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ABSTRACT 

 The formation characteristics of organic-rich shales have proven to be affected by 

mineralogical composition, total organic content, water concentration, and bedding-plane 

orientation along with other parameters. However, it is not known with good accuracy 

what types of influence thermal maturation has on the immature organic matter on 

geomechanical properties of the formations. In order to quantify the behavior of the oil 

shale samples under thermal maturation, it is imperative to understand its elastic 

properties. Thus, it becomes vital to understand the shale’s elastic properties via 

geomechanical analysis of the selected core samples. In this experimental study, vertical 

core samples of Mahogany shale in Green River formation from the Anvil Points mine site 

were selected. These samples possess immature organic content consisting of Type-I 

kerogen. 

 

This study consists of an experimental investigation to comprehend if thermal 

maturation of immature organic matter has an impact on the geomechanical properties of 

shale formation. Hydrous pyrolysis experiments were conducted to represent the four 

different stages of petroleum formation: temperature ranges that represent the bitumen 

generation (300°C), bitumen generation and initial oil generation (330°C), oil generation 

(360°C) and the oil cracking to gas (390°C).  The samples were tested in these four 

different temperature states were analyzed later for the changes in their geomechanical 

properties.  

 

The geomechanical properties are evaluated in terms of dynamic elastic properties 

and resistivity. Unfortunately, the pyrolyzed samples had sustained a heavy loss of their 

mechanical strength and integrity due to the expansion because of the samples undergoing 

thermal maturation resulting in their infringement.  
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The weakening prevented us from analyzing the changes in static properties. 

However, investigation of the changes in dynamic elastic properties and resistivity was 

possible. The samples were evaluated for dynamic elastic properties before and after 

pyrolysis to note the variations that it had undergone during the process of thermal 

maturation that was artificially induced by hydrous pyrolysis.  

 

In this research study, we analyze the thermal maturation effects on the 

geomechanical properties of the oil shale plugs via the analysis of elastic properties and 

resistivity measurements. The post analysis of the thermally matured core plugs, we found 

a prominent decrease in the elastic properties such as the Young’s, bulk and shear 

modulus. We conclude that thermal maturation of organic-rich samples results in 

mechanical weakening of the sample. Correspondingly, resistivity data were a function of 

organic richness and temperature. An analytical comparison of the elastic properties of 

formations across the globe for a comprehensive evaluation of the differences amongst 

them is also carried out.  

 

The results of the study indicate that thermal maturation tends to decrease the 

mechanical integrity and strength of the rock. The generation of petroleum products due to 

the maturation of organic products results in pore volume expansion, which causes 

fracture development and most often the failure of the sample. The behavior of resistivity 

tends to be dependent on the amount of organic matter expelled during the thermal 

maturation as well as the amount of organic matter withheld in the core plug, which 

relatively makes them temperature dependent, as the organic matter expelled is a function 

of the temperature. 
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CHAPTER 1 

INTRODUCTION 

In recent decades, the focus of the oil and gas industry has turned towards unconventional 

petroleum resources. This has resulted in rapid technological development and expansion of the 

industry globally. Some of the unconventional reservoirs are oil shales, tight-gas sands, gas 

shales and shale oils, coal bed methane, heavy oil tar sands and gas hydrate deposits. In the 

United States, the unconventional reservoirs generally tend to focus on shale plays. The 

conjunction of technologies like hydraulic fracturing and horizontal drilling has significantly 

improved the productivity of well and made the productivity from the tight formations 

economical.   

 

In order to understand the oil shale formations characteristics, it is essential to know the 

mineralogical composition of the rock and its behavior when exposed to various physical and 

chemical changes. It is essential to understand the geomechanical properties of the rock. The 

need to understand the behavior of the oil shale formations has resulted in a lot of research 

emphasis towards reservoir geomechanics, an interdisciplinary study which encompasses 

structural geology, rock mechanics and petroleum engineering together thereby focusing on the 

geomechanical challenges and variations during the exploitation of hydrocarbons from 

subsurface. 

 

Geomechanical properties of shale are dependent on material properties such as water 

content, mineralogy, and organic richness, bedding plane orientation, rock texture, porosity, 

permeability, resistivity and thermal maturity. It is known that laminations and fractures are 

sources of anisotropy in any geologic formation. Geomechanical properties such as rock 

strength, elastic modulus, and Poisson’s ratio are imperative in petroleum engineering 

applications. The determination of a reservoir’s geomechanical properties is critical to reducing 

drilling risk, maximizing well, and reservoir productivity. Estimates of these properties are 

central to drilling programs, well stimulation, and well completion design.  
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Nonetheless, the cause of laminations and fractures can be any of the above-mentioned 

factors, which are effectively performed by nature at its own pace. General characterization of 

shales is easier but selectively characterizing them based upon various quantifiable properties 

such as mineralogy, water content, organic richness, rock texture, thermal maturation are 

challenging. Especially quantifying all the coupled effects in order to characterize them would be 

highly challenging. 

 

1.1. Research Motivation 

Geomechanical properties, such as strength, Young’s modulus, and Poisson’s ratio, are 

critical in hydraulic fracture design, wellbore stability analysis, and productivity improvement. 

The shale reservoir rocks have extremely complex intrinsic mechanical properties, which are 

affected by many factors, including confining pressure, water content, TOC (total organic 

carbon), bedding plane orientation, mineralogy, and other factors. Several of these factors, 

especially the water content can significantly decrease the strength of shale rocks, and this 

weakening mechanism needs to be considered during hydraulic fracture designing and wellbore 

stability analysis. 

 

Water content effect on geomechanical properties of rocks has been examined. In utmost cases, 

increasing water content, results rocks to become weaker and fragile. The phenomenon is usually 

referred to as a water weakening effect.  

 

Meng et al. (2005) concluded that increases in water content leads to higher molecular 

activity, which affects rock strength and elastic properties. Hu et al. (2014) indicated that when 

shale is saturated, water menisci could induce a bonding force, influencing the mechanical 

properties of shale. The studies of water weakening effects can provide significant insights in 

proppant embedment, hydraulic fracturing aperture estimation, and wellbore stability prevention 

and quantification (Han and Batzle 2004, Kumar et al. 2015, Li 2017).  
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Lamination, bedding plane orientation, fracture development (both induced and natural) 

also happen to affect the geomechanical strength of the formations. Presence of laminations or 

fractures have affected every aspect of operations or data analysis in organic-rich shale 

formations (Mokhtari 2015). Furthermore, it has been verified that over-pressurization can create 

horizontal micro-fractures when kerogen is converted into bitumen, oil and gas in the process of 

maturation (Berg and Gangi 1999; Lash and Engelder 2005; Lewan and Birdwell 2013; Al 

Duhailan et al. 2013). This is an indication of the dependency of the geomechanical properties of 

rock on organic richness.  

  

In addition, capillary suction and gas entrapment in shales can induce fractures (Schmitt 

and Li 1994, Gutierez et al. 2000). The fractures developed can significantly affect tensile 

strength and permeability, thus it is essential to distinguish between natural fractures and the 

induced ones. Horizontal natural fractures often show the indications of past tectonic activity. 

This causes a substantial impact on the geomechanical characteristics of the rock.  

 

To date, the effects of thermal maturation on mechanical properties have been studied by 

nano-indentation experiments (Gupta et al. 2018) which were quantified via mapping the 

indentations using X-ray spectroscopy. The study found that the variation in mineralogical 

composition played a crucial role. However, the purpose of this experimentation was to 

effectually characterize the primary and secondary regions of creep generation.  

 

It is also to be noted that naturally matured samples of the same mudrock in a basin is not 

possible as it will have different TOC, mineralogy, water content, organic carbon content, 

varying fabric and texture of the rock as well as different porosity and permeability. Therefore, 

inducing thermal maturation by laboratory pyrolysis on aliquots of an immature mudrock 

constrains the geomechanical effects to thermal maturation alone. The question arises the 

necessity of an artificial thermal generation setup. The lateral changes in organic and lithological 

facies over a petroleum system makes it difficult to determine what the original rock consists of 

in nature prior to its thermal maturation.  In addition, hydrous pyrolysis has been shown to 

provide the best simulation of natural maturation of kerogen (Lewan and Roy 2011). 
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Type-I kerogen source rock studies like Steiner et al. (2016) incorporate analyzing the 

petroleum composition and quality with increasing thermal maturity using hydrous pyrolysis 

utilizing Brazilian source rocks. Similarly, the comparison of yields from Type-I kerogen of 

Green River formation by hydrous and anhydrous pyrolysis have been published. The net 

volume increase in organic matter results in an internal pressure buildup i.e. greater than 9000 

psi (Al Duhailan et al. 2013). It has shown to have a volume increase of about 38% in the 

direction perpendicular to the bedding plane (Lewan and Birdwell 2013). In order to prevent this 

expansion, a setup to use a confinement clamp for recover of the sample in intact form has been 

used (Woodruff 2017; Lewan and Birdwell 2013; Zargari and Prasad 2013).   

 

Gas shales are highly anisotropic and heterogeneous, and the mechanical properties of 

shale complex, which need to be well understood during shale gas development. Mechanical 

properties of rocks are usually obtained from static and dynamic testing. Static mechanical 

properties are generally determined in laboratory measurements of stress strain response. 

Dynamic properties are usually calculated from compressional wave velocities and shear wave 

velocities, which can be obtained from well logging measurements in the field or in ultrasonic 

measurements in the laboratory. The selected samples that are investigated have been from the 

same formation interval from a quarried mine site at Anvil Points in Rifle, Colorado. The effects 

of thermal maturation on geomechanical properties are investigated and compared to the lateral 

variation in facies of the tested sample at various temperature ranges of petroleum generation 

simulated via hydrous pyrolysis. 

 

Ruble et al. (2001) compared the yields based upon hydrous pyrolysis insights on the 

stages of the petroleum generation in their study. In this research study, samples from Green 

River Formation with a TOC of 15.23% and from black shale facies with 5.86% have been used. 

Hydrous pyrolysis yields of these samples were utilized to define the stages of petroleum 

generation as shown in Figure 1. It was observed that the bitumen generation from the immature 

Type-I kerogen was initiated at temperatures less than 300°C for 72 hours to represent early 

bitumen generation with no oil generation, 330°C for 72 hours to represent the end of bitumen 

generation and initial oil generation.  
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The 360°C run for 72 hours represents end of oil generation, and 390°C for 240 h to 

represent oil destruction to gas and pyrobitumen. This is clearly observed in Figure 1 with the 

changes in temperature conditions and the yields with respect to them. 

 

 

 

Figure 1-1: Quantitative yields of total products from 72-hour hydrous pyrolysis experiment of 

Mahogany shale sample from Green River formation (Ruble et al. 2001).  

  

In this study, the variations in dynamic and not static elastic (compressive and tensile) 

properties and resistivity behavior of shale reservoir rocks  using hydrous pyrolysis on plugs 

from the same bedding interval of the Mahogany shales of the Green River Formation were 

investigated for thermal maturation effect. Although it is known that hydrous pyrolysis simulates 

natural petroleum generation, it has not been determined whether hydrous pyrolysis also 

simulates changes in the geomechanical properties of naturally matured rocks. Thus, the 

collected core plugs are from organic rich shale i.e. Mahogany zone in Green River formation. 
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1.2. Objectives and Scope 

The objective of this research is to see how the artificially induced thermal maturation 

affects the geomechanical properties of the organic rich oil shale core plugs along with its 

resistivity characteristics when undergone the maturation process. 

 

 To artificially induce thermal maturation at various temperatures ranging from 300˚C to 

390˚C in closed hydrous pyrolysis with 5% NaCl brine solution for 72 hours. The 

hydrous pyrolysis is to be performed under two different setups, one consisting of axial 

confining spring system providing a constant load of 1200 psi and a general axial 

confinement setup without springs. The axial confining spring system is tested for only 

one temperature run of 330˚C. 

 

 To evaluate the impact of thermal maturation on geomechanical characteristics such as 

the dynamic Young’s modulus, Poisson’s ratio, axial deformation stress, anisotropy, bulk 

and shear modulus both post and pre hydrous pyrolysis with resistivity measurements. 

 

 To determine the relationship between axial confinement (overburden stress) and thermal 

maturation of hydrocarbon from uniaxial test data and wave velocity parameters-thereby 

quantifying the fracture network development across the core sample plugs undergoing 

hydrous pyrolysis productively. 

 

 To investigate the relationship between compressional and shear wave velocities and 

fracture development from thermal maturation of hydrocarbons. Then characterize the 

results in accordance with the testing conditions. 

 

 

  



7 

 

CHAPTER 2 

MATERIALS AND METHODS 

2.1. Sample Description 

Dr. Michael Lewan from the USGS provided UNGI CIMMM research consortium a set 

of vertically drilled core plugs from a slab of rock representing the same stratigraphic interval 

from a quarried mine site at Anvil Points, Colorado consisting of highly immature rock with high 

total organic carbon content (TOC). These core plugs have been tested and the data collected 

were analyzed for geomechanical properties, saturation, thermal maturation, porosity, 

permeability and mineralogical composition in this research study. 

 

 The porosity and the permeability of the samples have been obtained numerically for 

these small permeability samples as they exceeded the lower limit of the CMS 300 apparatus 

typically utilized for such measurements. The effective porosity ranged from two to four percent 

and the permeability has been determined to be approximately 30 nano Darcies. The average 

total organic content was about 17.8 wt. percentage with Type-I Kerogen i.e. highly immature 

samples. The mineralogical composition of the rocks were observed from the previous works 

done by Birdwell et al. on a similar set of plugs from the same slab. The results of the evaluation 

indicated a hydrogen index of 833 mg/g TOC and the maximum temperature of the testing was 

438°C (Birdwell et al. 2013). The mineralogy along the length of the core is highly variable. In 

general, the cores consisted of interbedded calcareous shale, limestone, and dolomite. The 

outcrop core samples are representative of the proximal facies. The formation mainly consists of 

dolomite, limestone, organic rich mudstone and siltstone, sandstone and ostracodal limestone in 

marginal areas, quartz, calcite and aragonite. The general behavior of laminated dolomite was 

exhibited and this can be confirmed as the samples exhibited low porosity and permeability. The 

mineralogy of the outcrop samples showed a mixture of carbonates and clays, along with quartz 

and feldspar. Detailed clay mineralogy showed the common presence of kaolinite, chlorite, and 

montmorillonite minerals that are generally rare in the saline-brackish phase of the Green River 

Formation (Donnell et al. 1967).  
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The presence of these minerals is expected to be related to the particular lake conditions 

during Uteland Butte time (Dyni 1976), but the significance of the mineralogical differences 

between the freshwater and saline stages of Lake Uinta is currently unclear and requires further 

study. The total organic carbon content (TOC) based on the data from previously performed by 

the LECO carbon analyzer is 17.8 wt. percentage. Furthermore, the analysis on outcrop samples 

confirms that it is mainly Type I kerogen as observable from Figure 2-1.  

