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ABSTRACT 

BIG DATA NANOINDENTATION: CONCEPTS, PRINCIPLES AND 

APPLICATIONS TO CEMENTED MATERIALS  

FEBRUARY 2022 

YUCHENG LI , B.S., SHANGHAI INSTITUTE OF TECHNOLOGY  

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST  

Directed by: Professor Guoping Zhang 

The exploration of oil /gas in the petroleum industry presents a lot of issues both during 

and after the drilling process, such as wellbore stability, formation clogging, and cementation. 

Understanding the chemo-mechanical alterations caused by drilling activities to the 

surrounding formations has been a crucial part of a successful drilling operation. However, as 

multi-phases, multi-scales, heterogeneous composites, the mechanical properties of rock can 

vary significantly with its diverse constituent minerals (e.g., quartz, feldspar, and clay minerals) 

and sometimes hard to be characterized due to the availability of rock samples (i.e., cylindrical 

core samples are arduous to acquired especially at deep formations). As such, a newly proposed 

cross-scaled mechanical characterization technique, big data nanoindentation, was introduced 

to characterize the mechanical properties of two sandstone samples with distinct morphologies 

and mineral compositions and investigate the potential factors that influence the mechanical 

performance of sandstones in the first phase of this research. 

For unconventional reservoirs (e.g., shale and tight sandstone), to extract the tight gas 

from the low permeability formations, hydraulic fracturing is a common and mature technique 

to artificially create flow channels for the tight gas extraction. However, the aqueous fracturing 

fluid will inevitably interact with clay-rich formations (e.g., shale) and thus weaken the 
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mechanical performance of the shale formation. In the second phase of this study, the big data 

nanoindentation technique was used to characterize the softening behaviors of shale through a 

large volume (e.g., hundreds of microns) experimental setup via progressively polishing the 

softened layers of the sample to quantitively determine the softening rate of the tested shale 

sample. As such, a novel way to strengthen the mechanical properties of softened shale sample 

is injection of nanoparticles into the shale formation with drilling fluids. This in-situ injecting 

process was simulated by a newly developed infiltration setup and then characterized by the 

big data nanoindentation technique. The results show that the nanoparticles can effectively 

block the pores/cracks and strengthen the mechanical properties of the shale and the oil-based 

fluid can be more effective in strengthening the formation than the water-based fluid. 

Upon the finished drilling process, cement slurry is pumped into the annulus between 

the formation and casing to support the well wall and ensure the integrity of the wellbore. 

However, the brittleness of cement paste has been a critical issue as repeated loading-unloading 

cycles of tensile circumferential or hoop stress will be induced during the hydrofracturing 

process, which may lead to the failure of entire zonal isolation. As such, in the final phase of 

this study, a polymerized oilwell cement was characterized by the big data indentation 

technique. The results well elaborated the functions of emulsified and particulate elastomers 

in finely tuning the cross-scale properties of the oilwell cement.  
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1. CHAPTER 1 INTRODUCTION  

1.1 Overview 

Cemented composites are a type of materials that are composed of multiple components 

and bonded by certain types of agents (e.g., carbonates and calcium silicate hydrates), the 

mechanical performance of which have attracted a lot of attention in multidiscipline. In oil/gas 

industry, the success of oil exploration, extraction and long-term productivity heavily depend 

on the mechanical properties of cemented composites (e.g., sedimentary rocks and oilwell 

cement).  For example, during the oil/gas drilling and exploration, the mechanical properties 

of sedimentary rocks are key parameters to reduce drilling risks and maximizing well and 

reservoir productivity in both conventional and unconventional formations. Furthermore, 

after/during drilling process, cement slurry is pumped through a steel casing to the bottom of 

the well and then up through the annulus between the casing and the surrounding rock, which 

provides zonal isolation, prevents fluid migration, and protects the casing from corrosive 

gas/fluids. Despite massive advancements have been achieved in both conventional and 

unconventional reservoirs, great challenges still exist in the drilling and operation process that 

requires engineers and researchers to deal with. 

 For example, the wellbore stabilities have been a longstanding problem during oil/gas 

drilling and exploration process that costs the oil industry over US$500�±1000 million each 

year (Chen et al. 2003). There are mainly two types of instabilities in formations during drilling: 

mechanical instabilities and chemical instabilities. For mechanical instabilities, the 

sedimentary rocks (e.g., shale and sandstone) are composed of multiple components (e.g., clay 

minerals, silt particles and carbonates) with varying proportions, particle size and 
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microstructures. Shale is generally considered as a tight unconventional formation with low 

permeability and mainly composed of clay minerals and fine silt particles, while sandstones 

are mainly composed of large silt particles (e.g., quartz and feldspar) and minor clay minerals 

mainly act as pore-filling materials. As such, the mechanical properties of sedimentary rocks 

can vary significantly even in the different layers of a single wellbore. Although the mechanical 

strength of sedimentary rocks is a key parameter for the wellbore stability analysis, the 

heterogenous nature of the sedimentary rocks present a lot of challenges to precisely 

characterize its mechanical properties. As for chemical instabilities, horizontal drilling and 

hydraulic fracturing are usually involved in the exploration of tight shale gas, which engages 

plenty of water during the process as fracturing fluids. Obviously, the clay-rich shale will 

interact with water and the mechanical properties of which will be significantly weakened, 

which may lead to the collapse or failure of the well. Furthermore, carbonates (e.g., calcite and 

dolomite) in the sedimentary rocks act as the cementing agents that bonds different minerals. 

Pyrite, a common iron sulfide in sedimentary rocks, can actively react with oxygen and water 

and form acid aqueous solution, which will subsequently dissolve the carbonates and lead to 

the failure or collapse of the well. 

Continuous interest in studying cementitious binders has been lasting for more than a 

century, and significant effort is still made at present to decode the mechanisms of strength 

development at the much smaller scales, to finely tailor and tune their mechanical properties 

(e.g., high acid resistance, low permeability, high flexure strength, and high toughness) with 

additives, and find and develop other alternatives (e.g., geopolymers) to meet various new and 

unique requirements in certain specialized applications. For example, in oil/gas recovery, well 

cementing, an important procedure to ensure the integrity of the well for safety and 
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environmental protection, involves the use of specialized Portland cement to seal the annulus 

gap between the steel casing and surrounding rock strata. The main purposes of well cementing 

are to restrict the movement of pore fluids (including hydraulic fracturing fluids and 

hydrocarbons) across different rock strata and aquifers, support the stability of the casing and 

well wall, protect the casing from corrosive pore fluids/gas, and warrant the overall integrity 

of the oilwell. However, the complex and unpredictable underground environment presents 

many challenges for the expected and sustained functions of the oilwell cement. For example, 

the high-temperature and high-pressure (HTHP) conditions in the deep oilwell can degrade the 

calcium silicate hydrates (CSH), the major hydration products of cement clinkers dictating the 

�D�G�K�H�V�L�Y�H�� �D�Q�G�� �F�R�P�S�U�H�V�V�L�Y�H�� �V�W�U�H�Q�J�W�K�V���� �D�Q�G�� �F�R�Q�V�H�T�X�H�Q�W�O�\�� �U�H�G�X�F�H�� �W�K�H�� �F�H�P�H�Q�W�V�¶�� �L�Q�W�H�J�U�L�W�\�� �D�Q�G��

increase the permeability. 

As formulated above, the mechanical properties of cemented composites have been play 

an important role in the successful oil/gas drilling and extraction project. However, the 

heterogenous nature of the cemented composites presents a lot of challenges in the 

characterization and knowing the mechanical properties at smaller scales lay the solid 

foundation in understanding the macroscopic behaviors. As such, new tools to characterize the 

behaviors of cemented composites are urgently needed. 

 

1.2 Research Objectives 

The overall primary goal of this research is to investigate the mechanical properties of 

cemented composites (e.g., shale, sandstone, and cement), the softening behaviors of shale, 
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and the performance of latex modified cement in the oilwell at multiple length scale. Detailed 

research objectives are as follows:  

�x Investigate the mechanical performance of two sandstone samples with distinct 

minerology and microstructures. 

�x Evaluate the applicability of upscaling models in predicting the bulk properties of 

sandstone samples. 

�x Characterize the softening behaviors of shale by a newly designed large-volume 

nanoindentation testing scheme. 

�x Study the softening behaviors of individual components of the shale at nanoscale as 

well as the bulk sample at macroscale. 

�x Investigate the �F�K�D�Q�J�H�V�� �R�I�� �V�K�D�O�H�¶�V��mechanical properties before and after 

nanoparticle injection to study the strengthening effect of nanoparticle. 

�x Determine the influence of emulsified and particulate elastomers with different 

concentrations on the mechanical properties of oilwell cement at elevated 

temperature and pressure. 

 

1.3 Dissertation Organization 

This dissertation consists of seven chapters and a brief outline of each chapter is given 

below: 

1) Chapter 1 (the current chapter) is an overview of this research, including a brief 

background, research objectives, and dissertation organization. 
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2) Chapter 2 summarizes a comprehensive review of the past and existing research of 

nanoindentation on characterizing sedimentary rocks and cement, which provides the 

necessary theoretical and experimental background knowledge for this dissertation 

research and meanwhile uncovers the technical areas with insufficient knowledge. 

3) Chapter 3 presents the mechanical characterization of two distinct sandstone samples. 

In this chapter, the petrographic and petrophysical properties of sandstones have been 

comprehensively investigated by big data nanoindentation technique coupled with 

XRD and SEM/EDS tests. The influence of minerology and microstructure on the 

mechanical performance of sandstones have been clearly elaborated. This part of 

study has been published in International Journal of Rock Mechanics and Mining 

Science. 

