron detector at accelerating voltage of 10 kV. The 

variable pressure is set to minimize charging on the sample surface. Due to the micro pore 

structure and complex fracture networks in shale formations, the SEM images were used 

to characterize the microstructural features of the matrix in the core samples. The SEM 

images were acquired on marked areas of the same samples before and after the treatment 

periods, to show the surface morphology, mineral grain exposure, and the microfissures 

between grains. The images were collected at 900, 2000 and 6000 magnifications. 

6.4 Results and Discussion 

6.4.1 Assessment of the Biogeomechanical Impacted Near-wellbore Properties 

The results of the pre- and post-treatment core samples from Wolfcamp shale 

(Figure 6.5) and Niobrara shale (Figure 6.6) formations showed their continuous UCS log 

profiles. In Fig 5a, the pre-treatment the UCS values of Wolfcamp shale sample X#2 are in 

the range of 100 - 105 MPa (Figure 6.5a; green continuous line). After the 20-day treatment 

of the same sample X#2, we observed a decrease in the UCS values along the same core 

sample in the range of 82 - 88 MPa (Figure 6.5a; red continuous line). The post-treatment 

observation in its sister-core sample X#3 showed UCS values along the core sample in the 

range of 79 - 89 MPa (Figure 6.5a; red dashed line). Similarly, in the Wolfcamp shale 

sample Y#1, the pre-treatment UCS values decreased from a range of 106 - 117 MPa 

(Figure 6.5b; green continuous line) to a post-treatment range of 78 – 89 MPa (Figure 6.5b; 

red continuous line). In its sister-core samples Y#2, the post-treatment showed UCS values 

in the range of 76 - 85 MPa (Figure 6.5b; red dashed line). 
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 Figure 6. 5 Unconfined compressive strength (UCS) of pre- and post-treatment 

Wolfcamp shale samples: (a) Samples X#2 and X#3; (b) Samples Y#1 and Y#2. 

 

Similarly, in the pre-treatment Niobrara shale sample, the UCS values along the 

core sample are in the range of 73 - 107 MPa (Figure 6.6; green continuous line). After the 

20-day treatment of the Niobrara shales, we observed a decrease in the UCS values along 

the core sample in the range of 59 - 82 MPa (Figure 6.6; red continuous line). The relative 

decrease observed in the post-treatment  UCS values of the Wolfcamp shale and Niobrara 

shale samples indicated a lower rock strength in the post-treatment samples. 
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Figure 6. 6 Unconfined compressive strength (UCS) of pre- and post-treatment Niobrara 

shale samples. 

 

The scratch toughness (Ks) obtained along the pre-treatment Wolfcamp X#2 core 

sample was in the range of 2.88 - 3.91 MPa·√m (Figure 6.7a). In the post-treatment 

Wolfcamp core samples X#2 and X#3, Ks values were in the range of 1.08 - 2.21 MPa·√m 

(Figure 6.7a) and 1.12 - 2.39 MPa·√m (Figure 6.7a) respectively. The pre-treatment Ks 

results for Wolfcamp Y#1 core sample was in the range of 2.89 - 3.64 MPa·√m (Figure 

6.7b), whereas the post-treatment Ks values for Wolfcamp samples Y#1 and Y#2 were in 

the range of 1.32 – 2.28 MPa·√m (Figure 6.7b) and 1.45 - 2.40 MPa·√m (Figure 6.7b), 

respectively. The Ks for the pre-treatment Niobrara core was in the range of 2.43 - 4.35 

MPa·√m (Figure 6.8). In the post-treatment sample, Ks was in the range of 2.86 - 3.21 

MPa·√m (Figure 6.8) along the core. The consistent relative decrease in Ks observed in the 

post-treatment Wolfcamp shale and Niobrara shale sampled indicated that the post-

treatment rock samples are relatively weaker. 
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Figure 6. 7 Scratch toughness (Ks) of Wolfcamp shales: (a) pre-treatment samples; (b) 

Post-treatment samples. 
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Figure 6. 8 Scratch toughness (Ks) of Niobrara shales: (a) pre-treatment samples; (b) 

Post-treatment samples. 

 

The porosity measurement results for the pre- and post-treatment Wolfcamp shale 

samples are presented in Figure 6.9 and Table 2. The results showed that the porosity of 

Wolfcamp shale samples X#3 and Y#2 relatively increased from 1.91% to 2.72% and 

1.95% to 2.76%, respectively after microbial treatment of the rock samples for 20 days. 

Table 6. 2 Pre- and Post-treatment Porosity measurements of Wolfcamp shale samples 

Wolfcamp 

shale Sample 

Pre-Treatment 

Porosity 

Post-Treatment 

Porosity 

Porosity Increase 

(%) 

X#3 1.91% 2.72% 43% 

Y#2 1.95% 2.76% 42% 
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Figure 6. 9 Results of pre- and post-treatment porosity measurements of Wolfcamp shale 

samples. 

 

The XRD results for the pre- and post-treatment Wolfcamp shale (Figure 6.10a; 

Table 3) and Niobrara shale (Figure 6.10b; Table 4) samples showed changes in their 

mineralogical properties after 20 days microbial treatment. In the post-treatment result of 

the Wolfcamp shale sample, the quartz and illite contents appeared to have relatively 

increased, whereas the calcite and dolomite contents showed a relatively slight decrease. 

A similar trend was also observed in the post-treatment result of  Niobrara shale sample, 

where the quartz, illite, and chlorite contents showed a relative increase, whereas the calcite 

content showed a relatively slight decrease.  
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Figure 6. 10 XRD result showing the mineral composition of pre- and post-treatment 

samples: (a) Wolfcamp shales; (b) Niobrara shales. 
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Table 6. 3 Pre- and Post-treatment Mineralogical composition of Wolfcamp shale 

samples 

Sample Quartz 

(%) 

Dolomite 

(%) 

Calcite 

(%) 

Albite 

(%) 

Illite (%) Pyrite 

(%) 

Pre-Treatment 43.2 0.6 50.0 1.7 2.5 2.0 

Post-Treatment 50.5 0.5 42.7 1.5 2.6 2.2 

 

Table 6. 4 Pre- and Post-treatment Mineralogical composition of Niobrara shale samples 

Sample Quartz 

(%) 

Calcite 

(%) 

Illite 

(%) 

Pyrite 

(%) 

Chlorite 

(%) 

Dolomite 

(%) 

Albite 

(%) 

Pre-Treatment 7.0 78.1 6.4 0.4 0.0 0.4 1.3 

Post-Treatment 10.8 77.3 8.6 0.5 0.8 0.6 1.4 

 

 

The SEM results showing microstructural analyses of pre- and post-treatment 

Wolfcamp and Niobrara shales are presented in Figure 6.11 and Figure 6.12, respectively. 

In Wolfcamp samples, the pre- and post-treatment SEM images (Figure 6.11a-f) suggests 

that the fabric of the rock samples was altered after the 20 days cultivation period. The 

fabric of the pre-treatment samples (Figure 6.11a-c) showed intergranular pores and little-

to-no micropores in the mineral grains. After the treatment period, the fabric of the same 

sample (Figure 6.11d-f) indicated a significant increase in the micropores of the Wolfcamp 

shale rocks. In the post-treatment Niobrara samples (Figure 6.12d-f), observations showed 

a relative decrease in the size of the mineral grains, and  a relatively higher degree of 

disintegration of the mineral grains in the post-treatment samples. 
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Figure 6. 11 Scanning Electron Microscope (SEM) results showing microstructural 

analyses of pre- and post-treatment Wolfcamp shales. 