 

 

Figure 2-1: Van Krevelen diagram indicating Kerogen Maturity (Modified from Orlic et al. 

2013). 

 

2.2. Sample Preparation 

All the hydrous pyrolysis experiments were performed at the USGS Organic 

Geochemistry Laboratories, Denver, Colorado under the guidance of Dr. Michael Lewan. In this 

phase, the experimentation can be classified into two categories. The first is the axial 

confinement hydrous pyrolysis setup in which the simulation of over burden pressure was tried 

out with an initiation of 1200 psi using compressed springs. The second one is the general axial 

confinement hydrous pyrolysis setup where general confinement exists to prevent the sample 

from drastically expanding but no springs and thereby no simulation of overburden pressure. 
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The cores obtained are of 1.7 inches in diameter and the marked length on the samples in 

the next picture indicates that the samples are of 2.5 inches in length as presented in Figure 2-2. 

The cores are numbered as per requirement and stored in isolation to prevent contamination and 

damage to them. 

 

 

Figure 2-2: 1.7 in. diameter cores were cored, rinsed and dried (Lewan and Roy 2011). 

 

The core plugs that are to be tested are to undergo rigorous sanding process to be 

trimmed down to the required size of 1.5 in. diameter from the original 1.7 in. diameter plugs 

provided. After this process, in order to clear off the accumulated rock dust on the plug surface 

the samples wiped with de-ionized water dipped paper towels and oven dried for 48 hours. The 

sample dimensions and the mass of the sample are recorded as reference for the proceeding 

phase of the research. Afterwards, the saturation of the sample prior to the hydrous pyrolysis are 

recorded. 

 

The core plugs are placed into the saturation cell as displayed in Figure 2-3 and are 

subjected to vacuum pressure for a span of 36 hours to remove all the air from the sample pore 

space, fractures and from the entire cell setup. This process is followed by de-gasification of the 

saturation fluid and injection of the fluid into the cell. The pressure was progressively elevated to 

5000 psi. In this case, the saturating fluid is 5% NaCl brine solution. 
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Figure 2-3: High-pressure saturation cell in operation. 

  

Followed by a saturation period of 72 hours at a pressure of 5000 psi, the sample is 

extracted out of the high-pressure saturation cell. The sample dimensions after the saturation 

period along with their mass are recorded.  

 

After the ultrasonic testing is completed, CT scans are collected to observe the fracture 

network and orientation after which they are placed in hydrous pyrolysis assembly for 

maturation to take place.  

 

It is advisable to take a helical and axial CT scan of the core plug to observe the natural 

fractures present in the core plug. Since the sample was trimmed to stratigraphic interval, the 

TOC level across the sample (with respect to height) may tend to differ from one another. 
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The changes we observed due to saturation are not significant and this can be agreed 

upon as stated in Table 2-1. From the changes in the mass, it would we sensible to state that the 

fractures of the core plugs are saturated and not the matrix making the change in the mass of the 

core plugs notable in the post saturation stage. Similar behavior is commonly observed in tight 

shale formations.  

 

This is potentially a result of saturation of the fractures while rock matrix still not being 

completely saturated. With the saturation of the matrix, we anticipate the mass to increase and 

changes in the dimensions of the sample. 

 

Table 2-1: Core sample data used in research study before and after saturation 

HP Run 

temperature 

(oC) 

Mass (g) Length (in.) Diameter (in.) Density (g/cc) 

Before After Before After Before After Before After 

300 125.81 126.4 2.22 2.22 1.48 1.48 1.99 1.99 

330 123.16 123.91 2.17 2.17 1.48 1.48 2.00 2.00 

360 138.85 139.15 2.44 2.44 1.48 1.48 2.00 2.00 

390 134.91 135.25 2.45 2.45 1.46 1.46 1.99 1.99 
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Core preparation starts by the coring of the sample plug from the full core to the testing 

of the core. Before coring the samples out, an interval had to be selected for analysis and 

experimentation.  

 

The section selected on the outcrop interval was 2.3 to 2.4 inches in consideration to 

stratigraphic interval, as it is observed that the lithological bedding across the geological time 

scale of the selected outcrop rock was identical. The phase difference between each of the 

bedding plane had approximates around 1.5 degrees.  

 

With respect to the cut off values from TOC and mineralogy, the vertical core plugs were 

drilled out with a core drill rig by Dr. Lewan and his USGS team with very small intervals 

among the bored out plugs to maintain evenness across the stratigraphic interval. The close range 

CT scans sectional images allow us to see the high TOC zone marked up upon in Figure 2-4 

along with other bedding planes and natural fracture presence. 

 

         

(A)                                               (B) 

Figure 2-4: Close range sectional images from Computed Tomography of the outcrop core plug 

#19 indicating organic richness and bedding planar sections before hydrous pyrolysis.  
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Figure 2-5: Dr. Lewan and his team drilling 1.7 in. core plugs from outcrop oil shales (Lewan 

and Roy 2011). 

 

Core sections were drilled perpendicular to the bedding into 1.7 inch core plugs as shown 

in Figure 2-5. This orientation was selected in order to have the multiple bedding layers present 

in the sample to be perpendicular in the direction of the maximum horizontal stress, 

representative of the multiple bedding layers. These core plugs were then cored using a diamond 

saw to obtain a core plug length of 2.3 to 2.4 inches, with smooth surfaces. 

 

Since the samples plugged were larger than the diameter the triaxial apparatus sample 

sizes to be used (1.5 in. diameter is used in UNGI triaxial device), the plugs have been trimmed. 

The faces were made parallel to ensure the equal distribution of stresses during triaxial testing to 

obtain reliable wave velocity data and to avoid unwanted weakening due to the stress 

concentration resulting from the uneven surfaces. This is achieved by sanding the core plugs 

using a sand paper that could even the surfaces within ±0.001 inch accuracy.  
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Samples have been clamped using C-clamp across the axial direction and were then 

sanded with sand paper. Initially low number grit sand paper was used to sand the samples 

followed by high grit to finish with a smooth surface. They were sanded until a flat surface has 

been obtained.  An example of the final trimmed samples is shown in Figure 2-6. 

 

 

 

 

 

 

 

 

 

Figure 2-6: Sample #16 after sanding ready to tested under dry conditions. 

 

After ensuring that samples were well prepared for both hydrous pyrolysis process and 

for the triaxial testing, ultrasonic wave velocities have been collected in order to obtain the 

dynamic elastic properties of the intact samples that had not undergone hydrous pyrolysis. The 

compressional and shear wave velocities were measured using ultrasonic transducer/receiver 

pairs placed on the parallel smooth surfaces shown in Figure 2-6. 

 

2.3. Hydrous Pyrolysis 

Hydrothermal experiments, which involve heating of the samples in the presence of 

liquid water is termed as hydrous pyrolysis (Smith 1987). If the samples are in contact with the 

steam generated or the super critical fluid in the headspace column, then they are not considered 

to have undergone hydrous pyrolysis. Recent experimentations have evolved to the use of saline 

solutions of 2% or 5% NaCl or KCl brine solutions. Using brine solution tends to prevent phase 

change and allow them to exist in liquid phase during testing by elevating super critical 

temperature to 420 °C. 
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Water vapor in the subsurface conditions is limited to shallow depth, i.e. the geothermal 

vents and areas and hence, the reactivity of the water vapor is considerably less than that of water 

towards the organic material. Even if phase conversion of water in the reactor takes place, it can 

be neglected as the core plug consisting of organic matter is submerged in water and thereby is 

prevented for coming in contact with the vapor phase of the water. Hence, all the experiments 

conducted at gas generation or oil destruction window too are categorized as hydrous.  

 

The hydrous pyrolysis is a process that occurs in two phase, until pressure regulators are 

implied to maintain liquid phase alone. The hydrous pyrolysis in the experiment is carried out 

with pressure regulators, which allow the experiment to take place in liquid phase only. The 

volume of liquid water in reactor at the experimental temperature is directly proportional to the 

sum of the thermal expansion of liquid phase and amount of water needed to generate vapor 

pressure. In other words, liquid water volume at an experiment temperature in given reactor 

volume is obtained using Equation 2-1 (Lewan 1993). 

 

Equation 2-1: Liquid water volume at experimental temperature in given reactor volume 

                         𝑉𝑙
𝑇 = [(𝑀𝑤

0 ∗ 𝛾𝑣
𝑇) − 𝑉𝑟] ∗ 𝛾𝑙

𝑇/(𝛾𝑣
𝑇 −  𝛾𝑙

𝑇)                                          (2-1)                                               

                             

𝑉𝐿
𝑇- Volume of liquid water at experimental temperature 

𝑉𝑟 - Reactor Volume 

 𝛾𝐿
𝑇 - Specific volume of Water in liquid at experimental temperature 

 𝛾𝑟
𝑇

 - Specific volume of Water in vapor phase at experimental temperature 

𝑀𝑤
𝑜  - Mass of liquid water added to reactor at room temperature 

 

One of the other critical factors to account is the proper submergence of sample, i.e. the 

water level. This makes the collection of expelled oil to be easier above the sample and water 

layer. Excess water added to the reactor may result in violent rupture of the reactor if the liquid 

volume increase exceeds the reactor volume. Thus, the reactor volume is calculated prior to the 

experimentation accounting the safety factor ranging from 10-15% for the testing temperature 

range.  
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It is considered a good practice to have a total volume of setup and the expanded volume 

not in excess of 85-volume percentage at the given experimental temperature. The pressure 

generated within the remaining gas space is predominantly due to water vapor, which increases 

with temperature. The pressure generation can be verified from the pressure-temperature plot 

below. Based upon rigorous study of the expelled oil, retained bitumen and kerogen of a 

potential source rock through a series of hydrous pyrolysis experiments at different temperatures 

has revealed that the petroleum formation may be described in the following stages: 

 

1. Bitumen Generation (300°C - 330°C) 

2. Oil Generation (330°C - 360°C) 

3. Oil Destruction and Gas Generation (360°C - 390°C) 

A previous study on the aliquots collected from various shale plays were heated isothermally at 

different temperatures under hydrous pyrolysis conditions stated above. A similar organic 

content maturation and expulsion was observed out from the samples (Lewan and Birdwell 

2013). The bitumen generation phase is the representation the immature stage where the 

incipient-oil stage signifies the thermal stress, and is insufficient to initiate thermal 

decomposition. In this stage, the kerogen remains in constant volume and is converted to 

bitumen. This is followed by oil generation phase where conversion of bitumen into oil takes 

place. Finally, oil destruction and gas generation stage where the expelled oil breaks down into 

gas and pyro bitumen.  

 

An understanding from these hydrous pyrolysis experiments define the series of overall 

reactions and demonstrates that maximum bitumen generation does not correspond to maximum 

oil generation. According to the classification by Louis and Tissot (1967), bitumen is a product 

obtained from source rock and is classified as viscous tar material. While the oil is one of the 

expelled product obtained from non-source rock and is of free-flowing nature.  
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2.3.1. Hydrous pyrolysis setup simulating overburden pressure with axial confinement 

Figure 2-7 illustrates the spring system, which simulates the overburden pressure conditions in 

the setup.  

 

Figure 2-7:  High compression confinement clamp spring system setup (Lewan and Birdwell 

2013). 

Springs of 4 in. original length  

were compressed down to 2.3 in.  

in order to simulate overburden 

pressure 

on the core plug 
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2.3.2. High pressure confinement clamp apparatus with spring 

  The apparatus consists of cylindrical compression spring made of round wire of 

“Inconel 18” with closed or ground type ending. The springs used in the apparatus are of 

commercial grade quality buckling constraints. They are right hand side coiled in order to 

accommodate three of them underneath the divider disc to provide a fixed pressure of 1200 psi. 

The 1200-psi pressure acts as overburden pressure throughout the testing process as shown in 

Figure 2-7. Using the spring assembly has two benefits. First, a natural thermal maturation cycle 

similar to subsurface conditions is simulated during the experimental procedure. Secondly, the 

assembly provides axial confinement, which prevent the spring from undergoing significant 

expansion axially and breaking into multiple segments. It is also important to account for the 

decrease of the spring size to two inches with the compression resulting the normalized length to 

be up to four inches in length. Yet the free load testing was conducted in springs of two-inch.  

 

The apparatus was designed and custom built in order to provide an integral support to 

the core sample that is being treated thermally via hydrous pyrolysis and preventing it from 

losing its integrity post hydrous pyrolysis due to volumetric expansion and hydrocarbon 

expulsion. Moreover, the assembly allowed evaluation of the natural maturation cycle to that of 

laboratory experiment. 

 

From the prior experiments and the results, we have observed that hydrous pyrolysis 

results in maturation of immature organic material that is present in the core plug. Due to the 

thermal maturation, the hydrocarbons undergo volumetric escalation that in turn causes the core 

plug to expand escalation the hydrocarbon volume and causing the natural fractures to initiate 

and propagate within the sample. Thus, decline of the structural stability of the sample may 

occur. In order to prevent this weakening to take place, Dr. Lewan and his team of experts had 

custom designed this apparatus of high-pressure confinement clamp-setup. The new design 

prevent the volumetric expansion from occurring in the core plug and preserve the integrity of 

the sample. In this research study, the new setup has been tested first time during the hydrous 

pyrolysis runs.  
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 The schematic of the setup is shown in Figure 2-7. The hex nuts are the part of the setup that 

help in maintaining the compression level placed on the springs.  The divider present in between 

plays the role of separating the spring from coming in contact with the core plug placed in the 

confinement clamp setup for testing. There are a total of three discs in the setup of which all 

three are 3/8 in. thick with a 2.5 in. diameter. The lower disc and the divider discs are bored 

within such that they would be able to accommodate the spring within them.  

 

The springs, which are compressed, are made up of Hastelloy C. The material constitutes of 

nickel-molybdenum-chromium with an addition of tungsten. It is capable of handling harsh 

environments of higher temperature and pressure. It is also highly resistant to corrosion and has 

excellent resistance to pitting and stress corrosion cracking.    

 

The rest of the setup i.e. the clamps, hex nuts and divider discs are made up of stainless steel. 