4) Chapter 4 presents the study of the softening behaviors of shale by a newly developed 

large volume nanoindentation testing scheme. In this study, the softening induced 

mechanical behaviors changes of individual components as well as the bulk shale 

sample. The chemo-physical changes of shale and its mechanisms have been studied. 

This study has been published in Rock Mechanics and Rock Engineering.  

5) Chapter 5 describes a novel way to strengthen the softening/weakened shale 

formations by injecting the nanoparticles into the shale sample. A commercial 

nanoparticle called carbon black was injected into the shale, and the mechanical 

properties of shale were examined before and after the nanoparticle infiltration. This 

study has been submitted to International Journal of Coal Geology. 

6) Chapter 6 describes a cross-scale characterization of the newly developed 

polymerized oilwell cement modified with emulsified and particulate elastomers to 
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fulfill the high demanding for the toughness to resist cyclic loading and tensile stress 

in the deep wellbore. This study has been submitted to Cement and Concrete 

Composites.  

7) Chapter 7 is a concluding chapter that summarizes the significant findings of this 

dissertation research and provides recommendations for future studies on the 

potential applications of big data nanoindentation technique. 
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2 CHAPER 2 LITERATURE REVIEW  

2.1 Introduction  

This section presents a comprehensive overview of the related literature conducted in the 

area of nanoindentation on the sedimentary rocks and cement. First, the literature review begins 

with the introductions of the diagenetic process of different sedimentary rocks (e.g., shale and 

sandstone) and the microstructure and morphology formed during the ordinary Portland 

cement hydration process. Second, a comprehensive review of the advanced nanoindentation 

technique is given so that a solid background can be built on the methodology which will be 

intensively and extensively discussed by this proposed research. Third, different deconvolution 

techniques, including the probability density function (PDF), cumulative distribution function 

(CDF) and gaussian mixture modeling (GMM), are presented and discussed to present the 

basic principles and rules in extracting the mechanically different phases from the mixed 

dataset. Fourth, the different micromechanical upscaling models, including the Mori-Tanaka 

(MT) (Mori and Tanaka 1973a), Kuster-Toksöz (KT) (Kuster and Toksöz 1974), self-

consistent approximation (Berryman 1980a), and differential effective medium (DEM) (Sheng 

1990; Berryman 1992) models were reviewed and discussed in order to upscale the bulk 

property at macro scale from properties of the individual components at micro scale. Finally, 

some experimental results of nanoindentation on sedimentary rocks and cement in the literature 

are summarized. The literature review should be able to provide the solid background of this 

proposed research and further cover the insufficient knowledge of the regions. 
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2.2 Sedimentary Rocks 

2.2.1 Introduction 

Sedimentary rocks make up 75% percent of the rocks at the earth surface and they are 

types of rock that are formed by the accumulation or deposition of small particles (e.g., clay 

and silts) and subsequent cementation of mineral or organic particles by the precipitation of 

�P�L�Q�H�U�D�O�V���L�Q���W�K�H���S�R�U�H���V�S�D�F�H�V���R�Q���W�K�H���I�O�R�R�U���R�I���R�F�H�D�Q�V���R�U���R�W�K�H�U���E�R�G�L�H�V���R�I���Z�D�W�H�U���D�W���W�K�H���(�D�U�W�K�¶�V���V�X�U�I�D�F�H����

For instance, if  relatively coarse-grained silicates are the dominant primary minerals that are 

then postdepositionally cemented slightly by secondary carbonates and clay minerals, the 

sandstone still possesses intrinsic porous microstructure with appropriately interconnected 

pores, and hence is an optimal conventional oil reservoir. However, the clay content may 

increase with time and the intergranular pores are continuously filled with neoformed platy 

clay and calcite particles, resulting in an extremely low permeability (i.e., less than 1.0 md), 

and thus the originally porous sandstone is transformed into a tight formation, more like an 

unconventional reservoir such as shales. As for shale, the compacted clay particles with quartz, 

feldspar or some other minerals are deposited layer by layer in a relatively quiet environments 

at the bottom of seas or lakes, which usually serves as pressure barriers, top seals and reservoirs 

in shale gas plays. Such a layered feature endows the intrinsic lamination and fission of the 

shale formations.   

As such, understanding the overall petrographical, petrophysical, and petrochemical 

properties of the sedimentary rocks are important for characterizing the mechanical properties 

of rocks and for predicting the in-situ behavior of the oil wells during the subsurface 

exploration and the oil and gas extraction. 
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2.2.2 Mineralogy  

Since the sedimentary rocks are mainly composed of well-crystalized minerals (e.g., 

quartz, feldspar, and clay minerals), X-ray powder diffraction (XRPD) could serve a powerful 

tool and the best available technique for the identification and quantification of mineralogy of 

sedimentary rocks. Based on the qualitative and quantitative XRD analysis presented in many 

publications, while sedimentary rocks are diverse in composition, quartz, feldspars, carbonates, 

and pyrite are the common stiff silts existing in the sedimentary rocks and soft clay minerals 

such as kaolinite, illite, smectite, vermiculite, and chlorite frequently occur as pore filling 

materials or supporting skeleton.  

Due to the different geological origins and various environmental conditions during the 

diagenetic processes of the sedimentary rocks, the type of clay minerals and other solid 

inclusions, grain size distribution, bonding materials as well as their relative percentages, vary 

among different sedimentary rocks recovered from different formations and even from 

different burial depths within the same formation or same well. The diagenetic evolution of 

sedimentary rocks generally involves illitiz ation of that describes the transformation of 

smectite to illite through an intermediate state of interstratified illite and smectite (I/S) (Perry 

1970; Yi-Kai et al. 2017).  

Kerogen is the main sedimentary organic matter that generates petroleum and natural gas 

and can be extracted by in-situ combustion and pyrolysis. Also, kerogen is a major sink in the 

global carbon cycle and represents by far the largest organic matter poll on Earth �± 1016 tons 

of C compared to 1012 tons in living biomass (Durand 1980; Vandenbroucke and Largeau 

2007). Also, kerogen play a key role in the mechanical performance of sedimentary rocks. 

Typically, the kerogen is the softest component in the sedimentary rocks, which greatly affects 
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the geomechanical properties of the samples. To establish accurate rock physics models for 

inverting field geophysical data, structures and elastic properties of kerogen are essential. As 

an insoluble material in the sedimentary rocks, while the traditional mechanical tests generally 

require the isolation of kerogen from the bulk sample, the chemical or mechanical isolation 

inevitably alter the property of the kerogen. Hence, the non-destructive and in-situ 

nanoindentation testing, which will be further discussed later, is able to provide the unaltered 

mechanical properties of the kerogen.  

 

2.2.3 Microstructure 

During the long journey of diagenetic process of the sedimentary rocks, the geologic 

stress history, tectonic movements, and biochemical alterations of the formations bring various 

microstructures and morphologies to the sedimentary rocks. For shale, the platy clay minerals 

generally act the supporting skeleton and the silts particles commonly surrounded by the 

compacted clay minerals. Wu et al. (2020) did the SEM-EDS on the well-polished shale sample 

and freshly broken surfaces as shown in Figure 2-1 and Figure 2-2. 
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Figure 2-1 SEM micrographs and elemental mappings of polished samples: (a) and (b) are BSE 

images of Samples M1 and M2 respectively; (c) and (d) are elemental mappings of the areas 

shown in (a) and (b) respectively; (e) and (f) are the magnified areas indicated by rectangles in 

(a) and (b) respectively, with some coarse particles labeled for their mineralogy. 
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As shown in Figure 2-1, the geometry, shape, size, and spatial distribution of coarse 

particles can be clearly observed. It can be found that the silt particles (e.g., quartz and feldspar) 

are randomly distributed and separated from each other, which makes them float within the 

clay matrix. Further notice is that the shale exhibits a great extent of anisotropy resulting from 

the preferred orientation of play clay particles along the depositional direction during the 

diagenetic process. The distribution of the coarse particles in the directions of parallel and 

�S�H�U�S�H�Q�G�L�F�X�O�D�U���W�R���W�K�H���E�H�G�G�L�Q�J���S�O�D�Q�H���G�R�H�V�Q�¶�W���V�K�R�Z���R�E�Y�L�R�X�V���G�L�I�I�H�U�H�Q�F�H���� �+�R�Z�H�Y�H�U���� �D�V���V�K�R�Z�Q���L�Q 

Figure 2-2, the clay particles or aggregates show a strong preferred orientation and fabric in 

the broken surface. And the embedded silt particles are unavoidably disrupting the preferred 

orientation.  
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Figure 2-2 SE SEM micrographs of Sample M3 (i.e., vertical cross-sectional surface) showing 

microstructural features: (a) and (b) preferred horizontal orientation of clay minerals; (c) and 

(d) alteration of horizontal orientation by the coarse-grained silt and sand particles and clay 
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aggregates (indicated by ellipses); (e), (f), and (h) precipitation of clay minerals (illite or 

chlorite, pointed by arrows) in the pores with random orientation; (g) precipitation of non-clay 

phases, most likely microcrystalline quartz or carbonates (pointed by arrows) in a pore or 

microcrack. 

 

 Unlike shale, sandstone mainly consists of relatively large size of silt particles and the 

clay minerals generally act as a pore filling role. With the high portion of the silt particles, they 

inevitably contact with each other and the carbonates (e.g., dolomite and calcite) are the main 

cementation material in the bulk rock. Maruvanchery and Kim (2020) did the QEMSCAN and 

ESEM images of an oven-dried sandstone specimen as shown in Figure 2-3. More than 70% 

of the mineral were found to be quartz and the contact types of these silt particles also varies.   
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Figure 2-3 QEMSCAN and ESEM images of an oven-dried specimen used for finding different 

mineral-to-mineral contacts. (A) QEMSCAN image; ESEM images of (B) quartz-plagioclase, 

(C) quartz-calcite, (D) quartz-quartz, (E) quartz-dolomite, and (F) quartz-K-feldspar. 