 

 

Figure 6. 12 Scanning Electron Microscope (SEM) results showing microstructural 

analyses of pre- and post-treatment Niobrara shales. 
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6.4.2 The Implications for Hydrocarbon Recovery 

The post-treatment UCS, Ks, porosity, XRD, and SEM results (Figure 6.5 – Figure 

6.12) showed alterations (Appendix C) in the near-wellbore properties of the Wolfcamp 

shale and Niobrara shale rocks. In this study, we characterize the mechanical integrity of 

the investigated shale formations by their UCS and Ks. The biogeomechanical alterations 

of the near-wellbore properties showed an average UCS of the Wolfcamp shale samples 

decreased by 21% (from 107 MPa to 84 MPa), whereas the post-treatment average UCS of 

the Niobrara shale samples decreased by 24% (from 94 MPa to 71 MPa). The average Ks 

of Wolfcamp shale samples decreased by 42% (from 3.3 MPa·√m to 1.9 MPa·√m), 

whereas the post-treatment average Ks of the Niobrara shale samples decreased by 14% 

(from 3.5 MPa·√m to 3.0 MPa·√m). The near-wellbore alterations observed in the 

geomechanical properties indicate significant weakness in the mechanical integrity of the 

Wolfcamp and Niobrara shale rocks. This observed weakness in the mechanical integrity 

of shale may increase the fracture propagation when the fractures nucleate from this 

interval in the shale formation near the wellbore that has undergone biogeomechanical 

alterations, thus yielding a higher hydrocarbon recovery from such reservoirs. 

The post-treatment shale samples treated showed an average of 43% increase in the 

porosity of the shale rocks. This suggests that there was an increase in the interparticle 

pores in the shale reservoir, which can significantly increase the hydrocarbon recovery 

from the hydrocarbon-rich shale reservoirs near the wellbore. A very small increase in the 

clay content (1 - 2%) of rocks can significantly reduce their rock strength (Plumb, 1994; 

He et al., 2020). The post-treatment mineralogical composition of the Wolfcamp shale and 

Niobrara shale rocks showed an increase in their clay mineral contents (illite and chlorite). 

The quartz contents of shale rock have a significant effect on its porosity, and porosity 

increases with an increase in quartz content (Wang et al., 2018). The formation of 

authigenic quartz in shale can increase total quartz content, which fortifies the brittleness 

of rocks and is beneficial to hydrocarbon recovery from shale reservoirs (Liu et al., 2018; 

Zhang et al., 2020). Thus, the observed changes in the mineralogical properties of post-

treatment Wolfcamp and Niobrara shale samples showing a significant increase in quartz 

(36%) and clay mineral contents (25%) with a slight decrease in the calcite content (8%), 

further indicates a biogeomechanical alteration of the near-wellbore properties which 
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resulted in the relative increased porosity values observed in the rock samples after 

treatment.  

Also, the near-wellbore alterations observed in the microstructure of the shale rock 

further indicated a possible decrease in the cohesion of the post-treatment rock samples. 

The observed decrease in the mechanical cohesion of the rock, suggests an increase in pore 

size and degraded rock matrix, and hence, may yield an increase in hydrocarbon production 

from shale reservoirs. Further, in reservoir-stimulation processes (i.e., hydraulic fracturing 

or acidizing), fluids are injected into a wellbore to nucleate and grow fractures into the 

reservoir through the wellbore perforations.  During this process, the formation near the 

wellbore is fractured (hydraulic fracturing) or dissolved (acidizing) to enhance pre-existing 

or to create new hydrocarbon flow paths to the wellbore. To achieve a successful 

application of these reservoir-stimulation techniques to shale reservoirs, the design 

processes and treatment parameters (e.g., injection rate, injected fluid volume, etc.) are 

dependent on the properties of the target reservoir.  

Shale reservoirs can be most efficiently stimulated when the target formation is 

relatively more brittle with weaker mechanical integrity in addition to having a relatively 

higher quartz content, which makes it easier for fractures to nucleate and propagate for 

flow pathways to improve hydrocarbon recovery (Guo et al., 2015; Liu and Sun, 2015). 

Thus, with the application of biogeomechanical alterations presented in this study, we 

expect the target reservoir near the wellbore to require significantly lower injection 

pressure, lower injected fluid volume, and also less operation time to hydraulically 

stimulate the shale reservoir. Therefore, we envisage that the biogeomechanical 

modification of a reservoir with a subsequent reservoir-stimulation operation may enhance 

hydrocarbon recovery from shale reservoirs cost-effectively. Although our study only 

accounts for the near-wellbore properties of a rock, the biogeomechanical alteration of 

near-wellbore properties suggests that an enhanced hydrocarbon recovery from shale 

reservoirs can be achieved in combination with other reservoir-stimulation techniques.. 
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CHAPTER 7 

MECHANICAL ZONATION OF ROCK PROPERTIES AND THE 

DEVELOPMENT OF HYDROTHERMAL FLUID CIRCULATION 

PATHWAYS: IMPLICATIONS FOR ENHANCED GEOTHERMAL 

SYSTEMS 

7.1 Overview 

Oil and gas operations in sedimentary basins have revealed significant temperatures 

at depth, raising the possibility of major geothermal resource potential in the sedimentary 

sequences. The efficient development of such a resource may require enhancement by 

hydraulic stimulation. However, effective stimulation relies on an initial assessment of in-

situ mechanical properties and a model of the rock response. Here, we examine the 

distribution of mechanical properties (unconfined compressive strength, UCS; ultrasonic 

velocity-derived Poisson ratio, ν; and, scratch toughness, Ks) along the cored interval of a 

sedimentary formation with a known geothermal anomaly in the Permian Basin, U.S. Our 

results reveal the mechanical heterogeneity of the rock, demonstrated by four distinct 

alternating mechanical zones, which include: (1.) mechanically weaker 0.17 m-thick Zone-

A and 0.18 m-thick Zone-C with mean UCS = 110 MPa, ν = 0.25, Ks = 1.89 MPa·√m; and 

(2.) mechanically stronger 0.41 m-thick Zone-B and 0.15 m-thick Zone-D which show 

mean UCS = 166 MPa, ν = 0.22, and Ks  = 2.87 MPa·√m. Although X-ray Diffraction 

analyses of the samples suggest that the entire rock matrix is dominated by dolomite, the 

stronger zones show a higher abundance of quartz (>30%) and relatively lower 

phyllosilicate mineral content (<2%) than the weaker zones. Further, we observe that the 

mechanically stronger zones have the greatest occurrences of hydrothermal alterations 

(anhydrite veins and nodules), indicating that the cored interval had experienced 

hydrothermal fluid circulation in the past. We infer that the denser clustering of fractures 

in the stronger zones which facilitated the hydrothermal vein development, was due to the 

influence of mechanical stratigraphy on the brittle deformation and alteration of a 

sedimentary-hosted hydrothermal reservoir. Thus, we suggest that the stronger zones 

represent viable targets for hydraulic stimulation of a geothermal reservoir, both for the 

emplacement of new fractures and the linkage of pre-existing fractures. Our findings in 
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this study provide an analog for hydraulic stimulation of viable geothermal reservoir targets 

at higher in-situ temperatures and higher geothermal gradients. 

7.2 Introduction 

Enhanced geothermal systems (EGS) are reservoirs that have been stimulated to 

efficiently extract heat from low permeability high-temperature rocks (Nadimi et al., 2020). 

Hydraulic fracturing is one of the most efficient stimulation techniques currently 

considered for heat extraction from an EGS, through the injection of highly pressurized 

fluid into the formation to initiate and propagate or reactivate natural fractures. Hydraulic 

fractures (HF) play an important role in improving the heat extraction performance of an 

EGS (Murphy et al., 1977; Campbell et al., 1981; Zhou et al., 2018; Zhang et al., 2020). In 

assessing a viable geothermal reservoir, three important components are required for 

consideration, and they are: heat;  mobile fluid; and permeability (Nadimi et al., 2020). 

Reactivation of pre-existing natural fractures (NF) induced by injection fluid has become 

widely accepted as an important mechanism for fracture network connectivity and 

permeability enhancement in EGS reservoirs (Pine and Batchelor, 1984; McClure and 

Horne, 2013b; Finnila et al., 2015; Sheng et al., 2018). Various EGS stimulation 

mechanisms have been proposed, based on field observation and laboratory programs. 

Specific mechanisms depend on the geology, in-situ stress, fault structures, and pre-

existing natural fractures (McClure and Horne, 2014; Nadimi et al., 2020).  

Studies have shown that EGS is characterized by heterogeneous geology, which 

includes pre-existing fracture networks that are mineralized (Callahan et al., 2019a, 2019b, 

2020). It is also known that during hydraulic fracturing stimulation, propagating hydraulic 

fractures are known to link and connect pre-existing natural fractures (NF) (Kolawole and 

Ispas, 2020a). During a hydraulic fracturing treatment, complex fracture networks are often 

generated, and the HF-NF interaction significantly influences the complexity of the 

networks created. Some of these pre-existing natural fractures include mineralized 

fractures (veins), and their reactivation can result in induced seismicity (Kolawole et al., 

2019). 