The quality of the new assembly is the durability of the material selected and its capability to 

withstand high ranges of temperature and pressure without failing. The springs are four inches in 

length in an uncompressed state. The springs are compressed down to 2.3 inches. Once they are 

compressed, they are placed in the confinement clamp setup and the hex nuts are tightened upon 

them. This way the compression on the spring remains and then the sample is locked and axially 

confined and thereby, the condition simulating overburden pressure is achieved.  

 

Zargari et al. (2011) simulated a similar condition using springs. Yet, they had not disclosed 

the compressive pressure of the spring or that if the spring was compressed at all. Here the 

simulated condition allows an overburden pressure of 1200 psi to be applied on the sample when 

it is undergoing hydrous pyrolysis. The manufacturer specifically upon request-designed spring 

such that, this amount of pressure is exhibited during the testing phase. 
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2.3.3. Hydrous pyrolysis experimental conditions  

The uniaxial confinement clamp consists of two stainless-steel disks (3/8 inches thick and 

2.475 inches in diameter) connected by three threaded stainless-steel rods that are equally spaced 

around the outer edge of the metal discs (Figure 2-7). A core sample is seated within the 

confinement of the three threaded rods and between the bottom and top disks. The core is 

oriented with the bedding fabric parallel to the top and bottom disks to prevent tensile fractures 

as shown in Figure 2-10-A. The core is held firmly in place between the two disks with hand 

tightened hex nuts at the top and bottom of each threaded rod.  The clamp with core is then 

placed in a general-purpose reactor (Figure 2-9-A), which has a 2.5-inch diameter with a fixed 

volume of 1025 ml. Calculations for a specified experimental temperature were made to ensure 

that the  core sample is in contact with liquid water before, during, and after the experiment.   

 

The reactor is sealed, leak-checked with approximately 1000 psia of helium (Figure 2-8-B). 

After the completion of the leak check, the He pressure is reduced to 25-psia .Then heated 

isothermally in an electric heater at the specified temperature for 72 hour (Figure 2-8-C).  In this 

capacity, the uniaxial confinement clamp prevents the core from expanding perpendicular to the 

bedding fabric.  The headspace gas (steam and generated gases) determines the confining water 

pressure on the exposed core parallel to the bedding fabric submerged under the dispensed fluid 

during the experiment as shown in Figure 2-10-B.  Hence, only the steam pressure generates 

during the experiment temperature determines the confining pressure. Once the assembling is 

complete, the reactor with gauge block attached is disconnected from the gas line post the leak 

evaluation.  

 

Then the reactor assembly is placed into the electrical heating jacket and the two calibrated 

Type-J thermocouples are inserted into the thermos well. One from the digital thermometer for 

monitoring and the other from proportional integrative derivative controller through which the 

temperature is set and controlled. The top of the reactor is covered with ceramic tile, flexible 

woven insulation pad and with fiberglass cotton to fill up the voids in the woven insulation 

material. 
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A customized software package is used to turn on and off the heating jacket at the 

prescribed time setting. Constant monitoring of the temperature takes place during the 

heating up of setup, which is approximately 1.5 hours, the experiment, and as well during the 

cool down period. Generally, the cool down phase prolongs to 24 hours. The pressure in the 

reactor is at each of the temperatures were recorded manually during the experiment from the 

gauge attached above (psig). A detailed schematic is illustrated in Figure 2-8. 

 

 

 

 

 

 

 

 

 

 

            

 

 

Figure 2-8:  (A) #11 in clamp setup before testing with spring, (B) #11 in reactor after assembly 

undergoing leak testing, (C) #11 in electrical heater setup undergoing hydrous pyrolysis (D) 

sample in setup without spring. 

(A) (B) 

(C) (D) 
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Figure 2-9: Detailed schematic illustration of hydrous pyrolysis reactor setup (after Lewan 

1993). 
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Figure 2-10:  Schematic view of pyrolysis cell. 

(A) Uniaxial confining-core clamp with a 1.7-inch diameter core of a 2.3- to 2.4-inch thick 

interval. (B) General purpose reactor with uniaxial confining-core clamp and sufficient water to 

ensure cores are submerged in liquid water before, during, and after the experiment (after Lewan 

and Birdwell 2013). 
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Table 2-2: Hydrous pyrolysis experimental conditions 

 

Temperature Std. 

Dev. 

Duration 

at 

Temp. 

Setup 

conditions 

Initial 

Plug 

Mass 

Initial 

Plug 

Mass 

Final Plug 

Mass wet 

Initial 

5wt% 

NaCl 

Recovered 

5wt% NaCl 

Wt.% 

Water 

Final 

Gage 

Pressure 

(°C) (°C) (hour) (w/ w/o 

springs) 

Dry  

(g) 

After 

saturation 

(g) 

After 

solvent 

rinse (g) 

Water 

mass (g) 

Water mass 

(g) 

Recovered at Temp 

(psig) 

300.1 0.4 72.24  w/o springs 125.81 126.4 127.4 510 491.7 96.4 1400 

326.3 0.3 72.06 w/o springs 123.04 123.91 137.6 480 452.1 94.2 1900 

330 0.3 72.18 w/1200 springs 123.16 123.91 131.5 480 433.6 90.3 2070 

359.9 0.6 72.2 w/o springs 138.85 139.158 143.6 455 413 90.8 3210 

390.1 0.6 240.03 w/o springs 134.91 135.255 143.7 420 367 87.4 4800 
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2.3.4. Hydrous pyrolysis experimental run – temperature and pressure vs. time plots 

 The average temperature (300 oC) has been monitored together with pressure data during the 

experiments. The simultaneous data helped visualization of the conditions in which the sample 

was recovered and the condition if it can be used for additional post pyrolization testing. The 

experimental run conditions are listed in Table 2-2. Along with the different components and 

how they were recovered from the setup was also explained in Table 2-2. 

 

300°C Temperature run, No Spring setup – 72 hours hydrous pyrolysis 

The experiment at 300 °C was successfully completed with an average temperature with 

a 0.4 °C resolution. The duration of the experimental run at the desired temperature of 300 °C 

was carried out for 72 hours as shown in Figure 2-11.  The final gauge pressure recorded was 

1400 psig. The increase in pressure was observed to be approximately 190 psi throughout the 

experimental phase as depicted in Figure 2-11. The plug no. #14 when extracted from the 

assembly was intact. The sample afterwards was subject to ultrasonic and resistivity 

measurements.  

 

 
 

 

Figure 2-11: HP-3864, 300°C, pressure (psig) and temperature (°C) vs. time (hours) plot.  
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330°C Temperature run, No Spring setup – 72 hours hydrous pyrolysis 

The experiment was completed average temperature of 326 °C and a resolution of 0.3 °C. 

The duration of the experimental run at the desired temperature of 326 °C was carried out for 72 

hours as presented in Figure 2-12.  The final gauge pressure was 1900 psig as shown in Figure 2-

12. The 150-psi increase in pressure throughout the experimental phase. The plug no. #15 when 

extracted from the assembly was intact. The sample afterwards was subject to ultrasonic and 

resistivity measurements.  

 

  

 

Figure 2-12: HP-3861, 330°C, pressure (psig) and temperature (°C) vs. time (hours) plot.  
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330°C Temperature run, spring setup – 72 hours hydrous pyrolysis 

The experiment was run at an average temperature of 330.0 °C with resolution of 0.3 °C. 

The duration of the experimental run at the desired temperature of 330.0 °C was carried out for 

72 hours as displayed in Figure 2-13. The final gauge pressure was 2070 psig as indicated in 

Figure 2-13. The 270-psi pressure increase was observed throughout the experiment. The plug 

no. #11 when extracted from the assembly was intact. The sample afterwards was subject to 

ultrasonic and resistivity measurements.  

 

 

 

Figure 2-13: HP-3860, 330°C, pressure (psig) and temperature (°C) vs. time (hours) plot.  
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360°C Temperature run, No Spring setup – 72 hours hydrous pyrolysis 

The experiment was run with an average temperature of 360 °C with and temperature 

resolution of 0.6 °C. The duration of the experimental run at the desired temperature of 360°C 

was carried out for 72 hours as presented in Figure 2-14.  The final gauge pressure is 3210 psig 

as indicated in Figure 2-14. The 420-psi pressure increase was throughout the experiment. The 

plug no. #19 when extracted from the assembly was intact. The sample afterwards was subject to 

ultrasonic and resistivity measurements.  

 

 

 

Figure 2-14: HP-3863, 360°C, pressure (psig) and temperature (°C) vs. time (hours) plot.  
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390°C Temperature run, No Spring setup – 240 hours hydrous pyrolysis 

The experiment was run at an average temperature of 390 °C with 0.6 °C resolution. The 

duration of the experimental run at the desired temperature of 390.1 °C was carried out for 

240.03 hours as shown in Figure 2-15.  The final gauge pressure is 4800 psig as indicated in 

Figure 2-15. 880-psi pressure increase was throughout the experiment. The plug no. #19 when 

extracted from the assembly was intact. Even though the sample was recovered intact, it was 

very fragile and on the completion of the CT scan, the sample had infringed into three sections. 

This prevented us from testing the sample for ultrasonic and resistivity measurements. The gauge 

pressure increases observed during the experiments are a result of the steam pressure and the 

pressure generated due to the gases generated during the thermal maturation process. The 

experiment temperature is increased; the amount of gas generated with the steam also increases. 

The best suitable example to explain the pressure increase is the oil destruction and gas 

generation phase run at 390 °C. This high temperature experiment was run for 240 hours. This 

had resulted in approximately 900-psig increase from the start to the end of the experiment. The 

pressure generated also has a role in degrading the mechanical, structural integrity of the core 

plug that is tested.    

 

 

 

Figure 2-15: HP-3862, 390°C, pressure (psig) and temperature (°C) vs. time (hours) plot. 
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2.3.5. Hydrous pyrolysis product collection 

Once the reactor cools to room temperature at the end of the experiment. It is weighed to 

assure that there was no leak during the experiment. Then two-50 cc stainless steel gas 

collection cylinders (SS-316) are connected in series to the outlet fittings. The gas generated 

in the headspace is released into the cylinder and captured. Following that, the total gas 

remaining in the headspace is vented under fume hood at a slow rate to prevent turbulence 

among the liquids inside the cylinder. Now, the difference in the final weight of the cooled 

reactor and the vented headspace gas is recorded.   

 

As the setup was dismantled, a measurement is made of the height of immiscible liquid 

layer consisting of oil from the inner lip of the cylinder. The headspace-gas pressure and 

temperature have been measured and a sample of the gas was collected for molecular 

composition. Expelled oil floating on the water surface was collected with a Pasteur pipette 

into pre-weighed glass vial with Teflon lined screw cap (Lewan and Birdwell 2013). 

 

Expelled oil remaining on the reactor walls, collection pipette, core surface, and 

confinement clamp are rinsed with benzene.  The oil-benzene solution is filtered through a 

0.45 μm hydrophobic PTFE filter to remove water or rock dust that may have been entrained 

during the benzene rinse. One such filtration process of the collected materials is depicted in 

Figure 2-16.  In all our runs, five rinses were performed. 

 

The rinsed oil has been concentrated by evaporation of the benzene under a fume hood.  

Mass of oil from the equipment rinse and that from the water surface was collectively the 

total mass of expelled oil (Lewan and Birdwell2013). During the vacuum filtration to 

separate the water in the collected oil, metric membrane filters have been employed. The 

process is selectively repeated until all the expelled oil from the immiscible liquids was 

extracted out. Apart from the collection of expelled oil and gas, any waxy substances present 

were also collected with the help of spatula and scooper along the surface of the cylinder 

wall.  
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The procedure of collecting waxy substances from the wall of the reactor is carried out 

prior to the benzene rinse. If the expelled oil was in small volume, then this process may be 

done after the benzene rinse is performed allowing the collection to be performed with ease.  

 

 

Figure 2-16: Separation of the expelled oil from the poured in fluid by Vacuum Separation. 

 

 It is important to note that the total gas value presented below are based on the mass 

difference between the reactor before and after it was vented. It may include some dissolved gas 

released from water and oil while venting. The accuracy range is about 0.1 grams only.  In 

addition, this gas may include the release of gases dissolved in the water or oil as it is heated 

thoroughly.
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2.4. Ultrasonic Wave Velocity Measurements 

Elastic wave propagation measurements are useful to determine formation properties in 

core scale as well as in the field through sonic logs or seismic measurements. Elastic waves are 

mechanical disturbances generated by particle movement that allow for energy movement 

through the sample, without it being displaced. Compressional wave (P-wave) particle motion is 

parallel to the direction of wave propagation while shear waves motion (S-wave) takes place 

with particle moving perpendicular to the direction of wave propagation as presented in Figure 2-

17 (Stein and Wysession 2003). 

 

The polarization of the waves in the direction of the vibration on the plane normal to the 

particle propagation can vary. S-waves consist of vertically (SV) and horizontally (SH) polarized 

components. Intrinsic rock properties such as fracture intensity, grain orientation and external 

factors such as stress influence the wave propagation. Due to the difference in the nature of the 

particle motion propagation in P-waves and S-waves, they respond differently to those factors. 

 

 

Figure 2-17: Illustration of S and P wave direction with reference to direction particle 

propagation, Stein and Wysession 2003. 
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Ultrasonic wave velocity measurements on saturated and unsaturated core samples have 

been performed using two piezoelectric transducers of 1 MHz central frequency. The transducers 

transform electric pulses into mechanical pulses and vice-versa and are shown in Figure 2-18. 

Using a pulse generator (Olympus Model 5058PR), a high voltage, and short duration (ultrasonic 

frequency) electrical pulse was applied to one of the transducers, resulting in compressional and 

shear wave propagation.  

 

The core sample before and after saturation has been placed between the transducer and 

receiver and the electric pulse transmitted through the sample in form of the elastic waves. The 

receiver transforms the wave into an electric signal that transmits through P and S wave cables to 

a digital oscilloscope connected to the pulser/receiver and a computer for data acquisition. 

Images of the pulser/ receiver and oscilloscope are shown in Figure 2-19. The data acquisition 

system details are explained in the latter sections of this chapter. It must be noted that transducer 

and receiver are aligned at zero polarization to avoid variations in shear wave data. Based on the 

arrival times of the compressional and shear pulses through the samples, P-wave and S-wave 

velocities have been calculated. Measurements were taken at several points within the surface of 

the core to reduce uncertainty of measurements. Prior to core sample measurements, calibration 

was performed using face-to-face measurements to determine accurate arrival time for the signal 

within the core sample during the wave propagation measurements. 