 

2.2.4 Shale Softening 

For the unconventional reservoirs like shale, hydraulic fracturing is a common way to 

extract the oil and oil gas by artificially creating the flow channels for the oil and gas with the 

combination of horizontal drilling from the tight formation. Typically, the fracturing fluid 

contains 99% of water and proppants and 1% of chemical additives (e.g., KCl).  Furthermore, 

shale contains abundant of clay minerals, the clay minerals would unavoidably interact with 

water and thus leading to a series of issues (e.g., wellbore instabilities, proppant embedment, 

and so on). The proppants carried to downhole will  keep the hydraulic-induced fractures open, 

and the chemical stimulants can enhance the oil/gas recovery, maintain the wellbore stability, 

and minimize deterioration and damage to the formation. 

However, as shown in Figure 2-4, after investigating around 600 oil wells in the America, 

Baihly et al. (2010) found that almost every oil/gas well has only 20% of their maximum oil/gas 

production rate left after the first six months of production, which can be largely attributed to 

a major issue called shale softening in the shale oil/gas industry. A widely recognized 

hypothesis for this rapid reduction in production rate is that the process of hydraulic fracturing 

brings huge amounts of water into the oil/gas reservoirs, and the clay minerals in fine-grained 

shales can interact with water via such processes as hydration, diffusion, absorption, and 

adsorption, among others, leading to the inevitable swelling and softening of the clay matrix 

as well as the bulk rock. Furthermore, these oil/gas wells can gain 80% of their maximum 



57 

 

oil/gas production rate after refracturing. Obviously, the accompanying weakening of their 

mechanical properties in turn result in proppant embedment, proppant crushing, spalling of 

formation fines, and fines plugging. This loss of packing permeability of proppant can greatly 

decrease the rate of well production, and refracturing process of the existing wells will be 

necessary to maintain production levels. 

 

Figure 2-4 Average gas production rates for different shale gas basins. 

 

The mechanisms behind the phenomena of shale softening are complex. Currently, it is 

generally agreed that the volume expansion of swelling clays (e.g., smectite) is considered to 

be mainly responsible for the borehole instability and the shale softening. However, many 

researchers have pointed out that the negative influences of hydration on the mechanical 

properties of non-smectite (e.g., kaolinite, illite, and chlorite) shales can be significant as well. 

In addition, the chemical reactions between the non-clay minerals and the fracturing fluids 

(e.g., dissolution of carbonate) are known as another potential causal factor that leads the shales 

to be softened in a hydrothermal environment at the elevated temperatures and pressures. 
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2.3 Cement 

2.3.1 Introduction 

Ordinary Portland cement and other similar cementitious binders are the most widely 

used and successfully manufactured materials for infrastructure construction, such as roads and 

highways, land reclamation, buildings, and oil/gas exploration. Continuous interest in studying 

cementitious binders has been lasting for more than a century, and significant effort is still 

made at present to decode the mechanisms of strength development at the much smaller scales, 

finely tailor and tune their mechanical properties (e.g., high acid resistance, low permeability, 

high flexure strength, and high toughness) with additives, and find and develop other 

alternatives (e.g., geopolymers) to meet various new and unique requirements in certain 

specialized applications. 

As a multiphase, multiscale, heterogeneous porous composite, the cement hydration 

products of ordinary Portland cement generally consist of low-density CSH (LD-CSH), high-

density CSH (HD-CSH), portlandite (Ca(OH)2, calcium hydroxide or CH), and unhydrated 

clinkers with different characteristic length scales. Knowing the mechanical properties of basic 

building blocks of cement has promoted the understandings of cement strength origins. 

 

2.3.2 Microstructure of Cement 

Ylmén et al. (Ylmén et al. 2009) observed the hydration process of cement clinkers at 

different stages (e.g., 15 s, 120 min, 240 min, and 480 min) as shown in Figure 2-5. Initially, 

the unhydrated particles are bare with litt le debris lying on the top. After 15 s and 120 min of 

hydration process, lumps and platelets have been found on the surface of the unhydrated 
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particles. With hydration process continues, some needle-like structures are surrounding the 

clinkers �D�Q�G���E�R�Q�G�H�G���Z�L�W�K���H�D�F�K���R�W�K�H�U�����Z�K�L�F�K���L�V���W�K�H���R�U�L�J�L�Q���R�I���W�K�H���F�H�P�H�Q�W�¶�V���V�W�U�H�Q�J�W�K�� 

 

Figure 2-5 SEM pictures of cement at different stages of hydration. a) Surface of unhydrated 

particle. b) Surface of particle hydrated for 15 s. c) Surface of particle hydrated for 120 min. 
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d) Surface of particle hydrated for 240 min. e) Surface of particle hydrated for 480 min. f) 

Surface of particle hydrated for 480 min at larger magnification. 

 

Hu et al. (Hu et al. 2016a)  performed SE/BSE imaging on the well-polished surface of 

cement paste with a water/cement ratio of 0.4 as shown in Figure 2-6. The brightness order 

from bright to dark of the cement paste is residual cement grains (denoted as CM), followed 

by visible calcium �K�\�G�U�R�[�L�G�H�����G�H�Q�R�W�H�G���D�V���&�+�������W�K�H�Q���µ�F�D�O�F�L�X�P���V�L�O�L�F�D�W�H���K�\�G�U�D�W�H�¶�����G�H�Q�R�W�H�G���D�V���µ�&-

S-�+�¶�����L�Q�W�H�U�P�L�[�W�X�U�H���R�I���&-S-H and other phases), and finally visible pores or porous patches in 

the cement paste (denoted as P). Then the image analysis was used to plot the PDF of the BSE 

image based on different grey values of each pixel. Obviously, CSH is the major constituent 

of the cement hydration products and CH also makes up another major part of the cement paste. 
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Figure 2-6 (a) An example of a BSE image showing different components in CP0.4, (b) its 

corresponding PDF plot of the grey value, and (c) phase segmentation. 

 

2.4  Nanoindentation Testing 

2.4.1 Introduction 

Using indentation technique to measure the hardness of minerals can be traced back to 

two hundred years ago when German geologist Friedrich Mohs characterizing scratch 

resistance of various minerals through the ability of harder material to scratch softer material. 

Since understanding the mechanical behaviors of materials at nanoscale is the key to wide 

range of cutting-edge topics in engineering and science, more and more attention has been paid 

to the area of mechanical testing at smaller scale. Nowadays, with the fast-developing nano 

technologies, precisely recorded the information of load and deformation during the 

indentation process makes it possible to characterize the mechanical properties of the sample 

at nanoscale. For conventional microindentation technique, an optical microscope was used to 

observe the area of the imprint caused by the indenter and the maximum load was recorded to 

measure the hardness. However, at nanoscale, it is impossible to perceive the indents under 

optical microscope and it would be inaccuracy to measure the indentation area at nanoscale. 

Then a method to indirectly determine the size of the contact area by measuring the depth of 

indenter penetration into the specimen surface by taking advantage of the geometric self-

similarity of the tip was developed. Therefore, nanoindentation testing is also known as the 

depth-sensing indentation (DSI) or the instrumented indentation testing (IIT). The shape of the 

indenter can be pyramidal, conical, and spherical, and a four-sided Vickers. Pyramidal 

Berkovich indentation tip is the most commonly used in nanoindentation testing. 
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�:�K�L�O�H�� �Q�D�Q�R�L�Q�G�H�Q�W�D�W�L�R�Q�� �L�V�� �P�D�L�Q�O�\�� �X�V�H�G�� �I�R�U�� �W�K�H�� �P�H�D�V�X�U�H�P�H�Q�W�� �R�I�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �D�Q�G��

�K�D�U�G�Q�H�V�V�����L�W�¶�V���D�O�V�R���F�D�S�D�E�O�H���R�I���W�R���P�H�D�V�X�U�H���Y�D�U�L�R�X�V���S�U�R�S�H�U�W�L�H�V���V�X�F�K���D�V���I�U�D�F�W�X�U�H���W�R�X�J�K�Q�H�V�V�����F�U�H�H�S��

and viscoelasticity, which �Z�L�O�O���Q�R�W���E�H���G�L�V�F�X�V�V�H�G���K�H�U�H���V�L�Q�F�H���L�W�¶�V���R�X�W���R�I���W�K�H���V�F�R�S�H���R�I���W�K�L�V���U�H�V�H�D�U�F�K���� 

 

2.4.2 Workflow of nanoindentation test 

As shown in Figure 2-7, the principle of nanoindentation testing is relatively 

straightforward: (1) increase the load at a constant loading rate �û/P (or at a constant indentation 

strain rate �È/h) to a pre-selected maximum load Pmax (or maximum indentation depth hmax) and 

hold the load for certain period (e.g., 5 seconds); (2) decrease the load with the same loading 

rate until 10% of Pmax; (3) hold the load constant to measure the correction of thermal drift of 

the machine; and (4) remove the load totally. Unlike the conventional microindentation testing 

only recording the maximum load during the indentation process, the instrumented 
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nanoindentation testing can continuously control and monitor the load and displacements of 

the indenter during the loading-unloading process. 

 

Figure 2-7 (a) Schematic illustration of the indentation loading process showing the parameters 

and the contact geometries; (b) data showing the important measured parameters during a 

loading-unloading cycle. 