Drilling, completion, injection, and production from very deep, High-Temperature 

High-Pressure (HPHT) reservoirs is an expensive operation, and its success demands an 
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understanding of the in-situ rock mechanical properties. These rock mechanical properties 

have implications for subsurface energy (oil and gas) exploration, recovery of high-

temperature fluids from geothermal reservoirs (Toth, 2020), and geologic CO2 storage 

(GCS). The behavior of fractured, low-permeability reservoirs, as in an EGS setting, is a 

critical consideration in achieving the successful extraction of resources from such 

reservoirs (Crandall et al., 2019).  

Modeling and prediction of in-situ rock failure behavior as a function of rock type, 

pore pressure, spatio-temporal stresses, and fault-reactivation potential provide critical 

information for proactive decision-making to achieve successful energy production and 

heat extraction operations (Dotsey and Deighton, 2012; Wang and Ghassemi, 2012; Stober 

and Bucher, 2013; Shao et al., 2016; Nadimi et al., 2020; Zhang et al., 2020; Ziegler and 

Heidbach, 2020). However, the rock mechanical properties of EGS reservoirs adopted in 

numerical models are often overestimated since the effects of pre-existing NF and 

geological heterogeneity are often not fully accounted for (Frash et al., 2013; Gholizadeh 

Doonechaly et al., 2013; Riahi et al., 2015; Han et al., 2019; Ishibashi et al., 2019). 

Therefore, there is a need to better constrain the modeling of the rock mechanical response 

due to the pre-existing geological heterogeneity of target geothermal reservoirs, by 

considering its geomechanical and mineralogical properties, in addition to its 

fractomechanical behavior. 

Here, I will examine the distribution of mechanical properties along the cored 

interval of a high-temperature sedimentary formation, and the implications for the 

extraction of heat from a target EGS reservoir. I will utilize the Scratch Test method to 

characterize the mechanical properties of a core from a potential geothermal area in the 

Central Basin Platform of the Permian Basin, United States. The results show 

heterogeneous mineralogy and rock strength distributions over the core length, with 

alternating mechanically weak and strong intervals. Further, we find denser clustering of 

fractures in the stronger zones the cored intervals (1705.12 – 1705.53 m and 1705.71 – 

1705.86 m) which facilitated the hydrothermal vein development, was due to the influence 

of mechanical stratigraphy on the brittle deformation and alteration of a sedimentary-

hosted hydrothermal reservoir. My findings in this chapter provide an analog for hydraulic 
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stimulation of viable geothermal reservoir targets at higher in-situ temperatures and higher 

geothermal gradients.  

7.3 Permian Basin Geothermal Areas 

The Permian Basin is a large (220,000 km2) Late Paleozoic sedimentary basin, 

spanning parts of West Texas and Southeastern New Mexico, United States. The Permian 

Basin is composed of three smaller components known as the Delaware Basin, the Central 

Basin Platform, and the Midland Basin (Tang, 2015). The Central Basin Platform, which 

lies between the Midland and Delaware Basins, is a zone of Permian tectonic uplift and 

hosts a significant sequence of carbonate reservoir units, and has a geothermal gradient in 

the range of 23.04 – 28.51 °C/km (Erdlac Jr and Swift, 2004; Ruppel et al., 2005).  

Among these is the prominent San Andres Formation which is known to have an 

average porosity of ~7% and permeability in the range of 1-100 mD (Saller et al., 2012). 

Nodular anhydrites are pervasive in the Permian Basin sedimentary sequences and occur 

in varying degrees of clustering within the stratigraphy (Kerr Jr and Thomson, 1963). Post-

deposition of the carbonate sequences, the anhydrite nodules were precipitated by a 

thermally-driven circulation of highly-charged groundwater within the basin (Kerr Jr and 

Thomson, 1963). 

Geothermal areas (G.A.) have been identified in the Permian Basin (Erdlac Jr and 

Swift, 2004; Erdlac Jr, 2006) among which three are most prominent (Figure 7.1a; Erdlac 

Jr, 2006). These fields with known geothermal anomalies are characterized by 32 - 71 °C 

hydrothermal systems occurring at ~152 – 1,524 m depths within the sedimentary 

sequences (Erdlac Jr, 2006). The hot water from these fields might have value for direct 

heat or heat pump applications because a minimum of 150 °C  is required at reservoir depth 

for an ORMAT-type Organic Rankine Cycle (ORC) plant (Kaplan, 2007; Quoilin et al., 

2013). The northernmost of the three, herein referred to as the Northern G.A., straddles the 

northwestern Midland Basin and the northeastern corner of the Central Basin Platform. The 

other geothermal areas include the “Southern G.A.” and “Southwest G.A.”,  located in the 

southern Central Basin Platform and SW Delaware Basin, respectively.  
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Figure 7. 1 (a) Map of Permian Basin, U.S., showing the locations of potential 

geothermal areas and location of (b) the core sample analyzed in this study. 
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7.4 Data & Methodology 

7.4.1 Core Data 

The core sample analyzed in this study is 0.91 m-long, obtained from a deep 

carbonate interval in the southern portion of the Northwestern Shelf and near the 

northernmost part of the Central Basin Platform; a location which corresponds to the SW 

tip of the Northern G.A. Although the potential geothermal reservoirs are estimated to 

occur at ~152 – 1,524 m depths (Erdlac Jr, 2006), I note that our core sample extends over 

to a slightly deeper of 1705.0 – 1705.9 m, and I believe it is representative because it 

provides a higher geothermal gradient than in previously reported studies. 

I conducted X-ray diffraction (XRD) analyses for different portions of the sample to 

evaluate the mineralogical characteristics of the core. More specifically, we analyzed 

portions of the rock matrix in the shallowest (1705.0 m) and deepest (1705.9 m) sections 

of the core. Along the entire core, we observe the presence of nodules and veins of varying 

sizes/thicknesses, characterized by light-colored mineralization. We obtained a sample 

from the most prominent one of these nodules (0.02 m-thick) (Supplementary Information, 

SF. 1 & SF. 2) and performed an XRD analysis in order to determine its composition. All 

the samples were measured in whole-rock condition from 3.5 to 70° 2ϴ at 40 V/40 A, 1.5 

sec per step with a 1mm divergent slit. In addition, we performed a core-scale 

characterization of the post-diagenetic alterations in the rock, which included the 

distribution of open-fractures, mineralized veins, and nodules. Post-diagenetic alterations 

refer to changes in the rock after lithification (a process where sediments are compacted 

and cemented to form rock). Therefore, in this study, we refer to post-diagenetic alteration 

as secondary alterations in the rock. 

7.4.2 Estimation of Rock Strength using the Scratch Test 

The scratch test is a quasi-non-destructive method based on pushing a tool (cutter) 

across the surface of a rock at a given penetration depth (Kolawole and Ispas, 2020b). The 

scratch test method is useful in estimating reservoir geomechanical and petrophysical 

properties (Detournay and Defourny, 1992; Schei et al., 2000; Mitaim et al., 2004; 

Coudyzer et al., 2005; Dagrain and Germay, 2006; Dagrain et al., 2006; Richard et al., 

2012; Germay et al., 2015, 2018). The scratch test method (Figure 7.2a) measures 
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horizontal (FT) and vertical (FV) forces exerted during the scratching and infers unconfined 

compressive strength (UCS). Ultrasonic compressional and shear velocities (Vp and VS) 

are used to calculate a dynamic Poisson’s ratio (ν). The horizontal scratch force (FT) was 

used to calculate the scratch toughness (Ks). The dynamic Poisson’s ratio and the UCS were 

independently measured on plugs taken from the same core. 