 

 

Figure 2-18: Piezoelectric transducers used to measure elastic P and S wave velocity velocities 

through the samples at UNGI Coupled Geomechanics Laboratory. 
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Figure 2-19: Digital Oscilloscope, pulser/receiver and RF switch for selecting the measurement 

of P/S wave velocities at UNGI Coupled Geomechanics Laboratory.  

 

Determination of Mechanical Properties from Acoustic Wave Measurements 

The following calculation steps were carried out to obtain Young’s Modulus and Poisson’s Ratio 

before and after saturation of the samples using the arrival times picked on  the recorded full 

wave forms as shown  in Figure 2-20. 

 

 

Figure 2-20: Arrival time selection for P and S waves. 
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The mechanical properties of the sample were obtained using Vp and shear Vs wave velocities and 

dividing them by the length of the samples as shown in Equation 2-2.  

 

                                                             
𝑉𝑝

𝑉𝑠
= 1/[𝑡𝑎𝑟𝑟 ∗ (

𝑉𝑝

𝑉𝑠
)]                                                      (2-2) 

 

The dynamic Young’s Modulus Edyn and dynamic Poisson’s Ratio vdyn were calculated as 

described in Equations 2-3 and 2-4 respectively. 

 

                                                            𝐸𝑑𝑦𝑛 =
𝜌𝑉𝑠

2[3𝑉𝑝
2−4𝑉𝑠

2]

(𝑉𝑝
2−𝑉𝑠

2)
                                                       (2-3) 

  

                                                      𝜈𝑑𝑦𝑛 =
𝑉𝑝

2− 2𝑉𝑠
2

2(𝑉𝑝
2−𝑉𝑠

2)
                                                        (2-4) 

 

 

The schematic view of the experimental setup is illustrated in Figure 2-21. It in notable 

that during the wave velocity measurements there was no radial confinement provided. The 

natural wave propagation without any sort of disturbance was allowed and data was recorded. 

 

 

 

 

 

 

 

 

Figure 2-21: Experimental setup schematics of wave velocity measurement. 
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2.5. Computed Tomography Scan (CT-Scan) 

A Helical CT-Scan from Weatherford Labs was used to characterize the internal features 

of the cores. CT Scanners use an x-ray source and a detector. The X-ray passes through the 

object being scanned and generates an image. This test provides information about the 

heterogeneity of the rock and the fracture intensity present in the samples and the information 

helps in understanding the anisotropy and interpretation of the wave propagation through the 

ultrasonic wave velocities collected. 

 

 

Figure 2-22: CT scanning of a random core plug.  

 

Anisotropic features in shales can be characterized in several scales using the computed 

tomography scanning. CT scans help in distinguishing the laminas clearly with respect to 

different types of bedding layers in accordance to their deposition. From the scans, we are able to 

observe the presence of natural fractures in the core plug even before they have undergone 

hydrous pyrolysis. In a similar setup of standard approach, all the plugs that have been used in 

the following research have gone through computed tomography scans twice to see how the 

fracture orientation has been altered due to thermal maturation of immature kerogen present in 

the core plugs. The expected conditions in the case of thermal maturation is that, fractures are to 

be induced which result in decline of the mechanical integrity of the core plug causing it to 

weaken with increase in temperature during hydrous pyrolysis.  
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This would be due to the increase in pore volume as the kerogen converts to bitumen, oil 

and gas. As it is exposed to higher temperature along with time during the testing phase. In 

general, shales when tested for thermal maturation process have shown an increase in pore 

volume by 300% (Kibodeaux and Li 2012).   

 

2.6. Resistivity measurements and analysis 

 

 

Figure 2-23: Two-Probe resistivity measurement and analysis setup. 

  

 The setup consists of a variable frequency function generator, digital oscilloscope, high 

sensibility electrical probes, analog control meter and resistance to variate and control the setup. 

The completed setup analyzing the resistivity behavior of one of the samples that have 

undergone hydrous pyrolysis is presented in Figure 2-23. The core sample is prepared by 

wrapping it in cellophane sheet to prevent the loss of saturation during testing at different 

frequency levels. After wrapping, two metal threads are twined across either ends of the core 

plug, which shall arrest the saturating fluid within the core plug that is being tested. 
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Figure 2-24: #14 tested for resistivity measurements in two-probe setup.  

 

The setup of the two probe electrical resistivity testing is as stated below: First, cut four 

pieces of cellophane tape 0.235 in. wide and 5.0 in. in length and apply them evenly along the 

length of the core. There should be three 0.03 in. spacing between each piece of tape. Apply 

slight pressure to the sample over the open areas, releasing the trapped air between the tape and 

the sample. Attach a single wire strand to cellophane ring (total of two), ensuring to cover the 

wire strand on the cellophane sheet as found adequate. Trim down the excess cellophane sheets 

around the core sample allowing the electrodes to be placed on the either ends of core. Carefully 

place the core on a permeable sheet saturated with 5% NaCl, making sure to keep the wire leads 

aligned with their respective slots.  Sandwich the core between the electrodes wire lead through 

the respective slot on the top side of the electrode into position as stipulated in Figure 2-24. The 

testing can be initiated by turning on the variable frequency function generator. Allow the 

generator to reach a stabilized potential difference by waiting for 30 seconds after turning it on. 

Now the outlet of the conductivity is connected to the digital oscilloscope allowing it to read the 

peak-to-peak potential difference.  
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Figure 2-25: #14 tested for resistivity measurements in two-probe setup. 

 

During measurement, the difference amongst the peaks recorded as phase difference value 

and can be noted from the digital oscilloscope as stated in Figure 2-25. Once this is completed, 

the data is manually recorded by altering the frequency of the pulse and the reference resistivity 

value in the setup. The impedance and the resistivity values are calculated from the voltage 

readings. 

 

2.7. Geomechanical analysis – Triaxial testing for static elastic properties 

Static elastic properties (Young’s modulus, shear modulus, and Poisson’s ratio) and strength 

are determined from strength tests including compressive tests (triaxial compressive and uniaxial 

compressive tests) and tensile tests. In this section of the research, we investigate the static 

elastic properties of shale formations by conducting triaxial compressive tests in which a 

cylindrical sample is confined and loaded axially. This is one of the most common and 

widespread technique in studying geomechanical properties of formations. 

 

2.7.1. Confining Pressure effect 

Confining pressure has closely relationship with mechanical properties. Many researchers 

made their arduous efforts to study the influence of confining pressure on mechanical properties 

of shale and oil shale rocks, and numerous triaxial tests indicated that the deformations of rocks 

are related to confining pressure (Meng et al. 2005).  

 

Peak to peak 
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  Closmann and Bradley (1979) conducted triaxial tests to study the relationship between 

compressive strength and confining pressure of oil shale, and he concluded that the failure stress 

increase with the increase of confining pressure. Senseny (1983) designed triaxial compression 

experiments to analysis compressive strength, Young's modulus, and Poisson's ratio. He got the 

following results. 

 

 Compressive strength increase with confining pressure and the rate of increase decreases 

with increasing confining pressure. Wuerker (1959) has also reported similar results as 

shown in Figure 2-26 by comparing the stress and deformation.  

 

 Young’s modulus of oil shale is constant/decreases slightly with increasing confining 

pressure. Poisson's ratio, however, shows no trend with changes in confining pressure. 

 

 

Figure 2-26: Relationship between strength and confining pressure of shale samples, Wuerker 

(1959). 
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 In the process of drilling and oil production, shale rocks are subjected to some 

combination of compressive, shearing, and tensile stress. The effect of combined stresses and 

confinement can be treated together with Mohr’s theory (Wuerker 1959). Mohr’s theory of 

failure (Mohr’s rupture line) has been found one of most useful tools in analyzing the stress of 

rocks (Chong et.al. 1984; Lai 1999). Coates and Denoo (1981) applied Mohr’s Circle to 

determine sand strength limits. Zhang (2006) and Islam et al. (2010) conducted shale’s wellbore 

stability analysis by using Mohr’s theory. The rock is not deforming if the Mohr’s circle is under 

the Mohr’s rupture line, a typical Mohr rupture envelope is shown in Figure 2-27.  

 

 

Figure 2-27: Typical Mohr rupture envelope, Wuerker (1959). 

 

2.7.2. Theory and Experimental Procedure of Triaxial Testing  

Rock properties are similar in all directions in an isotropic rock. On the other hand, rock 

properties change in all directions in a fully anisotropic rock. In laminated formations, there can 

be vertical axis of rotational symmetry, which can reduce anisotropy to vertical transverse 

isotropy (VTI). Besides rock anisotropy, there is anisotropy in in-situ stresses. To simulate the 

effect of in-situ stresses on rock behavior, several types of experiments are typically used 

(Unconfined, Hydrostatic, Triaxial and True Triaxial).  
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In unconfined experiment, there is only axial stress applied to a rock sample. In 

hydrostatic experiment, all three principle stresses are equal. In triaxial testing, the axial stress 

increases while a constant confining stress is applied. In triaxial testing, minimum and maximum 

horizontal stresses are equal. In true triaxial testing, all three principle stresses are different. 

Various scenarios for stress and strength anisotropy in laboratory experiments are conducted. 

 

In our laboratory analysis, we proceed with the primary conditions mentioned and follow 

it up throughout the experimental phase. The condition as such is that, we have equal maximum 

and minimum horizontal stresses throughout the testing phase. This in turn, allows us to calculate 

with ease and gives us a valid range of assumptions and error margin on our calculations. 

 

In vertical transverse isotropic (VTI) model, there is a vertical axis of rotational 

symmetry, e.g. a horizontal lamination is present (Figure 2-28). The transverse isotropy with 

vertical axis of rotational symmetry is common in the case of layered rocks. In layered rocks, 

properties are uniform horizontally within a layer, but vary vertically and from layer to layer. In 

the case of our samples which were tested and evaluated very similar physical characteristics 

were observed across. Horizontal uniformity was observed with difference across the vertical 

layers. 

  

The Hooke’s law for a VTI model is provided in Equations 2-6 to 2-10 in which five 

stiffness coefficients are required to fully define the stiffness matrix (Mavko and Cinzia 2008).  

 

σxx       
 

C11  C12 C13 0 0 0  εxx 

σyy        
 

C12 C11  C13 0 0 0  εyy 

σzz         
 

C13 C12 C33 0 0 0 
 

εzz 

  σyz   
 

0 0 0 C44 0 0  εyz 

 σxz   
 

0 0 0 0 C55 0  εxz 

σxy   
 

0  0 0 0 C66 
 εxy 

 

 

 

X

  

= 
 (2-5) 
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Figure 2-28: Stress - strength anisotropy in compressive experimental testing (Mokhtari 2015). 
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Here σxx, σyy, σzz are normal stresses, σyz, σxz, σxy are shear stresses, Cij are the elastic 

stiffness coefficients, εxx, εyy, εzz are normal strains and εyz, εxz, εxy are shear strains.  

 

Simultaneous triaxial mechanical and ultrasonic testing was conducted to obtain the static 

and dynamic elastic properties. The schematic of the experimental set up is shown in Figure 2-

28. A neoprene sleeve is used as the jacketing the core sample to isolate the sample from the 

confining fluid (oil). The preserved samples are tested as received condition in drained 

conditions. Compressional and shear velocities have been measured using ultrasonic transducers. 

Strain gauges were installed on the core samples to measure axial and radial deformations.  

 

To obtain the stiffness coefficients in a VTI model, five wave velocity measurements are 

required. These wave velocities are typically obtained using three core samples: a vertical, a 

horizontal and one 45-degree sample (King 1969; Sondergeld and Rai 2011). Wang (2002a, b) 

proposed the one-sample method for a more efficient method of obtaining elastic properties and 

saving time in sample preparation.  

 

                                                                    𝐶11 =  𝜌𝑉𝑝11
2                                                           (2-6) 

                                                                   𝐶33 =  𝜌𝑉𝑝33
2                                                            (2-7) 

                                                                    𝐶44 =  𝜌𝑉𝑠31
2                                                            (2-8)  

                                                                    𝐶66 =  𝜌𝑉𝑠12
2                                                            (2-9)  

𝐶13 =  𝑆𝑞𝑟𝑡 (4𝜌2𝑉𝑝11
2 − 2𝜌𝑉𝑝45

2 (𝐶11 + 𝐶33 + 2𝐶44) + (𝐶11 + 𝐶44) ∗ (𝐶33 + 𝐶44)  − 𝐶44    (2-10) 

 

Having all five-velocity components, dynamic Young’s moduli, and Poisson’s ratios can 

be calculated (Mavko and Cinzia 2008). Thomsen parameters (Thomsen 1986) can be used to 

characterize the anisotropy in compressional velocity (ε), and anisotropy in shear velocity (γ) and 

the energy loss through the medium (δ). 

 

                                                       𝐸𝑣 = 𝐶33 − 2𝐶13
2

𝐶11+𝐶12
                                                            (2-11) 

                                               𝐸𝑣 = (𝐶11 − 𝐶12) ∗ 𝐶11𝐶13−2𝐶13
2 +𝐶12𝐶13

𝐶11𝐶13−𝐶13
2                                       (2-12) 
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                                                               𝜈12 = 𝐶12𝐶13−𝐶13
2

(𝐶11𝐶33−𝐶13
2 )

                                                      (2-13) 

                                                               𝜈13 = 𝐶13(𝐶11−𝐶12
2 )

(𝐶11𝐶33−𝐶13
2 )

                                                      (2-14)  

                                                              𝜈31 = 𝑈𝑣 =  𝐶13 
(𝐶11+𝐶12)

                                                 (2-15) 

                                                                 Ɛ = 𝐶11−𝐶33 
(2𝐶33)

                                                             (2-16) 

                                                              𝛾 = 𝐶66−𝐶44 
(2𝐶44)

                                                                (2-17) 

                                𝛿 = ((𝐶13 + 𝐶44)2 − (𝐶33 − 𝐶44)2)/(2𝐶33 (𝐶33 − 𝐶44))                       (2-18) 

 

 

A typical stress/strain curve obtained from a triaxial test is shown in Figure 2-29. 

Differential stress is the axial stress minus the confining stress. Usually axial strain is shown on 

the positive horizontal axis and the radial strain is shown on the negative horizontal axis as a 

convention. The slope of the stress/ axial strain curve determines the Young’s modulus.  