 

(a)

(b)
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 Then the contact stiffness, S, can be defined as the slope of the initial unloading curve 

at the maximum depth hmax: 

 max

d
d

h h
F

S
h

� �  (2.1) 

Oliver and Pharr (1992) presented that the unloading curve is usually well approximated by 

the power law relation: 

 (2.2) 

where  

�. and m = curve fitting parameters 

hf = final unloading depth 

However, experience has shown that Equation 2.2 does not always provide an adequate 

description of the entire unloading curve, but it is usually sufficient to fit the upper 25% to 50% 

of the unloading data. Furthermore, Oliver and Pharr (1992) proposed that the projected contact 

area can be determined as a function of contact depth: 

 (2.3) 

where 

C0 �«  C8 = constants determined by curve fitting procedures [-] 

hc = contact depth [nm] 

This function can be easily calibrated through performing nanoindentation testing on 

material that has a known elastic modulus (e.g., fused silica), and it is applicable to describe 

P =a (h- hf )
m

Ap(hc) = Cn(hc)
2- n

n = 0

8

å = C0hc
2 +C1hc +�� +C8hc

1/128
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the geometries of a number of different types of indents. For the Berkovich indenter, which is 

usually used in the indentation test, the lead term is 24.5h2 
c  and the other terms describe the 

deviations from the perfect Berkovich geometry due to blunting at the tip. As shown in Error! 

Reference source not found., the indented sample surface generally does not perfectly 

conform to the shape of the indenter during loading, and the contact periphery is assumed to 

be deformed elastically and sank in with an amount that can be predicted by Sneddon�¶s model. 

Hence, the contact depth is not identical to the depth of penetration, and it is calculated by 

 (2.4) 

where 

hmax � ���P�D�[�L�P�X�P���S�H�Q�H�W�U�D�W�L�R�Q���G�H�S�W�K���R�I���L�Q�G�H�Q�W���L�Q�W�R���W�K�H���P�D�W�H�U�L�D�O�¶�V���V�X�U�I�D�F�H [nm] 

hs � ���S�X�U�H�O�\���H�O�D�V�W�L�F���G�H�I�O�H�F�W�L�R�Q���R�I���W�K�H���P�D�W�H�U�L�D�O�¶�V���V�X�U�I�D�F�H���D�W���W�K�H���F�R�Q�W�D�F�W���S�H�U�L�P�H�W�H�U [nm] 

Pmax = maximum applied load [mN] 

�0 = geometric constant for the indenter (for Berkovich tip, �0 = 0.75) [-] 

Then the hardness can be given as follow once the projected contact area is determined: 

 (2.5) 

In the early 1970�¶s, Bulychev et al. (1976) and co-workers used instrumented 

microhardness testing machines to further analyze the elastic modulus from the load-

displacement data according to the equation 

 (2.6) 

hc = hmax - hs = hmax - e
Pmax

S

H =
Pmax

Ap

Er =
p

2b Ac

S
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where 

S = contact stiffness [N/m] 

Ap = projected contact area [m2] 

�� = correction factor for indenter geometry [-] 

For the Berkovich indenter, �� = 1.05 was suggested after they carefully considered a 

wide range of values reported in different studies. 

Based on the theory of contact mechanics, the Young�¶s modulus (E) can be extracted 

from the load-displacement response shown in Figure 2-7. Both elastic and plastic 

deformations will occur during the loading process but only the elastic portion of the total 

displacement will be recovered after the unloading process, which allows the elastic properties 

of the materials to be distinguished from the elastico-plastic deformation. To account for the 

elastic deformations occurring in both non-rigid indenter and the sample, reduced modulus 

(also known as effective elastic modulus), Er (or Eeff, E*), is defined through  

            (2.7) 

where 

E = Young�¶s modulus of test material [GPa] 

Ei = Young�¶s modulus of the indenter [GPa] 

�� = Poisson�¶s ratio of test material [-] 

��i = Poisson�¶s ratio of the indenter [-] 

1
Er

=
1- n2

E
+

1- ni
2

Ei
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Since the indenter was usually made with diamond, and with known mechanical 

properties of it (Ei = 1141 GPa; ��i = 0.07), the elastic property of the tested sample then can be 

�G�H�U�L�Y�H�G���� �3�O�X�V���� �D�Q�� �H�V�W�L�P�D�W�L�R�Q�� �R�I�� �W�K�H�� �3�R�L�V�V�R�Q�¶�V�� �U�D�W�L�R�� �R�I�� �W�K�H�� �W�H�V�W�H�G�� �P�D�W�H�U�L�D�O�� �L�V�� �U�H�Tuired for the 

�H�V�W�L�P�D�W�L�R�Q���R�I���L�W�V���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V�����1�H�Y�H�U�W�K�H�O�H�V�V�����L�W���L�V���J�H�Q�H�U�D�O�O�\���D�J�U�H�H�G���W�K�D�W���W�K�H���H�U�U�R�U�V��produced 

by �D�Q���D�V�V�X�P�H�G���3�R�L�V�V�R�Q�¶�V���U�D�W�L�R���K�D�V���D���Y�H�U�\���P�L�Q�R�U���H�I�I�H�F�W���R�Q���W�K�H���H�V�W�L�P�D�W�L�R�Q���R�I���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V��

of the tested material. 

Compared with the Young�¶s modulus that measures the material�¶�V elastic property, 

hardness is a goo�G���L�Q�G�L�F�D�W�R�U���R�I���D���P�D�W�H�U�L�D�O�¶�V���U�H�V�L�V�W�D�Q�F�H���W�R���S�O�D�V�W�L�F���G�H�I�R�U�P�D�W�L�R�Q. Note that only 

the penetration depth recovers during the unloading portion while the diameter of the contact 

impression remains almost the same. Therefore, it is safe to assume that the projected contact 

area at the maximum penetration depth is close to projected area of the residual impression 

measured under the microscope, and the latter is commonly used by the more traditional 

definition of hardness. 

However, elastic contact will dominate the deformation processes between the indenter 

and the material when the ratio of E/H is extremely small, or the test is conducted at a very 

shallow depth, which eventually results in a significant elastic recovery during the unloading 

process and a vanishingly small residual imprint. In this case, the projected area of the residual 

impression deviates significantly from the projected contact area at the maximum penetration 

depth and the two calculated values of the hardness are no longer the same. For materials that 

exhibit viscoelastic behavior, the deformation which is directly related to the calculation of 

contact area and contact depth will lag behind the load throughout the test process and cause 

inaccuracies in determining the elastic modulus and hardness by using the conventional Oliver-
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Pharr method, but this negative impact can be eliminated by using a longer hold time at peak 

load before unloading.  

The routinely used equations as mentioned above are derived on the basis of the theory 

of ideal contact between the rigid indenter and the flat specimen. However, the fact is that a 

perfect smooth surface of the sample is never going to be achieved and the indenter usually 

has a radius of 15 nm for the concern of durability. According to the Equations 2.3 and 2.4, the 

contact area is determined indirectly from the indentation depth and, hence, the roughness of 

the real specimen surfaces will generate errors in the characterization of the area of contact 

between the indenter and the specimen. To examine the extent to which the surface roughness 

affects the properties measured by nanoindentation testing, Donnelly et al. (2004) studied the 

dehydrated rabbit cancellous bones of differing root-mean-square (RMS) roughness by 

nanoindentation testing and concluded that the variability in the indentation measurements 

decreased substantially when a minimum 3:1 ratio of the indentation depth to the surface 

roughness was satisfied. Later on, Miller et al. (2008) also found that the mechanical properties 

became less scattered when the indentation depth was greater than 5 times the RMS roughness 

of the specimen after they performed a large grid of indentation testing on cement paste. 

 

2.4.3 Continuous Stiffness Measurement 

The continuous stiffness measurement (CSM) method, a dynamic indentation testing 

method, has shown a significant improvement and a great advantage in applying 

nanoindentation testing on thin films systems comparing with the traditional static indentation 

technique. Unlike the conventional Oliver-Pharr method that the contact stiffness can only be 

determined at the maximum penetration, by first superimposing a small harmonic oscillation 
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on the primary loading signal (Figure 2-8) and then continuously measuring the amplitude and 

phase angle of the corresponding displacement oscillation by means of a frequency-specific 

amplifier, the CSM method allows the harmonic contact stiffness to be measured continuously 

during the loading process (Oliver and Pharr 1992, 2004a; Li and Bhushan 2002). Furthermore, 

the CSM method is less sensitive to the effects of thermal drifts and the time-dependent 

plasticity of the test materials. 
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Figure 2-8 (a) Schematic of CSM loading cycle; (b) comparison between the typical results 

obtained from the nanoindentation testing under the CSM mode (the continuous black line) 

and the ISO standard (individual red dots). 

 

(a)

(b)
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The system of nanoindenter can be simply described by a simple-harmonic oscillator 

system (Figure 2-9) when the nanoindenter contacts with the tested material. The analysis of a 

simple harmonic oscillator subjected to a forced oscillation will yield 

 (2.8) 

and 

 (2.9) 

where 

m = mass of the indenter [g] 

Pos = magnitude of the force oscillation [mN] 

h(�&) = magnitude of the resulting displacement oscillation [nm] 

�& = frequency of the oscillation [Hz] 

�Ë = phase angle between the harmonic force and the displacement signals [ º ] 

Kf = load frame stiffness [MN/m] 

Ks = stiffness of the column support springs [N/m] 

D = damping coefficient [N·s/m] 

The dynamic model can further be simplified to a simpler system by defining a reduced 

spring constant 

 (2.10) 

Pos

h(w)
= (S- 1 + Kf

- 1)- 1 + Ks - mw 2�ª�¬ �º�¼
2
+w 2D2

tan(f ) =
wD

(S- 1 + Kf
- 1)- 1 - mw 2

K = (S- 1 + Kf
- 1)- 1 + Ks
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Figure 2-9 A dynamic model for the system. 