In the scratch tests, a continuous groove in the rock surface is created with a cutting 

tool. The cutter penetration depth (𝑑) and the cutter velocity (v) relative to the rock are held 

constant.  The horizontal force (𝐹𝑇) is parallel to the cutter velocity, and the vertical force 

(𝐹𝑉) is perpendicular to the cutter velocity. The intrinsic specific energy (ε) is the energy 

required to scratch a unit volume of rock (Detournay and Defourny, 1992; Suarez-Rivera 

et al., 2002).  ε is presumed to be a rock property characteristic that directly correlates to 

the rock’s unconfined compressive strength (UCS). The scratch cutter-rock interaction 

model (Detournay and Defourny, 1992) and its application to estimate rock strength, 

combining pure cutting and frictional contact processes are presented in Eq. 8.1- 8.6 (for a 

rectangular cutter) as: 

𝐹𝑇 = 𝜀(1 − 𝜇𝜁)𝑤𝑑 + 𝐹𝑉       (8.1) 

𝜇 = tan 𝜙         (8.2) 

𝐸 = 𝐸𝑜 + 𝜇𝑆         (8.3) 

𝐸𝑜 = 𝜀(1 − 𝜇𝜁)        (8.4) 

𝐸 =
𝐹𝑇

𝑤𝑑
         (8.5) 

𝑆 =
𝐹𝑉

𝑤𝑑
          (8.6) 

where: w is the width of the cutter; d is the cutter penetration depth; 𝜀 is the intrinsic 

specific energy; 𝜁 is the inclination of the average force acting on the face of the cutter; 

and 𝜇 is the coefficient of friction on the wear flat/rock interface; f  is the internal friction 

angle of the rock; 𝑆 is the drilling strength of the cutter; and 𝐸 is the specific energy. 
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Figure 7. 2 The Scratch Test Schematic. (a) Rock scratching configuration for a sharp 

cutter. (b) Epslog Wombat machine (Pre-modified image courtesy of Epslog S.A.). 
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In this study, I used the Wombat scratch machine (Figure 7.2b) to scratch our 

candidate core. The features of the polycrystalline diamond compact (PDC) cutter used for 

the scratching include a rectangular-shaped, sharp, flat, with a width (𝑤) of 10 mm, and 

back-rake angle (θ) of 15˚. The Vp and Vs were measured perpendicular to the long axis of 

the core. In addition, the scratch equipment allows us to acquire an ultra-high-definition 

panoramic photograph of the full scratch length along the core sample. We used a 

cylindrical core sample 0.9144 m long and 0.1 m in diameter, cut nominally perpendicular 

to the bedding plane. The core sample was obtained from a depth of 1705 m in a well in 

the northern part of the Central Basin Platform, Permian Basin, U.S. We conducted scratch 

tests on the core sample at cutter penetration depths (𝑑) of 0.05 mm, 0.08 mm, 0.11 mm, 

0.14 mm, 0.17 mm, 0.20 mm, 0.23 mm, 0.26 mm, and 0.29 mm.  

The data obtained from the scratch test allow us to calculate the scratch toughness 

(Ks) and Poisson’s ratio (ν) values along the core. Ks, with units of MPa·√m, is an estimate 

of the fracture toughness (KIC) of a rock  (Akono, 2013; Akono and Kabir, 2016), given by 

the following relationships: 

𝐾𝑠 =
𝐹𝑇

√2𝑝𝐴𝑐  
   [𝑀𝑃𝑎√𝑚]            (8.7) 

Where: Ac is the contact area due to horizontal force (FT) in the scratch direction 

for a rectangular-shaped cutter, and p is the fracture surface perimeter for a cutter width 

(w) at maximum cutting depth (d). We note that the experiments performed in this study 

were done at ambient room temperature and unconfined stress conditions. 

7.5 Results  

7.5.1 Core Characterization and XRD Analysis 

The XRD analyses of the rock matrix (samples from the shallowest and deepest parts 

of the core) show that the rock is a dolostone, dominated by dolomite, with varying 

concentrations of quartz, muscovite, illite, chlorite, and anhydrite (Figure 7.3a). However, 

the analyses also show that the nodule sample is composed of anhydrite with minor quartz 

and dolomite (Figure 7.3a). This suggests that the nodules and veins of light-colored 

mineralization observed in the core sample (Figure 7.3b) are composed of anhydrites. 

Overall, we find that the greatest clustering of the anhydrite veins and nodules occur within 
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a 0.41 m-thick interval in the central part of the core. However, the open-fractures appear 

to be evenly distributed along the core length, and since the opened-fractures pre-existed 

in-situ, we suspect they might be opened due to stress relaxation.  

7.5.2 Unconfined Compressive Strength (UCS) 

A continuous scratch test UCS log profile of the full core sample shows that the 

highest UCS values along the core occur at depth intervals of  1705.12 – 1705.53 m (Zone 

B) and 1705.71 – 1705.86 m (Zone D), and are separated by intervals of relatively lower 

UCS values at 1704.95 – 1705.12 m (Zone A) and 1705.53 – 1705.71 m (Zone C). The 

color shades (Figure 7.3d) indicate variations from low to high strength along the core. We 

observe that the dark and light blue shades match with the high peaks on the UCS log. 

Likewise, we observe that the red, orange, yellow, and light green shades match the low 

troughs on the UCS log. 

7.5.3 Ultrasonic Velocities (Vp, Vs) and Poisson’s Ratio (ν) 

The measured ultrasonic shear (Vs) and compressional (Vp) velocities and the 

corresponding Poisson’s ratio along the core showed the distribution of heterogeneous 

mechanical properties along the core (Figure 7.3e). Although the measured velocities show 

variations along the core, the calculated Poisson’s ratio distribution is most salient. In 

general, similar to the distribution of UCS,  we observe that the mechanical Zones A and 

C show relatively higher Poisson’s ratios compared to the intervening Zones B and D 

(Figure 7.3e).  

7.5.4 Scratch Toughness (KS) 

We present the estimates of scratch toughness along the core in Figure 7.3f. Again, 

the distribution of the values and the trend of the moving average fitting curve shows there 

exists a zonation in scratch toughness along the core. Within Zones A and C, Ks shows the 

least values (as low as 0.46 MPa·√m), whereas, in Zones B and D, the Ks is highest, 

attaining a maximum of 3.9 MPa·√m. These Ks values are consistent with results in the 

published works on fracture toughness of a dolomitic rock (Yao et al., 2020) and a 

carbonate rock (Eddine, 2009). 
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Figure 7. 3 (a) X-ray Diffraction (XRD) analysis of the core sample; (b) Digital 

photography of core sample; (c) Core characterization; (d) Scratch test unconfined 

compressive strength (UCS); (e) Ultrasonic shear and compressional velocities, and 

dynamic Poisson’s ratio; (f) Scratch toughness. 
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7.6 Discussion 

7.6.1  Mechanical Zonation within the Analyzed Core Sample 

The core characterization (Figure 7.3b) correlates with the presence or absence of 

open-fractures, mineralized veins, and nodules at depths intervals with high and low 

strengths (Figure 7.3d). This suggests an alternation of strong and weak mechanical zones 

along the core sample. The extremely-low UCS values observed in mechanical Zones A 

and C are due to the elevated presence of open fractures in these zones. The strongest zones 

(Zones B and D) in the analyzed core correspond to the highest UCS, highest Ks, and lowest 

Poisson’s ratio. These zones B and D are separated by mechanically weaker zones (Zones 

A and C; Figure 7.3d-7.3f).  

Our XRD analyses (Figure 7.3a-b) examined one of the mechanically strong zones 

(Zone D) and one of the weaker zones (Zone A). The results show that the strong zones are 

dominated by a mix of dolomite and quartz-rich matrix, whereas the weaker zones are 

enriched in phyllosilicate minerals (muscovite, chlorite, and illite). Rocks that are rich in 

phyllosilicate minerals are significantly weaker in comparison to dolomite-rich rocks 

(Brindley, 1981; Tesei et al., 2012). Anhydrite has an estimated UCS of 150 MPa, Quartz 

200-250 MPa, Dolomite 140 MPa, Muscovite 50-75 MPa, Illite <10 MPa, (Nataraj, 1991; 

Tham et al., 2001; Chen et al., 2004; Dalamarinis et al., 2009; Majdi and Rezaei, 2013; 

Hantler, 2015; Wang et al., 2019). Therefore, we suggest that mechanical zonation is 

controlled by the relative distribution of mineral types along the core.  