 

The high Young’s Modulus represents stiff rock. The ratio of the radial strain to axial 

strain provides the Poisson’s ratio. As the axial stress increases, shear stress increases until the 

rock sample fails. The peak stress that a rock can stand is referred to shear strength. Confining 

stress should be added to the differential axial stress in Figure 2-30 to obtain the shear strength. 

The amount of the stress that a rock can stand after the shear failure is referred to the residual 

shear strength.  

 

Rock strength changes not only with the mineralogical composition and grain 

arrangement but also with the confining stresses. Triaxial testing is performed at several 

confining stresses and compressive strength is measured at any confining stress. If the test is 

done at zero confining stress, the test is called uniaxial or unconfined compressive test and the 

peak stress is called uniaxial compressive strength or UCS.  
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The results of triaxial testing at several confining stresses can be plotted in Mohr diagram 

as shown in Figure 2-29 to obtain Mohr failure envelope (Equation 2-21). The slope of the Mohr 

failure line is referred to “friction coefficient” (μ). The intersection of Mohr failure line with Y-

axis is referred to “cohesion” (C). A rock sample at the shear and normal stress state below the 

Mohr failure line is safe and if the stress state is above the Mohr line, the rock is failing. Another 

way of Mohr failure criteria is Equation 2-21, which provides shear strength (σ1) of the rock at 

any confining stress (σ3). 

 

                                                                 𝜏 = 𝐶 +  𝜖𝜎𝑛                                                           (2-19) 

                                                            𝜎1 = 𝑈𝐶𝑆 +  Г𝜎3                                                          (2-20) 

                                                      Г = [(𝜖2 + 1)0.5 +  𝜖]2                                                     (2-21) 

 

 

 

 

Figure 2-29: Schematic of the stress/strain curve from a triaxial test. 
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Figure 2-30: Ultrasonic and mechanical testing configuration. A: The triaxial test configuration 

for mechanical and ultrasonic measurements. B: The top view for the radial strain gauge 

positions. C: The orientation of samples required for the three-sample method of Mokhtari, 

(2015). 
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 From Figure 2-30, we see how the triaxial testing tends to take place and what its general 

configuration is. Essentially, this analysis for static elastic properties of a rock were to be 

performed on the sample that would not undergo hydrous pyrolysis and for the samples that have 

been recovered after they have undergone hydrous pyrolysis. 

 

 The dry testing of the sample that did not undergo hydrous pyrolysis was completed 

successfully and its Young’s modulus’s behavior was noted along with the stress-strain plot. This 

allowed us to understand the original rock samples behavior and would in turn allow us to 

compare the data with the sample i.e. being tested after it has undergone hydrous pyrolysis.  

 

Three of the five samples were recovered intact and with marginal amount of mechanical 

integrity. As stated earlier, these samples were then analyzed for dynamic elastic properties using 

ultrasonic velocity analysis i.e. wave velocity measurements followed by resistivity 

measurements as the saturation currently in the sample was sufficient enough to test resistivity of 

the selected core plugs. As these tests were completed, the samples had infringed into two to 

three sections from the area where the laminae was completely fractured, i.e. the possible zone 

from where oil expulsion was taking place in the core plug.  The samples were tested for dynamic 

elastic properties using wave velocity measurements only and the collected data were compared 

to the static moduli on of the samples.  In addition, the dry test sample was tested via the uniaxial 

compressive strength using the UNGI triaxial cell.  
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CHAPTER – 3 

RESULTS AND DISCUSSION 

The objective of this research was to analyze the effects of thermal maturation induced by 

the process of hydrous pyrolysis. The mechanical properties were analyzed both before and after 

the samples had undergone hydrous pyrolysis using ultrasonic measurements, characterizing the 

dynamic elastic properties alone. Unfortunately, the sample plugs once they had undergone the 

process of hydrous pyrolysis, due to the lack of prolonged axial confinement on them, they were 

not capable of being tested for static elastic properties under MTS triaxial cell setup. Hence, the 

static analysis was only performed for a dry sample plug, which had not undergone hydrous 

pyrolysis.  

 

In this section of the thesis, the results of an experimental study is summarized. First the 

acoustic/ ultrasonic analysis where the dynamic elastic properties of the sample were tested 

before the process of hydrous pyrolysis followed by the computed tomography (CT) scanning 

process. The CT scanning was performed twice before and after the sample had undergone 

thermal maturation in hydrous pyrolysis to observe the development in the fracture network.  

 

Then the sample was analyzed for dynamic elastic properties again after it was undergone 

thermal maturation process. The before and after measurements allowed us to analyze the 

changes in the mechanical properties of the sample plugs after they were thermally matured. 

Resistivity measurements were also conducted for electrical conductivity charges through the 

sample alongside analyzing the functional parameters inducing these changes.  

 

The infringement of the sample plugs post hydrous pyrolysis prevented us from analyzing 

the static elastic properties. The cause for infringement was the loss of mechanical integrity and 

lack of constant axial confinement across the sample. After the pore volume changes as a result 

of the maturation of organic material within the sample resulting in expansion, the fracture 

network was altered through the expulsion of the organic material causing loss of the mechanical 

strength of the sample plug.  
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3.1. Hydrous pyrolysis results:  yields and comparative analysis 

The sample plugs tested were analyzed at early and late bitumen generation stage of 

300°C and 330°C. Followed by oil generation stage of 360°C and finally 390°C, which is gas 

generation stage. All these temperature ranges have certain amounts of yield of pyrolysate that 

were expelled from the plug during the testing phase. The mass of the yields generated from each 

phase of the experiments are shown in Figure 3-1 and 3-2. The result of the current study was 

also compared with Ruble (1996) from the same formation for yield. Even though, the plugs 

tested by Ruble (1996) was from a different location of the Green River formation, the richness 

and total organic contents effect on the mass of the yield generated over each temperature range 

are in good agreement. 

 

The total amount of hydrocarbons generated in terms of both oil and gas expelled is 

presented in Figure 3-2. It is evident that the data valid for comparison is the oil as it is the 

quantifiable data amongst bitumen and gas. The gas yield is measured by mass difference with 

accuracy of 0.1 g. Since, the plugs were collected from different locations of the same basin, it 

prevents the bitumen yield from being quantifiable as the organic richness of the tested samples 

in Ruble (1996) and our study presented here are different. 

 

 

Figure 3-1: Hydrous-pyrolysis yield comparing oil yield results obtained by Ruble’s and the 

current experimental in Green River Formation. 
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 The comparison of the yield from Mahogany shale shown in Figure 3-1 presents similar 

magnitude of yield produced. The current runs yield volume was back calculated from the 

current yield volume of 12.861 g and a known value of TOC of the tested core being 17.8 g 

TOC. The data was used to back-calculate the yield volume using a quadratic relation generated 

at different temperature. The behavior of the curves present that the irrespective of the organic 

content richness in the core plug, the yield mass appears to be in the range of the same 

magnitude Therefore, the yield volume is a function of organic richness. In addition the 

temperature run is crucial in determining the type of yield generated and its magnitude. A 

comparison of the total yield of oil and gas generated for each hydrous pyrolysis test conducted 

is shown in Figure 3-2. The data is valid for relative comparison between the pyrolysate yields. 

The higher expulsion of oil is observed at 360°C in the oil generation window, and the maximum 

gas recovered was at 390 °C at the oil destruction and gas generation window.    

 

Although the difference is small, we were able to observe that the mass of the oil 

expelled was more in the axial confinement setup with spring than the one without the spring 

assembly. The increased axial load conditions on the sample plug undergoing thermal maturation 

causes a better expulsion of the organic matter from within the fracture network as well as the 

matrix.  

 

  

Figure 3-2: Hydrous-pyrolysis yield comparison for all the current hydrous pyrolysis runs. 
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Table 3-1: Hydrous pyrolysis experiment yields 

  

 

 

 

 

 

Plug 

 

Temperature 

Initial 

Plug 

Mass 

 

Final Plug 

Mass wet 

 

Expelled Oil mass (g) 

 

Oil 

 

Gas 

Total 

Gas 

mass by 

diff (g)  

Number 

 

(°C) 

 

dry (g) 

after solvent 

rinse (g) 

 

Free 

Equipment 

Rinse 

 

Total 

 

mg/g TOC 

#14 300.1 126.4 127.4 included with 

ER 

1.537 1.537 68.3 84.4 3.7 

#15 326.3 123.910 137.6 included with 

ER 

2.745 2.745 124.4 217.6 5.7 

#11 330.0 122.461 131.5 included with 

ER 

3.632 3.632 166.6 211.4 5.7 

#19 359.9 139.158 143.6 5.483 7.378 12.861 519.2 302.7 9.3 

#20 390.1 135.255 143.7 included with 

ER 

2.422 2.422 100.6 449.4 18.0 

*ER – Equipment Rinse 
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The yield data from the current run of hydrous pyrolysis compare the yield from the 

previous hydrous pyrolysis at different temperatures. Hence, from Figures 3-1 and 3-2, we are to 

justify that if the total organic content or richness is a crucial factor that would determine the 

amount of yield from the sample when they undergo hydrous pyrolysis irrespective of the 

temperature in which the experiment is performed. 

 

3.2. Computed – Tomography Scan (CT-Scan) 

3.2.1. Hydrous pyrolysis Run – 3860, 330° C – Spring Setup Result 

From this hydrous pyrolysis run, a total pyrolysate yield of 211.4 mg/g TOC of gas was 

generated with 166.62 mg/g TOC of oil was collected from equipment rinse. No valuable amount 

of free oil was collected directly using pipette on disassembling the setup.  

 

Figure 3-3: #11 CT-Scan before hydrous pyrolysis with sectional images indicating high TOC 

zone. 

The darks sections in the CT scan images are indicating the high TOC zones present 

within the sample plug. Such zones are selectively indicated in Figure 3-3. After the sample was 

thermally matured, zones with higher TOC content tends to undergo rapid pore volume 

expansion. This leads to increase in the pore pressure within the sample as the samples are 

axially confined which in turn prevents them from expanding vertically and horizontally 

resulting in development of fractures across the high TOC zones as presented in Figure 3-4 and 

decrease in mechanical integrity. 
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Figure 3-4: #11 CT-Scan after hydrous pyrolysis with sectional images indicating fractured zone 

and top view of the damaged sample. 

 

The ultrasonic arrival times for the sample was analyzed to determine the formation 

characteristics. Since the fracture was highly discontinuous, the wave behavior was too 

randomized and in turn, the wave velocity data collected was not reliable for the post-hydrous 

pyrolysis. From Figures 3-4 and 3-5, we see the expansion of spring due to thermal expansion 

and failure of the core plug due to generation of radial fractures caused by pore volume 

expansion from the high TOC content of the sample.  

 

 

Figure 3-5: Damaged sample #11 depicting development of conjugate fractures during retrieval 

from the hydrous pyrolysis setup after benzene rinse. 
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  The sample #11 was tested at 330 °C with the spring confinement setup simulating 

overburden stress. The sample was not recovered in intact form, preventing from testing the 

sample for variation in its geomechanical properties. From the images presented in the Figure 3-

5, it is evident that the sample had been shattered due to the drastic internal pore pressure 

generation due to oil and bitumen generation during the hydrous pyrolysis run, which resulted in 

conjugate fractures developing at multiple locations across the core plug and resulting in failure 

of the sample.  

 

 The analysis regarding its geomechanical and elastic properties are stated in the next 

sections. From the recovered cuttings, it appears that after the start of the experiment, possibly 

just within a few hours. The cuttings generated from the breaking of the sample earlier resulted 

to be larger while those that infringed later were smaller as the springs caused in compressing the 

sample axially. 

 

When comparing the previous works by Al Duhailan et al. (2013), it is evident that net 

volume increase in the organic matter results in an internal pressure buildup i.e. typically greater 

than 9000 psi when a similar experimental set-up was used. In our case, we had not analyzed the 

change in internal pore pressure, yet we observed the increase of 270-psig gauge pressure 

throughout the experimental phase. The measured pressure increase indicates that, the amount of 

organic matter that would have undergone thermal maturation will be higher in higher organic 

richness case and associated pore pressure generated from that the maturation would have been 

significant. Therefore, the cause of conjugate fractures is potentially due to the rapid increase in 

the pore pressure within the sample plug in the short testing period the temperature implemented 

for maturation. 

 

A vertical expansion of 38% is achievable as the samples undergo thermal maturation 

when they are not confined (Lewan and Birdwell 2013).  In order to prevent this expansion, the 

use of a confinement clamp with a compressed spring simulating overburden pressure of 1200 

psi was used. This combined effect of significant pore pressure increase and confinement with 

springs simulating overburden pressure caused the conjugate fractures to develop within at the 

high TOC zones in the sample plug as they underwent thermal maturation.     
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3.2.2. Hydrous pyrolysis Run – 3864, 300° C – General confinement setup result 

 From this hydrous pyrolysis run, a total pyrolysate yield of 84.44 mg/g TOC of 

gas was generated with 68.31 mg/g TOC of oil was collected from equipment rinse. No valuable 

amount of free oil was collected directly using pipette on disassembling the setup. Fortunately, 

sample no. #14 when recovered was intact and hence, was analyzed further for its geomechanical 

properties. As the sample was retrieved intact, we proceed with wave velocity measurement and 

resistivity analysis. These data were carefully recorded and the saturation level of the recovered 

sample was preserved at all times.  

 

 The higher TOC content zones are stated in Figure  3-6 and these are the zones that shall 

have high pore pressure generated within as the thermal maturation process takes place and the 

sample have fractures developed at those high organic content possessing zones.  

 

 The 300° C testing temperature is the bitumen generation phase. The general bitumen 

generation phase follows from 240° C to 330° C. This experimental run is at the approximately 

at the mid-range and thus we could confirm that this shall be the phase for maximum bitumen 

generation and is verifiable from the yield generated after it has undergone hydrous pyrolysis. 

 

 

Figure 3-6: #14 CT-Scan before hydrous pyrolysis with sectional images indicating high TOC 

zone. 
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Figure 3-7: #14 CT-Scan after hydrous pyrolysis with sectional images indicating fractured zone 

due to pore volume expansion. 

  

This temperature range of 300°C is the initial phase where kerogen maturation tends to 

occur and thereby from the CT images of the post-hydrous pyrolysis plug, we can see the 

fracture initiation and development in selective layers of the plugs. From Figure 3-7, sections 1 

and 2 indicate the fractures within the layers and the fractures along the axis. These appear to be 

very similar to the mud cracks generated from loss of saturation in plugs or formations. It is 

common with high water retention capability and clay content. 