 

Since the load frame compliance (i.e., reciprocal of stiffness) is calibrated along with the 

area function of the indenter on the fused silica, the harmonic contact stiffness (S) can then be 

separated by removing the component caused by the load frame (i.e., the load frame stiffness 

Kf) from the response of the entire system. As a result, the mechanical properties of the tested 

materials are determined as a function of the indentation depth following the procedures 

presented previously because of its ability to continuously measure the harmonic contact 

stiffness. Therefore, the CSM method is a powerful tool for characterizing the mechanical 

properties of heterogeneous materials as any subtle difference in the process of measuring 

mechanical properties during the test can be detected and recorded by the instrument. It is 

important to note that a basic assumption of CSM is that the superimposed harmonic oscillation 

is small enough to have no impact on the overall loads and displacements.  
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2.4.4 Grid Indentation Analysis 

For homogeneous monolithic materials, it is relatively straightforward to acquire the 

mechanical properties by nanoindentation. However, for heterogeneous composites, although 

the experiments are still easy and straightforward, it is difficult or sometimes impossible to 

know at which constituents the indents are located and what other constituents are in the 

vicinity of the indents, especially for those just beneath the indents. To this end, Constantinides 

et al. (2006) first developed a statistical grid indentation technique to extract the mechanical 

properties of different phases in a heterogeneous composite by performing a massive number 

of indents on the sample surface and assuming that the resulting dataset is a statistical 

integration of multiple Gaussian variables corresponding to individual phases in the composite. 

Since then, statistical nanoindentation has gained plenty applications in the mechanical 

characterization of various heterogeneous materials, such as rocks, cements, concretes, and 

bones, among others (Constantinides et al. 2006; Constantinides and Ulm 2007; Zhu et al. 2007; 

Deirieh et al. 2012; Luo et al. 2020). 

The basic principles of statistical grid nanoindentation technique can be simply 

expressed by an inclusion-matrix system as shown in Figure 2-10. First, a large set of 

indentation tests are carried out in the form of a grid with a constant spacing l between 

individual tests. Then each indentation test is regarded as an independent statistical event. 

When the indents size 3h is much smaller than the characteristic size of the inclusion, the 

obtained mechanical response can be regarded as the mechanical performance of the inclusion 

itself. On the contrary, if the maximum indentation depth is much greater than the characteristic 

length of the individual phases, the extracted mechanical properties should in turn represent 

the average response of the composite material. Since the dataset obtained from massive 
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indents on the sample contains the mixed data from both inclusion and matrix, deconvolution 

technique was introduced to extract the mechanical properties of individual phases from the 

overall dataset. By assuming the dataset consisting of several Gaussian distributions, the 

deconvolution technique is able to extract the different Gaussian distributions corresponding 

to individual components from the overall Gaussian distributions. 

 

Figure 2-10 Schematic of the principle of the grid indentation technique for heterogeneous 

materials. 

 

2.4.5 Big data Nanoindentation Technique 

As described previously, the grid indentation technique requires a preset indentation 

depth to determine the characteristic mechanical properties of individual constituents of the 

composites, while CSM-based nanoindentation technique can continuously profile the 
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mechanical changes along the whole indentation depth. If the grid indentation technique was 

applied when conducting grid indentation, the mechanical properties of individual constituents 

as well as the bulk sample can be determined simultaneously. As such, a big data 

nanoindentation technique was proposed to characterize the cross-scale mechanical properties 

of composites by employing the CSM-based nanoindentation technique (Luo et al. 2020).  

The big data nanoindentation analytics mainly involves the following operations: 

�x Data segmentation at different, discrete indentation depths to extract multiple 

subdatasets consisting of ~1000 E and H measurements from CSM-obtained 

continuous E-h and H-h curves; 

�x GMM-based statistical deconvolution of each 2-D subdataset to determine the 

mechanical properties and volumetric fractions of mechanically distinct phases 

at each segmentation depth; 

�x Data re-assembly by plotting the mechanical properties (i.e., E or H) of the same 

identified phase against the segmentation depth, resulting in the conversion of 

~500 previously highly scattered curves from unknown compositions to only a 

few lines with each corresponding to a clearly identified phase; 

�x Analyses and determination of mechanical properties of each mechanically 

distinct phase at very small depths as well as the bulk composite at the very large 

depths. 
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2.4.6 Probability Density Function 

In order to solve this problem,  Constantinides and Ulm (2007) first proposed a PDF-

based deconvolution technique. Provided that a heterogeneous material is composed of n 

different phases (n > 1) and the distribution of the mechanical property X of phase J is 

approximated by Gaussian distribution (i.e., normal distribution) 

 (2.11) 

where ��J is the arithmetic mean of all NJ measurements of the phase J and sJ is the standard 

deviation of those measurements, which are calculated by 

                (2.12) 

The theoretical probability density function (PDF) of the mechanical property X is 

determined by 

 (2.13) 

where the surface fraction fJ occupied by each phase is given by fJ = NJ/N and is subjected to 

the constraint 

 (2.14) 

Therefore, the three unknowns (fJ, ��J, sJ) per phase can be solved by minimizing the 

standard error between the experimental PDF and the theoretical PDF 

pJ(X) =
1

2psJ
2
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(X - mJ)
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                       (2.15) 

where  

Pi = experimental probability density function [-] 

P(Xi) = theoretical probability density function at point Xi [-] 

m = number of intervals selected to construct histogram [GPa]  

During this PDF-based deconvolution analysis, bin-size selection is required to construct 

the histogram and calculate the experimental PDF of the indentation results, while to date, 

selection of bin size still highly depends on �U�H�V�H�D�U�F�K�H�U�V�¶��past experience even though a few 

criteria have been proposed for parametric or nonparametric density estimation. Afterwards, a 

recently developed method, namely Bin Size Index (BSI) (Luo et al. 2020), was adopted here 

to analyze the nanoindentation data for the shale. 

For a given dataset, an intial bin size b was first estimated through the Freedman-

Diaconis rule (Freedman and Diaconis 1981) using the following equation: 

 1/3

2 IQR( )x
b

n

�u
�  (2.16) 

where x is �D���Y�D�U�L�D�W�H�����H���J�������<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�E�W�D�L�Q�H�G���E�\���Q�D�Q�R�L�Q�G�H�Q�W�D�W�L�R�Q��, IQR the interquartile 

range of the dataset, and n the number of data in the dataset. For example, an initial b = 9.1 

GPa was determined to construct the PDF histogram for the subdataset of sample KS-45 

extracted at the segmentation depth = 0.4 ���P. Then five other trial bin sizes with a range 

encompassing the initial one (i.e., 9.1 GPa), b = 6.0, 7.0, 8.0, 9.0, and 10.0 GPa, were also 

selected to construct five different trial histograms ready for the routine PDF-based 

min
Pi - P(Xi )�ª�¬ �º�¼

2

mi = 1

m

�¦
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deconvolution. In the mean while, five standard errors (SE) were obtained after fitting the 

theoretical PDFs to the five trial histograms: 

 E

SSE
DOF

S �  (2.17) 

where DOF is the degree of freedom defined as the total number of input data points minus the 

total number of parameters used in the fittings, and SSE is the sum of squares due to errors by 

fitting each trial histogram with the least square method. Each trial SE value was further 

normalized to obtain the mean normalized standard error SEN by the following equation: 

 E s
EN

s

S
S

�P
�V
��

�  (2.18) 

where ��s and �1s are the mean and standard deviation of the SE from the fitting, respectively. 

Then, the BSI was defined as: 

 
EN2 ln( )

BSI
S

k

�u
�  (2.19) 

where k is the number of phases. The concept of BSI is actually innovative by penalizing the 

mean normalized standard error SEN by the number of phases k used in the PDF deconvolution. 

This extra step usually led to a unimodal plot of the BSI versus b, which then facilitates the 

selection of the optimal bin size bopt corresponding to the peak maximum BSI.  

The determined optimal bin size bopt was then used to reconstruct the definitive 

experimental histogram, followed by fitting this histogram with theoretical Gaussian PDF 

functions using the least square method, and the results were regarded as the representative 

ones for the specific subdataset. At the end, the number of mechanically-distinct phases and 

their respective mean values from the fitted individual Gaussian distributions were determined.  
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2.4.7 Cumulative Distribution Function 

Also, an alternative way was proposed to do the deconvolution for the dataset, which 

applies the deconvolution technique in terms of the experimental cumulative distribution 

function (CDF) rather than the PDF, so that the bin size will  not be involved in the statistical 

analysis. The experimental CDF of mechanical property X is determined by 

           (2.20) 

where N is the total number of indentation tests conducted on a specimen. The CDF for each 

phase is also assumed to be Gaussian distribution and is given by 

           (2.21) 

where n is the material phases that have sufficient contrast in the measured mechanical property 

X. In the end, the three unknowns ( fj , ��X 
j , sX 

j ) per phase are determined by minimizing the 

difference between the experimental CDF and the weighted theoretical CDF 

 (2.22) 

and 

 (2.23) 

To avoid the overlap of two neighboring Gaussians, the results are further constrained 

by 
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 (2.24) 

Besides the selection of a proper bin size, a prior choice of the number of components 

also imposes limitations on the employment of this deconvolution method. Nevertheless, the 

major challenge encountered in the application of traditional statistical indentation analysis to 

heterogeneous materials is that the indentation depth must be chosen very carefully so that 

each indentation test only measures the mechanical properties of one single phase. Based on 

the results obtained from the finite element simulations, concluded that for a two-phase 

material with a ratio of 0.5�±2 for their yield strengths, the thin film-substrate geometry will 

yield the most severe restriction on the depth of indentation amongst all the possible spatial 

arrangements, such as a square particle embedded in a semi-infinite medium and a semi-infinite 

fiber embedded in a semi-finite medium. Therefore, suggested to use the thin film-substrate 

system as an analogy of the heterogeneous materials to reduce the complexity of the analysis 

of mechanical response for a multiphase material system. A conservative rule of thumb, i.e. 

the maximum indentation depth should not exceed 10% of the film thickness in the hardness 

testing, was first proposed by von H. Bückle (Bückle 1973) to avoid the significant influence 

on the hardness measurement from the presence of the substrate, but this so-called 10% rule is 

not necessarily true for the measurements of elastic modulus since the elastic deformation of 

the substrate always contributes to the overall elastic deformations even if the applied load is 

at the lowest possible level. 