Further, the mechanically stronger zones (0.41 m-thick Zone-B and 0.15 m-thick 

Zone-D), have a mean UCS of 166 MPa, 0.22 ν, and 2.87 MPa·√m Ks, and hydrothermal 

alterations occur mostly in these zones (Figure 7.3a-d). The mechanically stronger zones 

contain clusters of anhydrite veins and anhydrite nodules, a lower abundance of 

phyllosilicate minerals, and minimal presence of open fractures. The mechanically weaker 

zones (0.17 m-thick Zone-A and 0.18 m-thick Zone-C), have a mean UCS of 110 MPa, 

0.25 ν, and 1.89 MPa.√m Ks, with the greatest concentration of open fractures in addition 

to a higher abundance of phyllosilicate minerals present in these zones (Figure 7.3a-d).  
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7.6.2 The Implications for the Development of Enhanced Geothermal System (EGS) 

Reservoir Targets  

The mineralogical analyses (Figure 7.3a) indicate that this core has been 

hydrothermally-modified. Previous geologic studies in the Permian Basin have shown that 

anhydrite nodules and veins had been emplaced during the basin-wide circulation of 

ancient hydro fluids in ancient times (Kerr Jr and Thomson, 1963). Anhydrite can occur as 

a vein-filling mineral in hydrothermal deposits (Sleep, 1991; Teagle et al., 1998). The 

presence of open and occluded fractures indicate that this formation is a permeable 

hydrothermal reservoir, at least in the past. 

The collocation of anhydrite nodules, open-fractures, and fractures occluded by 

anhydrite (i.e. veins) indicate that fractures played an important role in the ancient 

circulation of hydrothermal fluid within the basin. However, our results indicate that the 

fractures that controlled fluid circulation in the past were preferentially localized in zones 

B and D of the carbonate formation (Figure 7.3c-e). Although anhydrite is mechanically 

weaker than the host dolomitic matrix, our results show that the incorporation of the 

anhydrite mineralization has not significantly changed the bulk mechanical properties of 

zones B and D. Locally, the anhydrite nodules may control the mechanical properties, but 

at bulk-scale, they seem to exert less control. Thus, we envision that the pre-existing bulk 

zonation of mechanical properties is relevant for the stimulation of EGS target reservoirs, 

in combination with other relevant completion data. 

We observe a higher presence of anhydrite fractures (veins) at meso-scale in 

mechanical zones B and D (Figure 7.3c) than in zones A and C. Rheology of a rock 

describes the deformation a rock undergoes in response to stress, excluding the fracture 

(Handin and Carter 1987). The delineation of the strong and weak zones are based on the 

UCS of the rock, which tends to correlate to the stiffness of the mechanical zones (Deere 

1968; Palchik 1999, 2011; Yılmaz and Sendır 2002; Al-Shayea 2004; Gokceoglu and Zorlu 

2004; Sonmez et al. 2004; Zoback 2010). However, the efficiency of fracture initiation and 

propagation is dependent on the rheology of the rocks i.e. brittle rocks have a greater 

efficiency for fracture nucleation and propagation than ductile rocks (Scholz 1968a, 1986b; 

Yao 2012; Wang 2015, 2016). Also, it has also been established that brittle rocks have a 
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lower fracture toughness than ductile rocks (Gunsallus and Kulhawy 1984; Bhagat 1985; 

Belyadi et al. 2019; Zhang 2019). Fracture toughness being highly dependent on 

temperature (Al-Shayea 2000; Zhang et al. 2001; Balme 2004; Funatsu 2004; Zhang 2016), 

implies that scratch toughness data presented in this study (Figure 7.3f) may only be 

representative of zonation of mechanical properties along the core, and not of the 

conditions within which the fractures and veins were emplaced. 

Therefore, we infer that within the hydrothermal reservoir temperature and pressure 

conditions at the time of deformation and alteration of the formation being analyzed in this 

study, the stiffer zones (zones B and D) were more brittle than the less-stiff zones (zones 

A and C), thus facilitating the preferential localization of greater fracturing in these stiffer 

zones. Our observations here suggest an influence of mechanical stratigraphy on the brittle 

deformation and alteration of the sedimentary-hosted hydrothermal reservoir. Additionally, 

since veins are essentially mineral-filled fractures, the anomalous concentration of veins in 

zone B indicates a localized clustering of fractures within zone B prior to hydrothermal 

alteration. Thus, this implies that the mechanical zonation of the rock may likely have 

influenced the localized development of fracture clusters of zone B. 

Furthermore, the exploration of geothermal energy systems has been associated with 

induced seismicity (Diehl et al., 2017; Wiemer et al., 2017; Cheng and Chen, 2018; 

Zbinden et al., 2020). However, carbonate minerals (calcite and dolomite), are more 

mechanically susceptible to earthquake nucleation at higher temperatures and pressures 

such as those relevant for hydrothermal reservoirs (e.g., Carpenter et al., 2014; Kolawole 

et al., 2019). Therefore, we infer that the dolomite-rich brittle zones (zones B and D) are 

more susceptible to earthquake generation in the event of anthropogenic stress 

perturbation.  

7.6.3 Upscaling Core-Scale Observations to Reservoir Scale 

Continuous sampling with a Scratch Test machine provides a fine-scale and 

detailed measurement of mechanical properties along the sample (e.g. datapoints in Figure 

7.3d-f), whereas the larger-scale trends describe the bulk mechanical properties of the rock 

(e.g., the color contour of UCS in Figure 7.3d). In this study, we analyzed only 0.91 m-

long core within the San Andres reservoir, and we observed this detailed mechanical 
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heterogeneity. Our field of study is not yet proven as a viable EGS field, primarily because 

a minimum of 150°C  is required at reservoir depth for an ORMAT-type ORC plant. 

However, there is a need to upscale our results using numerical models, to explicitly model 

the geomechanical properties, and characterize our observed mechanical heterogeneity at 

reservoir-scale. In modeling, the mechanical heterogeneity in rock strength, fracture 

toughness, Poisson’s ratio, mineralogy, and pre-existing fractures (open/mineral-devoid, 

occluded/infilled/veins), should be considered to develop models that accurately predict 

reservoir-scale and sub-reservoir scale (localized) fractomechanical characteristics. 

Therefore, our results provide an analog to what would occur in commercial geothermal 

reservoir settings at higher in-situ temperatures and higher geothermal gradients, by 

correlation with either logs or drilling parameters. 
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CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

8.1 Conclusions 

In this dissertation, I have presented a novel study that developed integrated 

biogeomechanical and geothermo-mechanical processes, and applied these integrated 

processes to CO2 storage, hydrocarbon recovery, and EGS in low-permeability 

sedimentary sequences. I adopted experimental, numerical, and analytical approaches in 

the investigations. The following conclusions can be drawn from this study: 

1. The experimental results show the potential and applicability of integrated 

biogeomechanical and geothermo-mechanical processes in low-permeability 

reservoirs.  

2. The findings from the study on integrated biogeomechanics indicate that 

biogeomechanical modifications of shale rocks are more significant in the 

localized regions than in the bulk region due to the low microbial depth of 

invasion, heterogeneity, optimum growth time, availability of nutrients in the 

pore spaces, and pre-existing microfractures. 

3. The findings from the study on time-lapse biogeomechanical modified properties 

indicate that microbial actions on low-permeability rocks could temporally: 

a. Enhance the localized (+10% unconfined compressive strength, -18% 

Poisson’s ratio, +25%  scratch toughness) and bulk (+43% unconfined 

compressive strength, -13% Poisson’s ratio) the mechanical integrity. 

This can be attributed to the action of Sporosarcina pasteurii.  

b. Weaken the localized (-20% unconfined compressive strength, +25% 

Poisson’s ratio, -13%  scratch toughness) the mechanical integrity. This 

can be attributed to the action of Clostridium acetobutylicum.  
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c. Modify the morphological and mineralogical properties of shale rocks. 

The action of Sporosarcina pasteurii increased calcite depositions and 

cementation in the micropores, whereas the action of Clostridium 

acetobutylicum increased the content of phyllosilicate minerals and 

degraded the mineral grains. 

d. Influence the localized and bulk geomechanical properties of ultra-low 

permeability rocks, such as shales. 

4. There is cyclicity in the temporal biogeomechanical modification of low-

permeability rock properties. 