 

As expected, we did not recover any free oil that in turn indicates that the bitumen 

generated is of highly viscous nature and is not mobile as oil itself. Thus, the yield generated is 

comparatively lower than those of higher temperature runs are. in turn signifying that yield 

volume is function of temperature. Higher the temperature of thermal maturation, better yield 

volume is observed and can be characterized as such. In addition, the organic richness of the 

sample plug also plays a vital role in determining the yield generated.  
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3.2.3. Hydrous pyrolysis Run – 3861, 330° C – General confinement setup result 

From this hydrous pyrolysis run, a total pyrolysate yield of 217.62 mg/g TOC of gas was 

generated with 124.45 mg/g TOC of oil was collected from equipment rinse. No valuable amount 

of free oil was collected directly using pipette on disassembling the setup. Fortunately, the 

sample no. #15 when recovered was intact and hence, was analysed further for its geomechanical 

properties.  

 

As the sample was retrieved intact, we proceed with wave velocity measurement and 

resistivity analysis. These data were carefully recorded and the saturation level of the recovered 

sample was preserved at all times.  

 

 The higher TOC content zones are stated in Figure 3-8 and these are the zones that shall 

have high pore pressure generated within as the thermal maturation process takes place and the 

sample have fractures developed at those high organic content possessing zones. The 326°C 

testing temperature is the end of bitumen generation phase and the instigation of oil generation 

phase. The oil generation phase follows from 300° C to 360° C. Throughout this temperature 

range oil generation take place irrespective of the marginalization based on the volume i.e. 

generated across the experimental phase.  

 

This experimental run is at the mid-range and thus we could confirm that this shall be the 

phase for bitumen and oil generation together. This is verifiable from the yield generated after it 

has undergone hydrous pyrolysis.  

  

It is evidently observed in the post-hydrous pyrolysis CT scan images from Figure 3-9 

that the bitumen generation has the material completely packed up. Yet, due to the expansion of 

pore volume, we can see fracture developments both axially and radially. In addition, one of the 

top layers had infringed after dynamic testing of the plug. 
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Figure 3-8: #15 CT-Scan before hydrous pyrolysis with sectional images indicating high TOC 

zone. 

 

  

Figure 3-9: #15 CT-Scan after hydrous pyrolysis with sectional images indicating fractured zone 

due to pore volume expansion. 
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3.2.4. Hydrous pyrolysis Run – 3863, 360° C – General confinement setup result 

From this hydrous pyrolysis run, a total pyrolysate yield of 302.78 mg/g TOC of gas was 

generated with 519.214 mg/g TOC of oil was collected from equipment rinse. This was the first 

hydrous pyrolysis experiment run where 5.483 g of free oil was collected directly using pipette 

on disassembling the setup. Fortunately, the sample no. #19 when recovered was intact and 

hence, was analyzed further for its geomechanical properties.  

 

As the sample was retrieved intact, we proceed with wave velocity measurement and 

resistivity analysis. These data were carefully recorded and the saturation level of the recovered 

sample was preserved at all times.  

 

 The higher TOC content zones are stated in Figure 3-10 and these are the zones that shall 

have high pore pressure generated within as the thermal maturation process takes place and the 

sample have fractures developed at those high organic content possessing zones. This stage is the 

maximum oil generation stage.  

 

The previous runs infer that the 360° C is the temperature, which is considered as the 

maximum oil generation window. As an evident proof, we see that maximum oil recovery is 

observed in this phase.  It is palpably observed in the post-hydrous pyrolysis CT scan images 

from Figure 3-11. The oil generation has the caused drastic changes in the pore volume of the 

plug resulting in expansion of the plug.  

 

Hence, due to the expansion of pore volume, which was calculated from the CT scan of 

the sample plugs before and after hydrous pyrolysis, we can see fracture developments both 

axially and radially. As from section two’s image, we are able to observe the remains of the 

expelled oil within the plug. In addition, some of the top layers had infringed after dynamic 

testing of the plug.  
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Figure 3-10: #19 CT-Scan before hydrous pyrolysis with sectional images indicating high TOC 

zone. 

  

Figure 3-11: #19 CT-Scan after hydrous pyrolysis with sectional images indicating fractured 

zone due to pore volume expansion.   
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3.2.5. Hydrous pyrolysis Run – 3862, 390° C – General confinement setup result 

 From this hydrous pyrolysis run, a total pyrolysate yield of 449.42 mg/g TOC of gas was 

generated with 100.60 mg/g TOC of oil was collected from equipment rinse. This hydrous 

pyrolysis experiment too no valuable amount of free oil was collected directly using pipette on 

disassembling the setup. Fortunately, the sample no. #20 when recovered was intact and hence, 

was analyzed further for its geomechanical properties. As the sample was retrieved intact, we 

proceed with wave velocity measurement and resistivity analysis. These data were carefully 

recorded and the saturation level of the recovered sample was preserved at all times. 

 

This stage is the oil destruction and gas generation stage. The previous runs infer that the 

390 °C is the temperature that is considered as the gas generation window. The maximum gas 

recovery is observed in this phase.  This is physically observed from the post-hydrous pyrolysis 

CT scan images stated in Figure 3-13 as well. The oil generation and gas expulsion has caused 

significant changes in the pore volume of the plug and caused it to expand. 

 

Hence, due to the expansion of pore volume, which was calculated from the CT scan of 

the sample, plugs before and after they underwent hydrous pyrolysis, fracture developments both 

axially and radially are visible. From the images of Figure 3-13-2 and 3-13-3, the remains of the 

expelled oil within the plug is observable. In addition, some of the top layers had infringed after 

dynamic testing of the plug. As the maximum hydrocarbon content of the plug was dissipated 

off, it tended to absorb more surrounding fluid increasing the mass after the process. 

 

 In Figure 3-13-4, we are able to see the fracture development, which are once 

again very similar to that of mud cracks generated from loss of saturation in plugs or formations. 

It is common with high water retention capability and clay content. In addition to this and 

combined effect from pore volume escalation, lateral expansion has occurred and this was noted 

down as the sample was recovered intact and was measured. The lateral expansion of 0.2 to 0.3 

inches was observed over the entire length of the sample, specifically with zones of higher TOC 

content.    
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Figure 3-12: #20 CT-Scan before hydrous pyrolysis with sectional images indicating high TOC 

zone. 

  

 

 

 

Figure 3-13: #20 CT-Scan after hydrous pyrolysis with sectional images indicating fractured 

zone due to pore volume expansion with sectional images showing retained oil in them. 
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3.3. Ultrasonic Wave Velocity Measurements for hydrous pyrolyzed cores 

On completion of the hydrous pyrolysis process, the recovered samples have been tested 

for the changes in their mechanical properties and their resistivity characteristics. There were 

five hydrous pyrolysis runs performed at four different temperatures ranging from kerogen 

maturation window to gas generation window. Out of all these runs, one of the tests performed 

was with the high compression spring setup in order to simulate overburden condition.  

 

It was run at 330 °C, as HP-3860 for a span of 72 hours. The data for this test was not 

collected due to the sample plug after the hydrous pyrolysis had resulted in crushing of the plug 

into smaller fragments and preventing the post-pyrolysis measurements in order to obtain the 

changes in the geomechanical properties of the core plug. 

 

All the other samples that were recovered were initially intact and later, when the tests for 

change in mechanical properties and resistivity properties were calculated they had infringed due 

to the lack of axial confinement that resulted in preventing us to test them for geomechanical 

properties using the transient triaxial testing technique.  

 

This section of the chapter constitutes of all the results of the dynamic elastic properties 

of the samples that have undergone hydrous pyrolysis at different temperature ranges. These 

were measured and calculated using the same setup as stated earlier in the acoustic analysis of 

the pre-hydrous pyrolysis measurements. The setup constitutes of a piezoelectric transducer, 

digital oscilloscope, a pulser or a pulse transmitter, a receiver, a RF switch and a confining setup 

for holding the sample intact to prevent it from flouting out into smaller segments.  

 



65 

 

 

Figure 3-14: Sample wrapped in porous plastic filter to maintain integrity and saturation level 

and covered with high-grade waterproof tape along longitudinal surface area. 

  

 The primary task in this phase was to determine the wave velocities. For both 

compression and shear waves, the velocity was determined carefully using visual observation at 

selective node points based on the wave’s arrival time. The sample that had undergone hydrous 

pyrolysis at 390°C was recovered intact.  Then placed in 5% NaCl brine solution in order to 

prevent the variation in saturation level.  

 

Even though, it was recovered intact it had infringed into three sections without any kinds 

of disturbance to the plug and thereby preventing tested at the range of 300 °C, 330 °C and 360 

°C. Therefore, only the dynamic elastic properties are presented for the rest of the three samples.
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Table 3-2: Dynamic elastic properties calculated from wave velocity measurement before undergoing hydrous pyrolysis 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3-3: Dynamic elastic properties calculated from wave velocity measurement after hydrous pyrolysis for all the intact samples 

  

 

 

 

Dynamic Elastic 

Properties 

BEFORE 

undergoing 

Hydrous Pyrolysis 

HP Plug # 

Poisson's 

Ratio 

Young's 

Modulus 

Bulk 

Modulus 

Shear 

Modulus 

Lame's 

Factor 

ν, No Unit E, Pa K, Pa G, Pa λ, No Unit 

3864 14 1.97E-01 1.77E+10 1.20E+10 4.78E+09 2.14E+10 

3861 15 1.92E-01 2.08E+10 1.12E+10 8.71E+09 2.28E+10 

3863 19 2.08E-01 3.90E+10 3.21E+10 1.26E+10 4.89E+10 

3862 20 2.05E-01 1.95E+10 1.10E+10 8.09E+09 2.18E+10 

Dynamic Elastic 

Properties AFTER 

undergoing 

Hydrous Pyrolysis 

Temp. °C 

Poisson's 

Ratio 

Young's 

Modulus 

Bulk 

Modulus 

Shear 

Modulus 

Lame's 

Factor 

ν, No Unit E, Pa K, Pa G, Pa λ, No Unit 

300 2.54E-01 9.05E+09 4.97E+09 2.08E+09 1.00E+10 

330 (No 

spring) 2.87E-01 7.64E+09 5.97E+09 2.97E+09 9.93E+09 

360 3.27E-01 1.66E+10 9.49E+09 6.88E+09 1.87E+10 

390 - - - - - 
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Table 3-4: Dynamic elastic properties calculated from wave velocity measurement for #11 before undergoing hydrous pyrolysis 

  

 

HP  

Spring setup 

Poisson's 

Ratio 

Young's 

Modulus 
Bulk Modulus 

Shear 

Modulus 
Lame's Factor 

ν, No Unit E, Pa K, Pa G, Pa λ, No Unit 

 

3860, 330°C 
1.99E-01 2.04E+10 1.13E+10 8.50E+09 2.26E+10 
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Since the dynamic elastic properties have been determined from the wave velocity 

measurements, it is advisable to compare the dynamic elastic properties of the samples before 

and after the process of hydrous pyrolysis are compared. The effect of thermal maturation on the 

geomechanical properties of the oil shale cores can be obtained this way.  

 

From the 330°C spring setup run, it has been observed from the previous run that the 

overburden pressure was successfully exhibited. Even though this indicated partial success, it 

prevents us from achieving an intact sample after pyrolysis. Hence, we are not even able at 

acquire dynamic elastic properties from wave velocity measurements.  Thereby, we are to alter 

the set up a diminutively which would allow us to retrieve intact samples and allow us to proceed 

to the next phase of experimentation.  

 

The altered setup is extremely similar. It shall also provide axial confinement, which in 

turn shall prevent the plug from expanding axially and breaking into smaller pieces. The only 

alteration carried out is that the springs that were providing overburden stress are not present 

now and thus the plugs shall not be crushed even if the pore volume expansion is exponential 

during the hydrous pyrolysis testing process.  The figures 3-15 and 3-16 indicate the comparison 

of all the dynamic elastic properties that were measured before and after for all the samples that 

were recovered intact after undergoing hydrous pyrolysis. 

 

 

Figure 3-15: Poisson’s Ratio value comparison before and after undergoing hydrous pyrolysis in 

the tested oil shale samples. 
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  The Poisson’s ratio determined from the wave velocity measurement after the sample has 

undergone hydrous pyrolysis has been observed to increase and is depicted in Figure 46 clearly. 

This states that the sample has weakened after undergoing the process of thermal maturation 

simulated by the process of hydrous pyrolysis.  

 

In accordance to the theory of rock geomechanics, as the Poisson’s ratio increases in a 

material as it becomes more ductile and this material being a core plug made of rock it is 

eminently notable that the sample has weakened and a decrease in the mechanical integrity is 

observed.  

 

 

Figure: 3-16: Dynamic Young’s Modulus value comparison before and after undergoing hydrous 

pyrolysis.  

 

The dynamic Young’s modulus determined from the wave velocity measurement after 

the sample has undergone hydrous pyrolysis has been observed to decrease and is presented in 

Figure 3-16. It is evident form the Figures 3-15 and 3-16, which the sample has weakened after 

undergoing the process of thermal maturation. The decrease in the magnitude of the Young’s 

Modulus is an indicative factor of decreasing mechanical strength and weakening of the material.  
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From the previous plots, we are able to compare the characteristics of the dynamic elastic 

properties and the changes they have undergone hydrous pyrolysis. Acoustic analysis of 

mechanical properties strongly depend on several factors including the density, mineralogy, 

natural fracture distribution, bedding plane orientation, total organic carbon (TOC), maturity and 

in-situ stress state and pore pressure which differ significantly in various reservoirs and even 

within a basin. The strong anisotropy of acoustic and mechanical properties has a major impact 

on the reservoir characterization and field development plan (Alqahtani et al. 2011).  From 

Alqahtani et al. (2011) work on comparing the effects of maturity on the acoustic and mechanical 

properties by analyzing the samples from Eagle Ford, Green River and Mancos. It was observed 

that clay stiffness increases and the elastic properties weaken allowing the sample to lose its 

mechanical integrity. Such similar phenomenon was observed from the current experimental run. 

We were able to observe the elastic modulus of the materials had decreased once the sample had 

undergone thermal maturation which was simulated via hydrous pyrolysis. 

 

On evaluating individual elastic properties too we were able to see and justify the 

behavior of the materials clearly and what were the preliminary cause of those changes amongst 

them. The factors that had played a pivotal role in causing these changes were the organic 

richness of the sample plug, the maturity of the organic content, mineralogy and the bedding 

plane orientation. The low porosity and permeability of these samples should have allowed the 

compressional and shear wave velocities to be higher. Yet, it was observed to be low. The 

probable justification for that is the presence of high immature organic rich material within the 

tested sample plugs. This is also a similar condition that matches to the work of Alqahtani et al. 