 

mj
X +sj

X £ mj+1
X +sj+1

X



81 

 

2.4.8 Finite Mixture Modeling 

Finite mixtures modeling (FMM) has been increasingly used to model the distributions 

of a wide variety of random phenomena. By assuming the Gaussian distribution for the 

individual components, the mixture models can then be easily fitted iteratively by maximum 

likelihood (ML) via the expectation-maximization (EM) algorithm. Besides, the mixture 

model-based approach is also widely applied in cluster analysis as it is a useful tool in 

identifying the data groups (i.e., components or clusters) without prior knowledge of the 

number of components. 

The mixture modeling, as an alternative analytical method to the deconvolution for the 

nanoindentation dataset, were also adopted recently by some researchers to analyze the 

statistical indentation results obtained from the heterogeneous materials such as concrete and 

shales. S�L�Q�F�H�� �W�K�H�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� ��E) and the hardness (H) are two correlated mechanical 

properties determined from a single indentation experiment, the outcome of the grid 

indentation testing is a two-dimensional vector Y = ( y1
T, ... , yn

T)T, where n is the total number 

of the indentation tests. Each data point (i.e., each indentation test) yj is assumed to be a 

realization of the random vector Y with the probability density function (PDF) of a g-

component normal mixture 

 (2.25) 

where the mixing proportions �Œi are nonnegative and sum to one; ��  = (�Œ1, ... , �Œg�±1, ��T)T where 

��i denotes the unknown parameters of the normal distribution ci, including the means �� i and 

the variance-covariance matrices �� i. 

For the bivariate normal mixture models, the PDF is 
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 (2.26) 

Assuming that the data points y1, ... , yn are independent and identically distributed (iid) 

realizations of the vector Y, the log likelihood function for ��  is given by 

 (2.27) 

The estimation of ��  can be obtained by finding an appropriate root of the likelihood 

equation 

 (2.28) 

However, it is often computationally intensive and less robust to directly solve Equation 

2.28. Instead, the EM algorithm of that provides a much more straightforward means is applied 

to maximize the above likelihood function. The EM algorithm first regards the observed data 

yobs as being incomplete, and the complete-data vector xc = (x1
T, ... , xn

T)T is then given by 

 (2.29) 

where the unobservable (or latent) component-label variables zij (i = 1, ... , g; j = 1, ... , n) are 

introduced and defined to be 1 or 0 according to if yj did or did not arise from the ith component 

of the mixture model. Hence, the complete-data log likelihood becomes 

 (2.30) 

The EM algorithm proceeds iteratively in two steps: E (for expectation) and M (for 

maximization). The E-step handles the addition of Z by calculating the conditional expectation 

x1 = ( y1
T ,z1

T )T ,�� ,xn = ( yn
T ,zn

T )T
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of the complete-data log likelihood log Lc(�� ) on the (k + 1)th iteration given the observed data 

yobs and the current fit �� (k) of ��  

 (2.31) 

Since log Lc(�� ) is a linear function of the latent variables zij, the E-step is accomplished 

by simply replacing zij its current conditional expectation on yj 

 (2.32) 

where �2i ( yj ; �� (k)) is the current estimate of the posterior probability that yj  belongs to the ith 

component and is given by Bayes Theorem 

 (2.33) 

The M-step on the (k + 1)th iteration aims at the global maximization of Q(�� ; �� (k)) with 

respect to ��  based on the updated estimate �� (k+1). The current fitting for the mix proportions, 

the component means, and the variance-covariance matrices are calculated explicitly as 

 (2.34) 

 (2.35) 

 (2.36) 

p i
(k+1) =

t ij
( k)

j=1

n

å
n
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where �2ij
(k) = �2i ( yj ; �� (k)). An excellent feature of the EM algorithm is that the mixture likelihood 

L(�� ) would never decrease after an EM iteration 

 (2.37) 

The E and M-step are alternated repeatedly until L(�� (k+1)) �± L(�� (k)) (i.e., the difference 

in likelihood) changes by an acceptable small amount in the case of convergence. Compared 

with the deconvolution technique, a prominent advantage of the mixture model-based approach 

is that it allows for the assessment of the number of components in the mixtures by applying 

likelihood-�E�D�V�H�G�� �P�R�G�H�O�� �V�H�O�H�F�W�L�R�Q�� �F�U�L�W�H�U�L�D�� �V�X�F�K�� �D�V�� �$�N�D�L�N�H�¶�V�� �L�Q�I�R�U�P�D�W�L�R�Q�� �F�U�L�W�H�U�L�R�Q�� ���$�,�&������

Bayesian information criterion (BIC), and Integrated Completed Likelihood (ICL). Moreover, 

the model-based clustering can also be done by assigning each observation to the cluster based 

on the posterior probabilities calculated by the selected model and the parameters estimated 

from the ML-EM procedure. 

 

2.4.9 Surround Effect Model 

The substrate effect has been observed on the nanoindentation data obtained from thin 

films (Tsui and Pharr 1999; Saha and Nix 2002), and much effort made to characterize and 

analyze the mechanical properties of thin films by eliminating the substrate effect. For instance, 

a common rule of thumb for measuring the film-only properties is that the indentation depth 

should be limited to <10% of the film thickness. Both finite element analysis (e.g., Fischer-

Cripps 2007) and nanoindentation experiments (e.g., Saha and Nix 2002) have been conducted 

to study the effects of the substrate on the determination of mechanical properties of thin films. 
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In fact, at large indentation depths, the elastic zone beneath the indenter tip is not constrained 

only within the film, but rather expands to the substrate. 

Although the analogy between the thin film-substrate system and heterogeneous 

multiphase shale was previous recognized (e.g., Constantinides et al. 2006), this phenomenon 

has not been modeled explicitly, but rather used for the selection and optimization of an 

appropriate indentation depth for testing heterogeneous materials (e.g., shale, concrete). In this 

�S�D�S�H�U���� �D�� �Q�H�Z�O�\�� �S�U�R�S�R�V�H�G�� �³�V�X�U�U�R�X�Q�G�� �H�I�I�H�F�W�´�� �P�R�G�H�O���� �V�L�P�L�O�D�U�� �W�R�� �W�K�H�� �V�X�E�V�W�U�D�W�H�� �H�I�I�H�F�W�� �P�R�G�H�O��

proposed by Wei et al. (Wei et al. 2009), was used to analyze the depth-dependent variations 

of t�K�H�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �R�I�� �H�D�F�K��individual phase, excluding the interface between two 

mechanically contrasting:  

 
�> �@

p c
c

1 / ( )
Y

E E
E E

h t�E

��
�  � �

��
 (2.38) 

where t is the characteristic length scale of the individual phases; Y and �� are two constants 

that can be determined through the model fitting; Ep and Ec �D�U�H���W�K�H���S�U�H�G�L�F�W�H�G���<�R�X�Q�J�¶�V���P�R�G�X�O�L��

of the individual phases and the bulk rock, respectively; E is the varying �<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���D�W��

a specific indentation depth.  

 

2.4.10 Upscaling Models 

Since the newly developed big data nanoindentation technique can cross-scale 

characterize the mechanical properties, particularly elasticity, of both individual phases at the 

nano/micro- scale and bulk rock at the meso/macro scale. Therefore, it is of interest to examine 

the applicability of different micromechanics-based homogenization and upscaling models that 

were developed for the upscaling of elasticity based on the elastic modulus of microscale 



86 

 

constituent phases.  In this study, a total of four upscaling models, including the Mori-Tanaka 

(MT) (Mori and Tanaka 1973a), Kuster-Toksöz (KT) (Kuster and Toksöz 1974), self-

consistent approximation (Berryman 1980a), and differential effective medium (DEM) (Sheng 

1990; Berryman 1992) models, were used to estimate the elastic modulus of the bulk rocks 

using the experimentally determined moduli and fractions of individual phases, and a 

comparison between the measured and computed elastic moduli of the bulk rocks was made to 

evaluate the applicability of these upscaling models to sandstones. 