5. The findings from the study on impact of localized and bulk biogeomechanical 

responses (action of Sporosarcina pasteurii) on caprock integrity and CO2 storage 

in depleted low-permeability reservoirs, indicate that microbially-altered localized 

and bulk biogeomechanical alterations could potentially:  

a. Increase the local (+19% unconfined compressive strength, -20% Poisson’s 

ratio, +35% scratch toughness) and bulk (+50% unconfined compressive 

strength, -13% Poisson’s ratio) mechanical integrity for GCS.  

b. Alter the clay mineral content (-56%), calcite content (+21%), and 

morphology, thereby enhancing its suitability for trapping stored SC-CO2. 

c. Decrease the permeability (-93%) and porosity (-38%), thereby enhancing 

its seal integrity. 

d. Occlude microfractures and mitigate any deep subsurface potential leakage 

to the atmosphere. 

e. Enhance the long-term caprock integrity and CO2 storage security by 

sealing the in-situ fractures induced during CO2 injection, in addition to its 

pre-existing natural fractures, to protect the underlying CO2 storage 

reservoir units.  

6. The findings from the study on the potential impact of localized 

biogeomechanical alterations (action of Sporosarcina pasteurii) on the CO2 

storage and caprock integrity in depleted heterogeneous low-permeability 
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formation, indicate that in Wolfcamp shales, in-situ biogeomechanical alterations 

could potentially: enhance mechanical integrity (+21% unconfined compressive 

strength, +81% scratch toughness), decrease porosity (-38%) and permeability (-

99%), alter mineralogical properties (clay mineral content -26%; calcite content, 

+25%), seal near-wellbore fractures, and improve its caprock integrity and CO2 

storage security potentials.  

7. The findings from the study on the implications of biogeomechanical alterations 

(action of Clostridium acetobutylicum) on near-wellbore properties of low-

permeability reservoirs, suggests that biogeomechanical alterations could 

potentially:  

a. Weaken the mechanical integrity of Wolfcamp shale (-21% unconfined 

compressive strength, -42%  scratch toughness) and Niobrara shale (-24% 

unconfined compressive strength, -14%  scratch toughness).  

b. Alter the microstructural and mineralogical properties of Wolfcamp shale 

and Niobrara shale reservoirs, and reduce its mechanical cohesion.  

c. Increase the porosity (+43%) and permeability (+6430%) of shale rocks.  

d. Improve the hydrocarbon recovery from shale reservoirs in combination 

with other reservoir-stimulation techniques. 

8. Comparison of the integrated biogeomechanical processes in outcrop and 

subsurface samples from low-permeability formations reveal that: 

a. The biogeomechanical action of Sporosarcina pasteurii have a greater 

impact on the mechanical properties (+11% unconfined compressive 

strength, +131%  scratch toughness) of the subsurface samples than in the 

outcrop samples. Although, its impact on porosity (-38%) was consistent  in 

both the subsurface samples and the outcrop samples, there is a greater 

impact on the permeability (-6%) of the subsurface samples than in the 

outcrop samples.  
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b. The biogeomechanical action of Clostridium acetobutylicum have a greater 

impact on the mechanical properties (-14% unconfined compressive 

strength, -54%  scratch toughness) of the subsurface samples than in the 

outcrop samples. 

9. The findings from the study on the integrated geothermo-mechanical 

investigation of mechanical properties distribution and the implications for the 

extraction of heat from a target EGS reservoir reveal: 

a. The mechanical heterogeneity of the rocks is demonstrated by four 

distinct alternating mechanical zones, which include: mechanically 

weaker 0.17 m-thick Zone-A and 0.18 m-thick Zone-C showing mean 

UCS = 110 MPa, ν = 0.25, Ks = 1.89 MPa·√m; and mechanically stronger 

0.41 m-thick Zone-B and 0.15 m-thick Zone-D which show mean UCS = 

166 MPa, ν = 0.22, Ks  = 2.87 MPa·√m. 

b. A lower abundance of phyllosilicate minerals in mechanically stronger 

zones, whereas there is higher abundance of phyllosilicate minerals in 

mechanically weaker zones. 

c. The investigated core experienced hydrothermal alterations facilitated by 

the localization of permeable fractures within the mechanically stronger 

zones of the rock. 

d. A high degree of formation heterogeneity, characterized by spatial 

variation of inherited rock mechanical properties and hence the fracture-

mechanical behavior, will impact the stimulation and subsequent 

extraction of heat from EGS. 

e. There could be possible mechanical interaction between a propagating 

hydraulic fracture and the pre-existing open and anhydrite-occluded 

fractures. 

f. The denser clustering of fractures in the stronger zones which facilitated 

the hydrothermal vein development, was due to the influence of 

mechanical stratigraphy on the brittle deformation and alteration of 

sedimentary-hosted hydrothermal reservoir. 
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g. The EGS stimulation models, should include a heterogeneous rock 

volume with detailed characteristics of the individual mineralized zones, 

and mechanical zonation of the rock matrix. 

h. These results can be upscaled to commercial geothermal reservoir settings 

at higher in-situ temperatures and higher geothermal gradients, in 

combination with other relevant completion data. 

8.2 Recommendations 

The following are the recommendations for future work on integrated 

biogeomechanics and geothermo-mechanics: 

1. Experimental investigation of in-situ microbial depth of invasion in depleted 

hydrocarbon reservoirs.  

2. How can the geothermo-mechanical characterization at elevated temperature be 

correlated with other wells that have only have a triple or quad combo log suite 

available (in most cases regarding the sonic, only a monopole vs dipole)?  

3. What are the implications of geothermo-mechanical characterization for the drilling 

rate and fracture initiation/propagation for landing a lateral well in a stronger 

mechanical zone? 

4. How does local heterogeneity in rocks influence the groove paths created during 

scratch test? 

5. What fracture mechanisms are induced (crack branching, micro-cracking, or crack 

trapping) during fracto-mechanical characterization, and at what scale are they 

active?. 
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NOMENCLATURE 

θ    Approach angle (degrees) 

𝐾𝐼    Stress intensity factor of mode-1 fracture 

𝐾 𝐼𝐼  Stress intensity factor of mode-2 fracture 

𝐾 𝐼𝐶  Fracture Toughness of in-situ rock 

∆𝜎   Differential horizontal stress 

𝜏   Shear stress acting on the natural fracture 

 𝜏0   Inherent shear stress acting on the natural fracture 

𝐶    Cohesion 

𝜎𝑛   Normal stress acting across the natural fracture plane 

𝐾𝑓    Coefficient of friction 

𝜎𝐻    Horizontal stress 

𝜎𝑉    Vertical stress 

𝑇0   Tensile strength of the formation rock  

𝑃𝑓    Fracture pressure  

𝑃𝑛𝑒𝑡(𝑖)  Net pressure at different nodes  

𝐾𝐼(𝑖)   Integrated stress intensity factor of mode-I fracture 

𝑛    Number of pressure nodes along the changing fracture length 

𝑙(𝑖)   Distance between initial point and the i-th pressure node  

𝑙    Opened fracture length  

𝑃𝜎    Treatment overpressure  

𝜎𝜃   Normal stress acting at a given approaching angle 

𝑝    Pressure at the HF-NF intersection 

(𝜎𝑛 − 𝑝)  Effective normal stress acting on the natural fracture plane 

𝐾 𝐼−𝑓𝑙𝑢𝑖𝑑 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 Stress intensity factor due to highly pressured region by 

propagating hydraulic fracture 

𝐾 𝐼𝐶−𝑙𝑎𝑔  Critical fracture toughness due to fluid-lag region 

𝑑𝑓𝑙   Fluid lag distance 

𝐿   Fracture half-length 

𝐿𝑓    Fluid lag length 
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𝑅   Hydraulic fracture radius 

𝑃𝑤     Excess pressure in the wellbore 

𝜎𝑡𝑖𝑝  Effective stress acting to close the tip of propagating hydraulic 

fracture 

𝜐𝑎𝑏   Poisson’s ratio along the bedding plane 

𝐸𝑎    Young’s modulus along the bedding plane 

𝐹𝑐    Cutting force 

𝐹𝑓    Frictional force acting on wear-flat surface below the cutter 

∅    Internal friction angle of the rock 

𝑈𝐶𝑆   Unconfined compressive strength 

𝑆𝑑    Axial deviator stress 

𝜀𝑎    Axial strain  

𝜀𝑟    Radial strain  

𝐾𝑠    Scratch toughness 

𝜈     Poisson’s ratio 

𝑝    Fracture surface perimeter 

𝐴𝑐    Contact area due to horizontal force in the scratch direction 

𝑑    Cutter penetration depth 

𝐹𝑇    Horizontal force applied 

𝐹𝑉    Vertical force applied 

𝑤    Width of the cutter 

𝜇    Coefficient of friction on the wear flat/rock interface 

𝜁     Ratio of vertical to horizontal force action on the cutter face 

𝜀    Intrinsic specific energy 

𝛷    Porosity 

𝑉𝑝   Pore volume 

𝑉𝑔   Grain volume 

𝑉𝑇   Total volume 

𝑃1   Initial pressure 

𝑃2   Expanded pressure 
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𝑉1   Initial volume 

𝑉2   Expanded volume 

𝑇1   Initial temperature 

𝑇2   Expanded temperature 
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APPENDICES 

APPENDIX A 

COMPARISON BETWEEN SCRATCH TEST AND UNIAXIAL 

COMPRESSION TEST METHODS 

 

 

 

 

Figure A. 1 Scratch Test unconfined compressive strength (UCS) for Eagle Ford, 

Marcellus, and Niobrara shales. 
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Figure A. 2 Scratch Test Poisson’s ratio for Eagle Ford, Marcellus, and Niobrara shales. 
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Figure A. 3 Stress-strain relationship of Eagle Ford, Marcellus, and Niobrara shales. 