(2011). Similarly, the fracture development at the high TOC zones are also one of the major 

contributing factors that result in the alteration of the discrete fracture network. The decrease in 

the individual elastic parameters as discussed earlier are also justified from the above 

explanation. The data plot of comparison of the static and dynamic Young’s modulus has been 

presented in Figure 3-17. From here, we can infer that they are exhibiting a general tight shale 

behavior. In addition, from the calculated permeability plot we can infer that the pore volume 

expansion has occurred and it has resulted in the increase in permeability too after undergoing 

thermal maturation. 
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Figure 3-17: Static vs. Dynamic Young's Modulus (Pa). 

 

 

From Tutuncu and Mese (2011) we understand that the confining pressure and 

differential pressure, which is given by the difference of confining and pore pressure, has a 

pivotal effect on wave velocities. Higher the differential pressure, more the wave velocities. 

Similarly from Zargari et al. (2011) ‘s work on organic rich shales with a wide range of 

maturities were exposed to hydrous pyrolysis and were analyzed for understanding the changes 

in elastic properties and the causes of them. Young’s modulus was observed to have decreased 

significantly in some of the immature samples that were analyzed. In comparison to these 

studies, we observe a very similar behavior on analyzing the samples in our current experimental 

study. Along with Young’s modulus we are able to see significant decrease in the other elastic 

modulus’s too. There by validating our experimental analysis successfully. 

 

From Zargari et al. (2011) work, they had observed that the Young’s modulus of the 

sample that had undergone hydrous pyrolysis had decreased to less than two GPa and similarly 

our cases too were obtained to such close proximal range. Very similarly, we had observed other 

characteristic similarities like alteration of the fracture network and decease in the TOC of the 

material due to the expulsion of the organic material from within as it had undergone thermal 

maturation.       
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Figure 3-18: Permeability Comparison.  

 

The porosity and permeability of the samples were extremely small and were unable to be 

tested by the Core Measurement System -300. Hence, they were numerically calculated from the 

CT scans of the sample plugs before and after the thermal maturation process. From Figure 3-18, 

we are able to observe the changes in the permeability of the sample plugs that had undergone 

hydrous pyrolysis. We are able notice that once the samples have undergone the thermal 

maturation process, the organic material in them has undergone maturation and resulting in pore 

pressure generation. Once such high pore pressures are generated from within due to thermal 

maturation the pore network and the fracture network of the sample plug tends to be altered. The 

zones with high TOC content shall have fractures develop in them and increase permeability 

allowing the matured organic matter to become mobile and in turn be expelled from the sample 

plug. As a combined effect of these, we observe the increase in permeability as the samples have 

undergone hydrous pyrolysis.  
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The comparison of Young’s modulus with respect to TOC also allows us to get a better 

insight of the material strength and allows us to compare it with other formations that happen to 

contain Type-I kerogen. The graph stated below in Figure 3-19 allows us to compare the TOC 

contents of high TOC content zones consisting of immature kerogen.  The work by Eseme et al. 

(2007), Tutuncu (2010), Vincent and Besler (2013) gives us an insight over the organic richness 

of various other locations. This is notable in Figure 3-19. The samples plotted in the Figure 

below are those constituting of their natural maturity and not artificially matured ones. The 

fascinating fact here is that the sample plugs tested here are ones with lower range of the ones in 

comparison to the oil shale samples globally. Yet, we are able to observe clearly distinguishable 

results based on their behavior before and after these samples have undergone thermal 

maturation. 

 

 

 

Figure 3-19: Young's Modulus (GPa) vs. TOC (wt. %) in various oil shale.  

 

 The Young’s Modulus is a function of the total organic content (wt. %). The higher the 

organic content, the higher the elastic property of the material observed. In addition the maturity 

of the organic matter is also crucial in the conditions for the cases to be noted. It is important to 

understand that this is based on the data collected from the samples that have not been thermally 

matured via hydrous pyrolysis. 
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3.4. Resistivity measurements results 

 The resistivity measurements were taken along in low frequency. Since the setup was a 

self-deigned setup, it was advisable to acclimatize the 5% NaCl solution saturated core plug to a 

variable voltage level under low frequency allowing us to see the behavior in a much-

unblemished setting. It is crucial to state that the saturation of the plug prior to hydrous pyrolysis 

process was insufficient to perform the experiment of resistivity analysis.  

 

Hence, in this section all the resistivity measurements post hydrous pyrolysis are 

indicated and analyzed based upon their behaviors. Some of the data analyzed after the saturation 

of the plug for a span of 72 hours at 5000 psi allows us to look to the fact that the plugs are 

exhibiting the behavior similar to a tight shale formation.  

 

 

Figure 3-20: Sample after undergoing 72 hours of saturation period with 5% NaCl at 5000 psi. 

  

The sample fractures were saturated, yet matrix did not contain saturation preventing the 

resistivity measurement before the samples had undergone hydrous pyrolysis. The situation was 

that after they had undergone the simulated thermal maturation, it is important to remember that 

the saturating fluid and the fluid inside the hydrous pyrolysis reactor was 5% NaCl solution.   
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During the hydrous pyrolysis, the samples become bitumen saturated along with NaCl 

solution in them. This allows the sample to conduct electricity, which in turn allows us to 

compare the resistivity measurements post hydrous pyrolysis.  

 

The initiation of the testing was at 0.001 KHz. The reference resistance was adjusted in the setup 

and set to a standardized level for an in depth analysis of the conductivity/resistivity behavior of 

these plugs that have undergone hydrous pyrolysis at a wide temperature range throughout the 

testing phase. 

 

 

Figure 3-21: #14 Impedance vs. Frequency.  

  

 The impedance against frequency presents unique trend in the plug #14 that was 

undergone hydrous pyrolysis at 300 °C as shown in Figure 3-21.  It is evident that with an 

increase in the frequency, the impedance decreases. Although the decline is small, it is still 

depicting that behavior inferring a constant voltage potential. As the pulsation increases the 

effective resistance in the sample declines by a small margin arising from the combined 

paraphernalia of resistance and reactance.   
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Figure 3-22: #14 Resistance vs. Frequency.  

  

From Figure 3-22, it is evident that the plug #14 had undergone hydrous pyrolysis at 

300°C.  It is clearly depicts that with an increase in the frequency, the impedance tends to 

decrease. Although change is, small. It provides some understanding that at a constant voltage 

potential, as the pulsation increases the effective resistance in the sample tends to decrease by a 

small margin arising from the combined paraphernalia of resistance from the resistors and the 

core plug.    

 

 

 

Figure 3-23: #15 Impedance vs. Frequency.  
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 From the above plot in Figure 3-23, presenting the impedance against frequency shows 

unique behavior style for the plug #15, which had undergone hydrous pyrolysis at 330°C.  It is 

clearly indicating that with an increase in the frequency, the impedance tends to decrease. 

Although the drop is menial, it is still depicting that behavior. Which infers that, at a constant 

voltage potential, as the pulsation increases the effective resistance in the sample tends to decline 

by a small margin arising from the combined paraphernalia of resistance and reactance.   

 

 

 

Figure 3-24: #15 Impedance vs. Frequency.  

 

 From the above stated plot in Figure 3-24, presenting the resistivity against 

frequency shows unique behavior style for the plug #15, which had undergone hydrous pyrolysis 

at 330°C.  It is clearly depicts that with an increase in the frequency, the impedance tends to cut. 

Although the decline is menial, it is still depicting that behavior.  

 

Which infers that, at a constant voltage potential, as the pulsation increases the effective 

resistance in the sample tends to decline by a small margin arising from the combined 

paraphernalia of resistance from the resistors and the core plug.    
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Figure 3-25: #19 Impedance vs. Frequency.  

  

 From the above plots depiction from Figure 3-25, presenting the impedance against 

frequency shows unique behavior style for the plug #19, which had undergone hydrous pyrolysis 

at 360°C.  It is clearly indicating that with an increase in the frequency, the impedance tends to 

increase. Although the upsurge is menial, it is still depicting that behavior. Which infers that, at a 

constant voltage potential, as the pulsation increases the effective resistance in the sample tends 

to increase by a small margin arising from the combined paraphernalia of resistance and 

reactance.   

 

 

Figure 3-26: #19 Resistance vs. Frequency.  
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 From the graph in Figure 3-26, presenting the resistivity against frequency shows 

unique behavior style for the plug #19, which had undergone hydrous pyrolysis at 360°C.  It is 

clearly depicts that with an increase in the frequency, the impedance tends to increase. Although 

the decline is menial, it is still depicting that behavior. Which infers that, at a constant voltage 

potential, as the pulsation increases the effective resistance in the sample tends to improve by a 

small margin arising from the combined paraphernalia of resistance from the resistors and the 

core plug.    

 

 Since, the sample #20 that had undergone hydrous pyrolysis at 390 °C for a span of 240 

hours was recovered intact and infringed later. The resistivity measurements for those could not 

be recorded. Thus in Figures 3-27 and 3-28, the resistivity and impedance relations for these 

three core plugs are only compared and justified on their behavior. 

  

 

 

Figure 3-27: Resistivity comparison.  
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Figure 3-28: Impedance comparison.  

  

On referring from Figures 3-27 and 3-28, we observe that effective resistance tends to 

decrease with each sample as a relative function of temperature. That is, we see that the sample 

that was treated at 300 °C tends to have the highest effective resistance/impedance value from 

the rest, which were treated at 360 °C and 390 °C.  

 

 This can be relatively justified with the following logic that, at 300°C the sample is 

undergoing thermal maturation process. As in, the kerogen present is the sample initiates the 

phase of maturation converting to bitumen partially. Which is a highly viscous immobile 

aqueous substance that cannot be expelled out easily by the sample. This justifies the fact that, 

the sample saturated with 5% NaCl and undergone hydrous pyrolysis has the most effective 

impedance of the all. Similarly, the samples that has been undergoing hydrous pyrolysis at 

330°C is at a higher temperature level.  
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This is the phase where the bitumen generated from the maturation of kerogen initiates to 

undergo maturation further generating oil and pyro-bitumen of high viscosity. It is crucial to 

mind that the oil generation window is at 360°C only. Hence, the oil generated at this window is 

like the initiation of oil generation phase. As certain volume of the kerogen converts to bitumen 

it breaks about and this results in the resistivity at a lower level. 

 

Finally, the sample #19 that has been undergoing hydrous pyrolysis at 360°C is at a 

higher temperature level. This temperature is the oil generation window where most of the 

immature organic content in the plug has undergone maturation and had been expelled out. This 

allows the saturating fluid i.e. 5% NaCl to fill in the voids and allowing the sample to conduct a 

lot better than the rest. It is important to recognize the fact that not all-organic matter is expelled 

out. The proof is that from the sectional images of the CT scan of sample that has been treated at 

360°C had very small globules of organic matter present in them even after they have undergone 

hydrous pyrolysis. Thus, the resistance value during the initial phase is very low and along with 

the increase in frequency, the resistance offered tends to increase. Therefore, the resistivity 

behavior with respect to change in temperature and frequency, along with increase in pore 

volume and fracture development from thermal maturation and rock fluid interaction in reference 

to the saturating fluid’s presence is justified. 

 

 From Woodruff’s work  on chert cubes from Woodford shale aliquots (Woodruff 2017) 

as they had also been exposed to thermal maturities of the at each of the phases of the organic 

matter ranging from kerogen maturation phase of 125°C to oil cracking and gas generation phase 

of 400°C. Post maturation, these were tested for the complex electrical conductivity tensor to 

comprehend the effects of maturation in a frequency range of 10 mHz to 45 kHz. Even though 

our frequency range is limited to a smaller level from 0.001 to 0.01 kHz. Irrespective of the 

difference in the frequency range, the conspicuous absence of decrease in electrical conductivity 

with increased temperature i.e. bitumen and oil generation was observed successfully. The other 

quantifiable factors that were observed as a similarity amongst Woodruff’s work and the current 

experimental work was that frequency relaxation tends to impact electrical anisotropy and thus is 

in turn a function of the organic maturity of the rock that is being tested. 
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3.5. Transient triaxial and uniaxial compressive strength testing - results  

 The data obtained from the triaxial testing of the dry core plug #16 shall give us the static 

elastic properties and the stress strain behavior of the core plug under confinement and axial 

load.  Thereby, allowing us to comprehend the elastic and plastic nature if the sample when 

being exposed to loading and unloading conditions at different phases of the cycle of analysis. 

 

 

 

Figure 3-29: Stress-strain plot from triaxial test of dry plug (#16). 

 

From the stress strain data, the elastic behavior of the dry sample #16 was obtained when 

exposed to different loading and unloading conditions using the UNGI triaxial sample cell as 

depicted in Figure 3-29. The discontinuities in the plot indicate the adjournments in the testing 

periods caused by the testing equipment. The plot lines A and B are the two stages of the testing, 

i.e. loading and unloading stage. The disruptions on these can be inferred as a variation of 

elasticity or the plasticity of the material that is being tested. The sample was not sheared/failed 

as it was deemed that it could be evaluated down the line for various other properties. 
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Figure 3-30: Change of Young’s Modulus with increasing effective stress for plug #16. 

  

 Young’s modulus with increasing stress indicates an increase as the effective stress 

increases after a certain value as depicted in Figure 3-31. As inferred, we see the incremental rate 

in which the Young’s modulus behaves with the increase in the confinement and load, i.e. as the 

effective stress increases after the first 3 to 4 cycles of stress loading and unloading. Thus, it is 

safe to state that Young’s modulus, an elastic property of the rock is stress dependent.  

 

 It is important to state that the static elastic property analyses was not completed as the 

cores had infringed with time and resulting in only dynamic elastic property data and resistivity 

measurements.  
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Even though the pyrolyzed samples were not tested, the dry test of the sample that had 

not undergone hydrous pyrolysis was completed and the sample was sheared via the uniaxial 

compressive strength testing. The elastic Young’s modulus (tangential) was calculated. The plot 

of the stress strain graph from the uniaxial compressive strength plot is illustrated in Figure 3-31.  

 

 

Figure 3-31: Axial stress-strain plot from Uniaxial Compressive Strength testing. 

 

 The Young’s modulus calculated from the UCS testing was determined to be 19 GPa 

which clearly is similar to the case of tight oil shale. In addition, it is comparable to the elastic 

property data measured earlier from both the triaxial and acoustic testing of the samples.  