The MT homogenization model has been widely used in upscaling the micromechanical 

properties of individual phases to a homogenized bulk property by assuming k ellipsoidal 

inclusions embedded in an infinite homogeneous matrix with elastic bulk and shear moduli, K0 

and G0, respectively. As such, the bulk material consists of (k + 1) phases (i.e., k inclusions 

and 1 matrix). This model is based on explicit consideration of the interactions among different 

phases, and can be expressed as follows: 
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where Khom and Ghom are the bulk and shear moduli of the homogenized bulk material, 

respectively, KJ and GJ the bulk and shear moduli of individual inclusion phases, and fJ the 
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volume fraction of the J-th phase. �$�� �F�R�Q�V�W�D�Q�W�� �3�R�L�V�V�R�Q�¶�V�� �U�D�W�L�R�� �R�I�� ���������� �Z�D�V�� �D�V�V�X�P�H�G�� �I�R�U�� �D�O�O��

individual phases to determine the KJ and GJ. Then the Young's modulus of the bulk rock was 

determined based on the estimated homogenized Khom and Ghom. 

By using the long-wavelength first-order scattering theory, Kuster and Toksöz (Kuster 

and Toksöz 1974) derived the expressions (i.e., KT model) for both solid and liquid inclusions 

in a solid matrix (Kuster and Toksöz 1974). Furthermore, Berryman (Berryman 1980b) 

provided the general expressions for the KT model: 
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where the coefficients P and Q represent specific shapes, ��0 is related to the matrix property 

and the superscripts 0 and J represent the matrix and J-th inclusion, respectively. The values 

of the two coefficients can be found in Table 2-1(Berryman 1995). 

Table 2-1 Coefficients P and Q for some specific shapes. The subscripts m and J refer to the 

background and inclusion material. 

Inclusion shape         pmJ         qmJ 

Sphere 
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zero thickness 

Another micromechanical model, self-consistent approximation (Budiansky 1965; Hill 

1965; Tai Te Wu 1966), has extended the specific geometry-based methods to slightly higher 

concentrations of inclusions in a matrix. By gradually substituting the background material 

with the inclusions, the influence of isolated inclusions on the matrix can be achieved by 

solving the coupled equations simultaneously: 
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where P and Q are geometric factors given in Table 2-1 and the superscript J is the J-th phases 

in the composites. 
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Lastly, the differential effective medium theory involves incrementally adding a small 

proportion of the inclusions to the matrix until reaching the actual proportion of the inclusions. 

The DEM was initially developed for a two-phase material (Mavko et al. 2009), but later on 

was extended to three-phase materials (Markov et al. 2012). The generalized expressions of 

DEM theory can be found in literature (Norris 1985; Markov et al. 2012). 

 

2.4.11 Experimental Results of Cemented Composites by Nanoindentation Testing 

Ulm et al. (2007) firstly applied the grid nanoindentation technique to investigate the 

intrinsic and structural sources of anisotropy of shales. The studied shale specimen is well 

preserved in desiccators with salt solutions in conditions near to the natural relative humidity 

of the material. And the shale mainly contains 27% of nonclay silt, 65% of clay and 8% of 

porosity. Ulm et al. (2007) shows that a statistically anisotropic elasticity (M1 > M3) of overall 

distribution of test data, yet the hardness of the shale exhibits close distributions, which means 

the anisotropic behavior is more pronounced in the elasticity (Figure 2-11). Further evidence 

of the hardness isotropy is provided by AFM photo simulations after the indentation testing. 
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Figure 2-11 Evidence of intrinsic elastic anisotropy morphological isotropy of shales: 

cumulative distribution functions (CDF) of indentation modulus (top left) and indentation 

hardness (bottom left) in two orthogonal directions: x3 is the material symmetry axis 

corresponding to the deposition direction, andx1 lies in the bedding plane. The right figures 

are topographic AFM images of residual imprints from nanoindentation experiments on shale 

in orthogonal directions (maximum load 54.8 mN, Berkovich probe geometry, 8 mm scan size) 

 

 Akono et al. (2019) performed the grid indentation technique on 24 sandstone 

specimens before and after soaked with the CO2-saturated brine and other acidic fluid systems 

resulting a total of 6900 individual indentation tests. The volume frictions obtained from the 
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nanoindentation technique has agreed well with that from X-ray diffraction tests and scanning 

electron microscopy tests. 

 Bennett et al. (2015) performed a total of 349 individual nanoindentation tests on two 

different specimens which were cut from a core sample of the organic-rich Woodford shale in 

two orthogonal directions, and four length scales of indentation depth ranging from 200 nm to 

5 ��m were used to assess the sample heterogeneity. Each indentation locus was examined 

individually by SEM afterwards, and the indentation measurements were classified into three 

categories: clay minerals, other silicate minerals (abbreviated as QFP for quartz, feldspar, and 

pyrite), and organic material. As shown in Figure 2-12, a post-indentation region of 3 ��m deep 

shows that if the indent size is big enough, it would cover multiple phases and show an 

averaged property of these phases.  Table 2-2 summaries part of the nanoindentation results 

measured in both bedding plane normal (BPN) and bedding plane parallel (BPP) orientations. 

The measured stiffness was found to be stronger and stiffer in the BPP direction, and this 

mechanical anisotropy was most pronounced in the organic/clay matrix. 
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Figure 2-12 Backscatter electron (BSE) image of post-indented region of �������P���G�H�H�S���%�3�3���W�H�V�W��

showing residual impression within highly heterogeneous material. 
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Table 2-2 The measured mechanical properties of each constituent of shales at the depth of 

200 nm in both BPN and BPP orientations. 

  BPN   BPP   

  Mean SD 
COV 

(%) 
Mean SD 

COV 

(%) 

QFP        

 E (GPa) 32.75 7.29 22.25 38.11 7.03 18.43 

 H (GPa) 4.515 0.71 15.79 4.82 1.50 31.19 

 W* 
p (%) 50.59 1.84 3.64 55.92 4.73 8.46 

Clay        

 E (GPa) 20.37 2.927 14.37 25.87 5.69 22.01 

 H (GPa) 1.801 0.242 13.42 1.592 0.332 20.83 

 W* 
p (%) 61.02 2.24 3.67 68.93 5.45 7.91 

Organic        

 E (GPa) 8.780 3.094 35.24 6.503 �± �± 

 H (GPa) 0.449 0.155 34.60 0.278 �± �± 

 W* 
p (%) 62.32 24.52 39.35 74.61 �± �± 

 

Akono and Kabir (2016) conducted a 20×20 grid indentation for Toarcian shales, a 

quartz-dominating shale collected from the Paris Basin in France. Figure 2-13 showed that 

totally three distinctive phases were identified in the deconvolution results, and they can be 

respectively assigned to different constituents by comparing the results to the published data. 

Phase 1 with the smallest value of E = 20.43 GPa and H = 2.04 GPa was assigned to a 
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composite made of clay, air voids, and organic matter. The second phase with E = 60.68 GPa 

and H = 4.3 was interpreted as the clay phase, and the remaining third phase with E = 90.60 

GPa and H = 9.4 was classified as quartz.  

 

Figure 2-13 Statistical nanoindentation results presenting Young�¶s modulus and hardness of 

three different phases for a Toarcian shale specimen. 

 

 Also, Constantinides and Ulm (Constantinides and Ulm 2004) applied the grid 

indentation technique on both non-degraded and degraded cement paste. The results confirm 

the existence of two types of CSH and their mechanical properties have been determined 

statistically as shown in Figure 2-14. The LD-CSH makes up ~70% of the cement hydration 
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products, while HD-CSH makes up the rest part. Furthermore, the mechanical properties of 

HD-CSH is less influenced by the calcium leaching. 

 

 

Figure 2-14 Results obtained from nanoindentation. Elastic modulus frequency histogram for 

C-S-H in (a) nondegraded and (b) degraded state. Two types of C-S-H are identified; C-S-

Ha and C-S-Hb. % indicates volumetric proportions obtained by measuring the area under the 

curves.
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3 CHAPTER 3 CROSS-SCALE CHARACTERIZATION 

OF SANDSTONES VIA STATISTICAL 

NANOINDENTATION: EVALUATION OF DATA 

ANALYTICS AND UPSCALING MODELS  

3.1 Introduction 

As one type of common sedimentary rock that frequently serve as hydrocarbon 

reservoirs, sandstone is frequently encountered in petroleum recovery when dealing with 

wellbore-related issues, such as wellbore stability, formation clogging, and hydraulic 

fracturing (Aguilera 2006; Yar et al. 2017). In fact, wellbore instability in sandstones has been 

one of the long-standing issues during initial drilling and subsequent hydrocarbon extraction 

���0�R�K�L�X�G�G�L�Q���H�W���D�O�����������������3�D�ã�L�ü���H�W���D�O�������������D�����1�J�X�\�H�Q���H�W���D�O�����������������6�X�Q���H�W���D�O��������������. Many factors 

(e.g., high pore pressures, fracturing/cracking, and hydration-induced softening) may 

contribute to the reduction or even loss of the mechanical strength of sandstone formations, 

which can lead to severe economic loss. For example, drilling mud was used to aid the drilling 

of boreholes into the earth and avoid the instability of the borehole. However, designing a safe 

mud weight requires the knowledge about the rock elastic and strength properties as well as 

the pore pressure to prevent the borehole from collapse and fracturing (Gholami et al. 2015). 