 

Table A. 1 The average UCS of shale samples using scratch test and uniaxial 

compression test methods. 

Unconfined Compressive Strength (UCS)  
Scratch 

Test 

(MPa) 

Uniaxial 

Compression Test 

(MPa) 

Difference 

Eagle Ford 109.5 88.5 19 % 

Marcellus 85.9 120.4 40 % 

Niobrara 68.8 66.0 4 % 
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Table A. 2 The average Poisson’s ratio of shale samples using scratch test and uniaxial 

compression test methods. 

Poisson's ratio (ν)  
Scratch 

Test 

(MPa) 

Uniaxial 

Compression Test 

(MPa) 

Difference 

Eagle Ford 0.26 0.25 6 % 

Marcellus 0.18 0.19 4 % 

Niobrara 0.32 0.26 20 % 

 

 

Publication of the Results:  

Kolawole O. (2021) Measurement of Geomechanical Properties: Comparison Between 

Scratch Test and Uniaxial Compression Test Methods. American Rock Mechanics 

Association, 55th US Rock Mechanics/ Geomechanics Symposium, Houston, Texas. 
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APPENDIX B 

ASSESSING MECHANICAL INTEGRITY OF CEMENT SYSTEMS: 

MICROBIAL-INDUCED PRECIPITATION VS OIL-WELL CEMENT 

B.1 Overview 

Over the past decades, the oil-well cement (OWC) has been used in sealing the 

wellbore-casing or inter-casing annular spaces. The Microbial-induced precipitation 

(MIP), on the other hand, is an emerging biomineralization cement system being utilized 

in energy, construction, mining, and other industries. However, understanding the 

mechanical integrity and peak strength of these cement systems are important for 

improving their applicability at varying in-situ-pressure and temperature conditions. Here, 

we experimentally investigated the mechanical integrity of the microbial-induced 

precipitation and the oil-well cement and their applicability to plugging of leakage 

pathways. We utilized 2 core samples from a sedimentary sequence with artificially 

induced fractures along the longitudinal axis of the cores, and filled the induced-fractures 

in these cores with the cementations from the MIP and OWC, respectively. We compared 

the mechanical properties of the cement seals in these cores to assess their mechanical 

integrities and applications. Our results show that the OWC is more efficient than MIP in 

sealing in-situ macro-fractures and provided a relatively greater mechanical integrity for 

the wellbore-casing or inter-casing annular spaces. In addition, although OWC has higher 

mechanical integrity over MIP, the MIP has an edge in its application for sealing of 

microfractures and mini-aperture of casing-cement or cement-formation delamination. We 

envisage that our study will advance the understanding of these methods and their 

applications for the enhancement of wellbore integrity for drilling operations, enhanced 

geothermal systems (EGS), geologic carbon storage (GCS), and mining operations. 

B.2 Introduction 

Well cementing operation is the process of introducing cement slurry to the annular 

space between the wellbore and casing, or the inter-casing annular space. Traditionally, 

oil-well cement (OWC) is used to repair wellbore integrity issues and leakage pathways 

developed during well completion or post-completion processes. In wellbore construction 

operations for oil and gas wells, geothermal wells, CO2 injection wells, and mining wells; 
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the oil-well cementing (OWC) has been utilized over the past decades in protecting the 

casings from corrosion and providing mechanical support, hydraulic seal, and adequate 

zonal isolation for the wellbore-casing or inter-casing annular spaces. 

The Microbial-induced precipitation (MIP) is an emerging cementing method being 

utilized in energy, construction, mining, and other fields (Phillips et al., 2015a, 2015b; 

Hudyma et al., 2018; Gao et al., 2019). The bacterium Sporosarcina pasteurii (ATCC® 

11859™) (Yoon et al. 2001), also known as Bacillus pasteurii, was utilized in these studies 

on MIP application. The bacterium Sporosarcina pasteurii, was observed to rapidly 

precipitate calcite in sand columns as the bacteria growth increases, for selective 

cementation and plugging of porous media (Stocks-Fischer et al., 1999). 

The mechanical integrity of the cement sheath is critical in wellbore construction, and 

it is imperative to assess the well cement to determine its ability to maintain wellbore 

integrity and ensure zonal isolation at subsurface conditions.  

In this study, we will experimentally investigate the mechanical integrity of the 

microbial-induction precipitation (MIP) and the oil-well cement (OWC). We will utilize 2 

core samples from the same geologic formation. We will artificially induce cracks along 

the long axis of the cores, and subsequently, treat the cracks in these cores with the MIP 

and OWC cement systems, respectively.  We will compare the mechanical properties of 

the cementation in these cores to assess their mechanical integrities and applications.  

B.3 Method and Data 

B.3.1 Rock Samples 

In this experimental study, we utilized two (2) core samples (Figure B.1) from a 

sedimentary rock with predominance of quartz and calcite minerals. The core samples are 

cylindrical in size with an average height of 5.4 cm and a diameter of 3.75 cm. The 2 core 

samples contain an induced 0.92 cm wide fracture across the long axis of the core, as shown 

in Figure B.1. 
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Figure B. 1 Fractured rock samples.   

 

 

Table B. 1 Core Samples, and Treatment Grouping 

 

 

 

 

B.3.2 Rock Treatments 

B.3.2.1 Microbial-Induced Precipitation (MIP) 

The microbe Sporosarcina pasteurii, was grown with Luria broth medium inside a 

Lab-Line 4628 Incubated Orbital Shaker at 220 rpm at 30 °C for 24 h, to yield a cultured 

microbial solution. The outer surface of the core sample (P#) was wrapped with a parafilm 

“M” laboratory film, and the fractured part of the core was packed with a loose 20/40 

proppant sand. Multiple holes with micro sizes were made on the body of the wrapped core 

Sample Cementation Measurements 

P# MIP Scratch test 

Q# OWC Scratch test 
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with a clean sharp pin to allow subsequent fluids to access the core. This was followed by 

immersion in the cultured microbial solution for 24 hr, and then subsequently immersed in 

a glass beaker containing feedstock of 2.5M urea [CO(NH2)2] and 2.5M calcium chloride 

(CaCl2). The glass beaker was placed in inside an incubator at 30 °C for 30 days. 

Thereafter, the core sample was removed, and a scratch test was conducted. 

B.3.2.2 Oil-Well Cement (OWC) 

The OWC type used in this study is a 1629 kg/m3 Class C-based formulation 

consisting of 1% BWOC of a sulfonic acid salt dispersant, 8% BWOC unbeneficiated 

bentonite and 77% BWOC distilled water. Class C cement is suited for slurries with a high 

water-cement ratio requirement. A high water-cement ratio can lead to slurry instability 

which manifests as free fluid formation and solids settling or sedimentation. The bentonite 

is added to prevent such instability; however, it can have a viscocifying effect on the slurry, 

hampering slurry workability. This viscocifying effect can be mitigated by the addition of 

an appropriate amount of dispersant to the formulation. The slurry was mixed according to 

the steps in API RP 10B-2. All dry components were measured, blended, and then added 

to the water in a blender. The blender was run at 4000 rpm for 15 seconds and then 12000 

rpm for an additional 35 seconds.  