 

 The inferences we get from the UCS testing is that the sample has very high mechanical 

integrity and strength prior to the exposure to thermal maturation. Weakening of the samples 

bedding layers due to axial loading triggers failure in the sample. The sample’s shearing 

conditions and the fracture development shows that the mechanical strength of the sample is very 

high and exhibits typical tight shale behavior. It is also important to remember that the geometric 

compression of the sample due to the load by platen when testing tends to add apparent strength 

to the sample and allows it sustain a higher load. 
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Figure 3-32: Dry plug after shear failure. 

  

 The shear failure of the sample via UCS analysis has been compared to the results of 

Eseme et al. (2007) as they had tested the mechanical properties of oil shale for basin modeling. 

The Mahogany shale has a lower grade of 31.63 Liters per ton organic richness. We have also 

conducted UCS measurements. The super imposed literature data between the samples of oil 

shale from Estonia, Australia and Germany are shown in Figure 3-33. A very similar trend is 

observed from the Figure 3-31. Hitherto, it is observable that the modified plot below is created 

based upon the average uniaxial strength of the tested oil shale samples.   

 

 

Figure 3-33: UCS vs. organic richness.  
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3.6. Applicability to In-Situ conversion process 

The In-situ Conversion Process, called ICP, is a thermal recovery process that was developed 

to produce oil and gas from kerogen-bearing i.e. generally immature oil shale. In-situ conductive 

heating of the oil-shale reservoir converts its constituent kerogen into oil and gas along with coke 

and pyrobitumen (Kibodeaux 2014). While pyrobitumen and coke are left behind, hot vapor and 

heavy oil flow through the thermally altered oil shale to producer wells. Predicting ICP recovery 

performance depends on precise characterization of the oil shale. However as we know, the rock 

fabric changes radically during ICP - the rock’s porosity and permeability change with time in a 

complex way. While changing pore geometry (and pore-wall composition) also results in 

changing relative-permeability (kr) and capillary-pressure (Pc) curves, total organic content, 

maturity of the constituent organic matter and fracture network orientation. 

 

Previously a simulation model was developed by Kibodeaux and Li in 2012, to represent the 

reservoir physics of oil shales based on their in-situ fluid compositions. On low porosity oil shale 

models developed, it was observed that from 1100-1300 days oil had generated from kerogen 

and they flow and accumulate towards the heaters from the pyrolyzing regions. At 2100 days, the 

oil destruction and gas generation is initiated and final stage of 3000+ days indicate pyrobitumen 

and coke deposition on rock. The changes observed from the current experimental run were not 

accounted about in the ICP model that was generated by Kibodeaux. When the changes in the 

petrophysical parameters are not accounted, the exactitude of the model is uncertain. From our 

observations, we infer that the sample plugs tested tend to lose their mechanical integrity which 

results in their infringement.  

 

The uncertainty in the experiment here is that the time span of the experimental run has been 

reduced to a very short span of 72 hours. This causes drastic maturation and rapid pore pressure 

development across the high TOC zones. Thus it can be stated that the changes occurring are 

extremely drastic in addition to the elevated temperature allowing the maturation to take place at 

an eminent pace. This certainly allows the comprehension of the developed model and the 

current experiment to be compared to one another for better understanding of the ICP 

application. 
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The current experiment run allows us to shorten the geological time span by fastening the 

maturation process by artificial simulation of the thermal maturation process. This result in the 

radical characteristic change of the sample plugs evaluated. Hitherto, it is important to note that 

the selected temperature runs are based upon precise and vigilant evaluation of thermal 

maturation scales of organic material. Hence, when it comes to application in real time field 

operations these are to be altered accordingly taking in consideration the economic and 

environmental factors.  

 

The challenges to these applications arise in terms of both economic and environmental 

factors. The economic factors are he cost margin when trying to simulate artificial thermal 

maturation source for a prolonged period i.e. in years. The environmental factor would be the 

geomechanical changes that the oil shale rock undergoes over a period of exposure to the thermal 

source. These pose a humongous challenge to the ICP application to the oil and gas production 

from oil shale rocks that are organic rich in nature (Cho et al. 2013).     

 

The predominant element that is to be altered in real time field application is the temperature 

scale and the incremental pace. On controlling this, we shall be able to monitor the 

geomechanical changes in the rock as they undergo these and accordingly categorize them. This 

would allow us to optimally utilize the oil shale rock and get the maximum productivity from 

them without physically rescinding them. The ideal case of temperature solicitation would be to 

start at 125°C, which is the kerogen maturation window. Then the temperature should be 

drastically increased which would depend on the oil shale quality and composition. The project 

timeline should be of large-scale values i.e. in years. The temperature and the time should have a 

linear dependent relationship to one another.  These factors would have to be accounted on 

consideration to real time field applications.  
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CHAPTER – 4  

CONCLUSIONS AND RECOMMENDATIONS 

4.1. Acoustic Measurement Conclusions   

Ultrasonic wave velocity measurements have been conducted to calculate dynamic elastic 

properties. The dynamic elastic parameters have been determined from the measured 

compressive and shear wave velocities. The wave velocity measurements were conducted under 

ambient stress state (no confinement) to test the pyrolyzed samples with ease. The compression 

and the shear wave velocities indicated a very similar behavior to that of tight organic-rich shale 

samples prior to thermal maturation. 

 

However, when the samples have undergone hydrous pyrolysis for the selected 

temperature range, they showed a decline in the elastic properties from their initial results.  

 

1. Samples that have undergone hydrous pyrolysis tend to lose their mechanical 

integrity and weaken. The lawful reason justifying this case would be that of pore 

volume expansion. This results in loss of mechanical integrity of the tested plug. This 

was clearly observed in the wave velocities. As the pore-volume had increased, wave 

patterns were dissimilar to the case of the sample that had not been tested for such. 

 

2. The samples tested, consisting of laminated dolomite at selective bedding layers and 

planar orientation, where the sample had infringed as it underwent hydrous pyrolysis. 

This discontinuity in the sample resulted in reduction of the P and S wave velocities.  

 

3. Saturation levels tend to play an important hand on wave velocities. Since, the setup 

in which the wave velocities were measured was unconfined it did not affect the wave 

propagation essentially. Yet, the after pyrolysis the decrease in wave velocities 

resulted in lowering the dynamic Young’s modulus and increased Poisson’s ratio.  
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4.2.  Hydrous Pyrolysis Conclusions 

The hydrous pyrolysis experimental results can be justified based on the following results 

which were obtained from the laboratory analysis.  The rapid increment in pressure depicted by 

the gauge fixed on top of the rig is an excellent indicator of the initiation of the testing phase in 

setup at the desired temperature.  

 

1. The rapid pressure increase is due to the vapor pressure generated. This is occurring as 

the setup is attaining the desired temperature. It is important to understand that this phase 

change is critical to our investigation. Although, the sample is submerged and hence, 

shall not be exposed to the vapor phase. Thus, the hydrous term is still applicable. This 

vapor pressure tends to act as overburden, which may result in failure of the core plug 

under confinement. 

 

2. Drastic cool down is not a functional condition. It is just a matter of the environment 

conditions in which the measurements are taking place.  The current test runs were 

performed in USGS lab. The drastic cool down of temperature possibly would affect the 

sample’s mechanical integrity as the setup is stationary and sample is held under axial 

confinement. This may result in rapid expulsion of the yields from pore spaces of the core 

plug. This in turn affects the geomechanical properties.  

 

3. The conclusion is that the total yield generated in terms of oil and gas is a function of the 

temperature at which the sample was exposed to thermal maturation. Before analysing 

that it is important to understand that each of these temperature runs are designated on the 

basis of extensive calculation which were based on a convoluted geologic time scale. 

Here the 330°C, 360°C and 390°C are the windows of bitumen generation, oil generation 

and gas generation. The 360 °C at our experiments provided a maximum oil yield with 

free oil of 5.483 g and a total oil of 13.595 g. Similarly, at 390 °C approximately 18 g of 

gas has been recovered justifying the anticipated behavior of hydrocarbon generation.    
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4.3. Resistivity Measurement Conclusions    

From the impedance plot above, we detected that effective resistance tends to decrease with 

each sample as a relative function of temperature, i.e. it was observed that the sample treated at 

300 °C had the highest effective resistance/impedance value among the samples tested. The rest 

underwent hydrous pyrolysis at 360°C and 390°C.  

 

1. The sample tested in hydrous pyrolysis apparatus at 300 °C underwent thermal 

maturation process. The solid kerogen present in the sample initiates the phase of 

maturation converting partially to bitumen, a highly viscous immobile aqueous substance 

that cannot be expelled out easily by the sample. The organic matter generation results in 

the pore volume expansion in the sample saturated with 5% NaCl and notably the pore 

space generated is filled by the fluid surrounding the sample during the testing process. 

 

2. Similarly, the samples that has been undergoing hydrous pyrolysis at 330°C is at a 

relatively higher temperature level. It is the phase where the bitumen is generated from 

the maturation of kerogen and undergoes maturation further generating oil and pyro-

bitumen of high viscosity. It is decisive to mind that the oil generation window is at 

360°C only. Hence, the oil generated at this window is like the initiation of oil generation 

phase. As certain volume of the kerogen converts to bitumen it breaks about and this 

results in the resistivity at a lower level. 

 

3. Sample #19 has undergone hydrous pyrolysis at 360 °C. This temperature is the oil 

generation window where most of the bitumen in the plug has matured and been expelled 

out of the sample as oil.  This allows the saturating fluid i.e. 5% NaCl brine solution to 

fill in the voids and allows the sample to conduct a lot better. It is important to recognize 

the fact that not all organic matter is expelled out. This is verifiable from the CT scan of 

sample that has been undergoing hydrous pyrolysis at 360°C. It possesses very small 

globules of organic matter present even after they have undergone hydrous pyrolysis.  
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Hence, resistance value during the initial phase is very low and along with increase in 

frequency, resistance offered tends to increase. Therefore, resistivity changes are a result of 

changes in the temperature and the measurement frequency, along with increase in pore volume 

and fracture development from thermal maturation and rock-fluid interaction in reference to 

saturating fluid presence (Tutuncu 2010; 2017).  

 

4.4. Triaxial Testing Conclusions    

The triaxial testing performed to determine the static elastic properties has shown 

significant points regarding the type of core plugs tested. The samples investigated cover a 

conceptual background to validate specific conclusions listed as follows. 

 

1. It was concluded that the samples evaluated in this study were significantly stronger 

than other outcrop samples discussed in prior studies. 

 

2. During hydrous pyrolysis, the sample tends to undergo a significant amount of 

mechanical degradation. Hence, it becomes invaluable to control the stress states 

during hydrous pyrolysis. It is critical towards preserving the mechanical integrity of 

the samples during the testing process of hydrous pyrolysis. 

 

3. During hydrous pyrolysis, the sample undergoing thermal maturation need not exhibit 

the sample behavior of increasing Young’s modulus with increasing confining stress 

as shown in Figure 3-31. It is also notable that the high Young’s modulus of the core 

plug may be a crucial factor in developing a high amount of axial stress to be 

generated while undergoing hydrous pyrolysis, which causes the sample to lose its 

mechanical integrity. 

 

4. For an in depth evaluation of variation in mechanical properties, it is obligatory to 

regulate the rate of stress change during the pyrolysis process. This analysis allowed 

us to see the changes it underwent after undergoing thermal maturation.  
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It is important to look at the rate of change to characterize the samples based on mechanical 

properties. This is prevalent in order to analyze the variation with the rate of maturation. 

 

From the above details, we are able to confirm that the artificial thermal maturation process 

of hydrous pyrolysis generates equitable changes of rock properties. This is verifiable from the 

data stated in Sections 3.1 and 3.3. We are able to observe reasonable changes in the dynamic 

elastic properties, e.g., how much it has decreased after the sample plug had undergone thermal 

maturation process. It is important to relate the fact that the effects of hydrous pyrolysis is a 

combination of multiple factors such as the mineralogy, organic material content and its maturity 

level. As a combined effect of these, we see that the thermal maturation process of hydrous 

pyrolysis results in making a reasonable amount of changes in the geomechanical properties of 

the oil shale sample plug that was evaluated. 

 

From the previous results, we understand that, thermal maturation has an effect on the total 

organic content, maturity of the constituent organic material (Zargari et al. 2011), fracture 

network orientation and development. On observing the post hydrous pyrolysis sample masses 

we were able to see that after expelling the matured organic material from within as oil and gas 

too, the mass of these plugs have increased by a couple of grams. For instance, the hydrous 

pyrolysis run of 390°C the sample mass increases approximately by 8 grams. The expulsion of 

oil and gas from the sample plug too is notable. This is because the generated pore spaces from 

pore volume expansion of the organic material maturation is filled up with the surrounding fluid 

of 5% NaCl. This has resulted in mass increase of the plug and thereby notating the changes in 

oil and gas saturation level and water content. Thus, it is virtuous to say that thermal mutation 

influences rock properties such as the oil and gas saturation level and water content.   
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4.5. Recommendations for future work 

This experimental study focused on investigating the effects of the thermal maturation 

process on the mechanical properties of oil shale formation. The Mahogany shale in Green 

River formation was the selected zone based on the maturation level of its organic content.  

 

The recommendation for future work would be to perform a similar set of experiments on 

samples collected from different shale plays and allowing to gather more data in regards to 

behavior of the various shale samples based on their total organic carbon (TOC) and the 

maturation level of the organic matter present utilizing thermal maturation process.  

 

The current implemented hydrous pyrolysis technique is an excellent process to simulate 

thermal maturation in a very short timeframe. The rate at which the stress change occurs tend 

to not be controllable. The rapid rate at which the stress changes take place result in the 

degradation of the sample mechanical integrity almost instantaneously and is unquantifiable.  

 

Once a significant amount of data is gathered on the basis of variation in the 

geomechanical properties, it would be advisable to scope out towards numerical modeling of 

petrophysical and geomechanical properties. One such focus would be to relate how the rate 

of reaction tends to offset the mechanical integrity of the samples. Then to characterize the 

fracture orientation and anisotropy variations before and after the samples undergo thermal 

maturation on the basis of their bedding and planar orientation.   

 

Once we quantify such models, it would allow us to characterize reservoirs and 

lithological layers in subsurface at a more palpable sagacity and allow better quantification of 

every program or activity that will be performed in the field during the phase of hydrocarbon 

exploration. 
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