The core sample (Q#) was wrapped in a parafilm “M” laboratory film and sealed at 

the bottom to prevent leakage. The slurry was then poured into the fracture in the core, and 

allowed to set in ambient room conditions for 6 days. After the curing period, the core was 

subjected to a scratch test. 

B.3.3 Geomechanical Measurement – Scratch Test 

The Scratch Test method provides a localized measurement of mechanical 

properties along a sample (i.e. continuous strength profile). The scratch test is a quasi-non-

destructive method based on pushing a tool (cutter) across the surface of a rock and tracing 

the groove created, at a given penetration depth (Kolawole and Ispas, 2020). The scratch 

test method measures horizontal (FT) and vertical (FV) forces and infers the unconfined 

compressive strength (UCS).  
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The mechanical parameters we measured through the Scratch Test method includes 

horizontal (FT) and vertical (FV) scratch forces, unconfined compressive strength (UCS), 

and Young’s Modulus (E).  

 

 

 

 

 

 

 

 

 

Figure B. 2 Epslog Wombat machine (Pre-modified Image courtesy of Epslog S.A.). 

 

In this experimental study, we used the Wombat scratch machine (Figure B.2) to 

scratch the 2 core samples (pre- and post-treatment) at penetration depths in the range of  

0.05 - 0.30 mm, at a cutting velocity (v) of 5 mm/s. The maximum d is 0.30 mm.  The data 

from the scratch tests allow us to obtain the scratch toughness (Ks) and Poisson’s ratio (ν) 

values along the core specimen. Ks, in MPa·√m,  is an estimate of the fracture toughness 

(KIC) of the rock given by the following relationship (Akono 2013; Akono and Kabir 2016): 

𝐾𝑠 =
𝐹𝑇

√2𝑝𝐴 𝑐 
   [𝑀𝑃𝑎 · √𝑚]      (1) 

where: Ac is the contact area due to horizontal force (FT) in the scratch direction for 

a rectangular-shaped cutter, and p is fracture surface perimeter for a cutter width (w) at 

maximum cutter penetration depth (d). 
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B.4 Results  

B.4.1 Microbial-Induced Precipitation (MIP) 

The physical observation of the MIP post-treatment of the rock sample (P#) is 

shown in Figure B.3. Post-treatment, the fractured portion of the sample was observed to 

be almost filled with calcite precipitate which formed a cement seal. In addition, the 

microfractures in the pre-treatment sample are now mostly occluded (blocked) after the 

MIP treatment. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B. 3 The digital photography of MIP treated rock sample. 



 Texas Tech University, Oladoyin Kolawole, May 2021 

230 
 

The UCS of the MIP treated core sample (P#) is presented in Figure B.4. The dashed 

and continuous red lines represent the continuous UCS profiles of the MIP treated rock 

sample. The result shows that the UCS values from the MIP treated sample are in the range 

of 51-106 MPa. 

Figure B. 4 The continuous unconfined compressive strength (UCS) profile of MIP and 

OWC treated rock samples. 

 

 

 

 

 

 

 

 

Figure B. 5 The scratch toughness (Ks) of the MIP treated rock sample. 
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The Ks values of the MIP treated sample is presented in Figure B.5. The Ks values 

from the MIP treated sample are in the range of 2.5 – 5.2 MPa·√m. 

B.4.2 Oil-Well Cement (OWC) 

The physical observation of the OWC post-treatment of the rock sample (Q#) is 

shown in Figure B.6. The fractured portion of the sample has been plugged with the cement. 

Although, the macro-fractures were completely plugged, the microfractures in the pre-

treatment sample were not plugged after the OWC treatment. 

 

 

 

 

 

 

 

 

 

 

Figure B. 6 The digital photography of OWC treated rock sample. 

 

The UCS of the OWC treated core sample (Q#) is presented in Figure B.4. The 

dashed and continuous blue lines represent the continuous UCS profiles of the OWC treated 

rock sample. The result shows that the UCS values from the OWC treated sample are in 

the range of 56 - 138 MPa. 

Likewise, the Ks values of the OWC treated sample are presented in Figure B.7. 

The Ks values from the OWC treated sample are in the range of 2.4 – 5.7 MPa·√m. 
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Figure B. 7 The scratch toughness (Ks) of the OWC treated rock sample. 

 

B.4.3 Mechanical Integrity of Cement Systems: MIP vs OWC 

The observation from the MIP and OWC treated samples show a cementing and seal 

action from both methods. We characterize the cementing mechanical integrity by the UCS 

and Ks of the core samples.  

The observations from the continuous UCS profile of MIP and OWC treated rocks 

(Figure B.4) show that OWC has a relatively higher UCS value than the MIP. The same 

trend was observed in the Ks profile of MIP and OWC (Figure B.5 and Figure B.6), where 

Ks values were relatively higher in OWC than in MIP. The average UCS of the MIP treated 

rock sample is 86 MPa, whereas that of the OWC treated rock sample is 97 MPa. Similarly, 

the average Ks of the MIP rock sample is 3.61 MPa·√m, whereas the average Ks of the 

OWC rock sample is 4.28 MPa·√m. This result suggests that the OWC has a relatively 

greater cementing mechanical integrity than the MIP.  

Leakage pathways and delamination developed during drilling, well completion, and 

post-completion operations may be micro-, meso-, or macro-fractures. The traditional 

cement squeeze repair provided by the OWC can access and plug the macro-fractures and 
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seal the leakage pathways due to the large size of its grains and higher cementing 

mechanical integrity. However, the micro- and meso-fractures and some of the leakage 

pathways may be too small and become inaccessible by the traditional cement squeeze 

repair provided by OWC. The MIP may provide a greater advantage in sealing this micro- 

and meso-fractures and plug the small leakage pathways, due to the small size of the 

microbes  (~2 μm). 

 

Publication of the Results:  

Kolawole O., Anya A. (2021) Assessing Mechanical Integrity of Cement Systems: 

Microbial-Induced Precipitation vs Oil-Well Cement. American Rock Mechanics 

Association, 55th US Rock Mechanics/Geomechanics Symposium, Houston, Texas. 
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APPENDIX C 

POST-TREATMENT PHOTOGRAPHY OF MICROBIALLY TREATED 

CORES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C. 1 Digital photograph of Shale cores Treated with Solution 1 (Sporosarcina 

pasteurii) and Solution 2 (Clostridium acetobutylicum). (a) Eagle Ford shale; (b) 

Marcellus shale. 
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Figure C. 2 Digital photograph of Shale cores Treated with Solution 1 (Sporosarcina 

pasteurii). (a) Eagle Ford shale; (b) Marcellus shale; (c) Niobrara shales. 
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Figure C. 3 Digital photograph of Wolfcamp Shale cores Treated with Solution 2 

(Clostridium acetobutylicum). 
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APPENDIX D 

POROSITY AND PERMEABILITY MEASUREMENTS OF PRE-

TREATMENT AND POST-TREATMENT SAMPLES 

 

 

 

 

 

 

 

 

 

 

Figure D. 1 Porosity measurements of Wolfcamp shale cores Treated with Solution 1 

(Sporosarcina pasteurii). 

 



 Texas Tech University, Oladoyin Kolawole, May 2021 

238 
 

 

 

Figure D. 2 Porosity measurements of Wolfcamp shale cores Treated with Solution 2 

(Clostridium acetobutylicum). 
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Figure D. 3 Permeability measurements of Eagle ford shale cores Treated with Solution 1 

(Sporosarcina pasteurii). 
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Figure D. 4 Permeability measurements of Marcellus shale cores Treated with Solution 1 

(Sporosarcina pasteurii). 
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Figure D. 5 Permeability measurements of Wolfcamp shale cores untreated with Solution 

1 (Sporosarcina pasteurii). 
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Figure D. 6 Permeability measurements of Wolfcamp shale cores untreated with Solution 

2 (Clostridium acetobutylicum).  

 

 

 



 Texas Tech University, Oladoyin Kolawole, May 2021 

243 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D. 7 Permeability measurements of Wolfcamp shale cores treated with Solution 1 

(Sporosarcina pasteurii). 
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Figure D. 8 Permeability measurements of Wolfcamp shale cores treated with Solution 2 

(Clostridium acetobutylicum). 
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