Thus, the petrophysical, petrographical, and geomechanical properties of sandstones are 

especially important for seismic subsurface exploration, drilling, hydraulic fracturing, and 

oilfield production (Araujo et al. 1997; Yarali and Soyer 2013). 
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Great difficulties are still faced by geomechanics engineers and scientists in 

investigating the mechanical properties of sandstones. First, sandstones are a class of highly 

heterogeneous composites consisting of multiple mineralogical phases with varying and 

sometimes dramatically dissimilar mechanical properties, and such inherent heterogeneities 

often make difficult the measurements and interpretation of their mechanical properties. For 

example, sandstones are mainly composed of primary sand-sized minerals such as quartz, 

feldspar, and micas and secondary fine-grained minerals such as illite  and calcite. While the 

former originates from initial gravitational deposition, the latter results from unknown and 

uncontrolled post-depositional processes involving complex physico-chemical reactions such 

as diagenesis, dissolution, and precipitation. As such, sandstones can possess different 

microstructure, morphology, and mechanical properties that are still evolving with time in the 

subsurface environments (Pettijohn et al. 1974). For instance, if  relatively coarse-grained 

silicates are the dominant primary minerals that are then postdepositionally cemented slightly 

by secondary carbonates and clay minerals, the sandstone still possesses intrinsic porous 

microstructure with appropriately interconnected pores, and hence is an optimal conventional 

oil reservoir. However, the clay content may increase with time and the intergranular pores are 

continuously filled with neoformed platy clay and calcite particles, resulting in an extremely 

low permeability (i.e., less than 1.0 md), and thus the originally porous sandstone is 

transformed into a tight formation, more like an unconventional reservoir (e.g., shales). Overall, 

the ever-evolving, varying mineralogical composition (including cementation and matrix 

phases) and microstructure (e.g., particle size and packing) all contribute to the different 

mechanical properties of sandstones (Hsieh et al. 2008). 
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In practice, the log-based analysis is used to determine essential parameters (e.g., 

�<�R�X�Q�J�¶�V���P�R�G�X�O�X�V�����S�R�U�H���S�U�H�V�V�X�U�H�����D�Q�G���L�Q-situ stress) of the wellbore and calibrated by the core 

and field data. However, there exist significant challenges for laboratory measurements of the 

mechanical properties of sandstones, including the availability of appropriate laboratory 

equipment and samples. Traditionally, macroscopic mechanical testing (e.g., uniaxial or 

triaxial compression, direct shear, shear wave velocity measurements) usually requires high-

quality, minimally disturbed, representative rock core samples to acquire elastic and strength 

parameters of the interested sandstones. However, acquiring rock cores can be highly costly 

and challenging due to sample disturbance caused by the release of in-situ stresses and/or heat 

of the reservoirs (Menéndez et al. 2001), especially for deep and ultradeep (e.g., up to ~7000-

8000 m in depth) formations. Additionally, most macroscopic strength testing is destructive, 

and results from different samples may not be repeatable or comparable. Moreover, these 

macroscopic measurements usually treat the rock mass as a homogeneous continuous material 

and hence fail to differentiate the mechanical responses from various microscale individual 

constituents possessing different mechanical properties and inter-constituent defects (e.g., 

pores, cracks).  

As formulated above, urgently needed are new tools and techniques that can 

comprehensively characterize the mechanical properties of sandstones and other rocks across 

different length scales, including individual constituent phases at the nano/micro- scale and the 

bulk rock at the macroscale. Nanoindentation, a non-destructive technique, has been 

successfully applied to characterize the mechanical properties (i.e., mainly hardness and 

�<�R�X�Q�J�¶�V���P�R�G�X�O�X�V�����R�I��various monolithic and multiphase materials, such as metals, thin films, 

and composites (e.g., cement, concrete, and rock) (Velez et al. 2001; Kim et al. 2002; DeJong 
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and Ulm 2007; Zhang et al. 2009; Bennett et al. 2015; Ma et al. 2019). Basically, 

nanoindentation involves pushing a relatively hard sharp indenter into a softer sample that 

undergoes elasto-plastic deformation, and the time-series load and depth of penetration are 

simultaneously recorded, which are then used to derive the mechanical properties of the sample, 

for example, by the Oliver and Pharr method (Oliver and Pharr 1992). For homogeneous 

monolithic materials, it is relatively straightforward to acquire the mechanical properties by 

nanoindentation. However, for heterogeneous composites, although the experiments are still 

easy and straightforward, it is difficult or sometimes impossible to know at which constituents 

the indents are located and what other constituents are in the vicinity of the indents, especially 

for those just beneath the indents. To this end, Constantinides et al. (Constantinides et al. 2006) 

first developed a statistical grid indentation technique to extract the mechanical properties of 

different phases in a heterogeneous composite by performing a massive number of indents on 

the sample surface and assuming that the resulting dataset is a statistical integration of multiple 

Gaussian variables corresponding to individual phases in the composite. Since then, statistical 

nanoindentation has gained plenty applications in the mechanical characterization of various 

heterogeneous materials, such as rocks, cements, concretes, and bones, among others 

(Constantinides et al. 2006; Constantinides and Ulm 2007; Zhu et al. 2007; Deirieh et al. 2012; 

Luo et al. 2020). 

Further noteworthy is the various statistical analysis techniques used to process the 

massive indentation data. In fact, different statistical deconvolution methods have been used, 

such as clustering (Bernachy-Barbe 2019), probability density function (PDF) (Constantinides 

et al. 2006; Zhu et al. 2007), cumulative distribution function (CDF) (Miller et al. 2008; Wu et 

al. 2020b), and Gaussian mixture modeling (Davydov et al. 2011; Abedi et al. 2016). The PDF-
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based deconvolution requires the selection of an appropriate bin size to construct the 

experimental histogram that can then be deconvoluted, and quite often the selections are mainly 

subjective and based on the rule of thumb or experience. To overcome this drawback, CDF- 

and GMM-based deconvolutions have also been introduced to process the indentation data 

using the least square method to optimize the fitting parameters (e.g., mean values of each 

phase) (e.g., Miller et al. (Miller et al. 2008)) and the Bayesian information criterion 

(BIC)(Schwarz 1978) and maximum likelihood estimation to automatically choose the optimal 

solutions (e.g., Deirieh et al. (Deirieh et al. 2012); Abedi et al. (Abedi et al. 2016)), respectively. 

In particular, the GMM method relies on the use of two-dimensional (2-D) datasets and hence 

results are more objective and accurate than the other two. 

It is well known that indentation depth (h) plays a key role in the accuracy of results 

for both monolithic and multiphase materials, since the size of loading-induced elasto-plastic 

zone beneath the indenter is directly related to the depth. In fact, several factors need to be 

considered in optimizing the indentation depth for heterogeneous materials, such as surface 

roughness, indentation size effect (Nix and Gao 1998), surround effect (Lu et al. 2020; Luo et 

al. 2020), and characteristic sizes of different constituents. For example, Donnelly et al. 

(Donnelly et al. 2004) validated that the influence of surface roughness Rr can be avoided if 

the h is greater than 3 times of Rr, while Larsson et al. (Larsson et al. 1996) demonstrated that 

the elastic behavior measured by a Berkovich indenter generally involves a stressed zone 3-5 

times larger than the depth h. Bobko and Ulm (Bobko and Ulm 2008) concluded that, to extract 

the intrinsic properties of individual constituents, the appropriate indentation depth must be 

smaller than one third of the characteristic length of a particular constituent, but greater than 

3Rr. More recently, Luo et al. (Luo et al. 2020) reported a big data-based nanoindentation study 
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of shales with newly developed data analytics to process a massive volume of indentation data 

obtained by continuous stiffness measurement (CSM) that can profile continuously the 

mechanical properties over the entire indentation depth. In particular, the new data analytics 

involves a new approach, bin size index (BSI), to objectively select the optimal bin size for 

experimental histogram construction, and a new surround effect model to extract the properties 

of both individual phases and bulk rock by eliminating the effects of surface roughness and the 

requirements for achievable maximal indentation depth, respectively. As such, the newly 

developed big data, statistical nanoindentation can cross-scale characterize the mechanical 

properties of both individual phases at the nano/micro- scale and bulk shale at the macroscale 

and eliminates the concerns with choosing the appropriate depths for different constituents.  

This paper presents an extension of the newly developed big data-based 

nanoindentation technique and pertinent data analytics, which were initially developed for 

shales (Luo et al. 2020), to the study of two sandstones that are expected to behave differently 

from shales. Moreover, three different deconvolution techniques, PDF, CDF, and GMM, are 

included in the new data analytics for the purpose of comparison. At the end, since the new 

data analytics enables the determination of the number, volumetric �I�U�D�F�W�L�R�Q�V���� �D�Q�G�� �<�R�X�Q�J�¶�V��

modulus of mechanically distinct individual phases, four different micromechanics-based 

homogenization and upscaling models are also evaluated for their prediction accuracy by 

comparing the modeling results with experimental data. Overall, different cross-scale, depth-

dependent mechanical properties of the two studied sandstones and the applicability of four 

upscaling models all closely reflect and manifest the microstructure and mineralogical 

compositions of the rocks. 
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3.2 Materials and Methods 

3.2.1 Samples 

Intact cylindrical rock core samples of 2.5 × 4.5 cm in diameter and height, labeled as 

KS602-45 and KS802-52 (hereafter abbreviated as KS-45 and KS-52) respectively, were 

recovered from two different vertical wellbores in Keshen, Tarim Basin, Xinjiang, China. The 

two samples had different visual appearance (Figure 3-1): while KS-45 had a visible coarse-

grained texture and a dark brown color, KS-52 was a fine-grained rock with a reddish-brown 

color and white mottling. Two thin disks of ~5 mm in thickness were cut off from each 

cylindrical core by a carbide-tipped saw blade, which were subsequently used for different 

purposes: the first disk was used for micromechanical testing via nanoindentation, followed by 

microstructure characterization via scanning electron microscopy (SEM), while the second one 

for compositional analysis via X-ray diffraction (XRD).   
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Figure 3-1 Two studied sandstone samples: (a) and (c) rock core samples KS-45 and KS-52, 

respectively; (b) and (d) highly polished disk samples trimmed from KS-45 and KS-52, 

respectively, for nanoindentation  testing 

 

3.2.2 X-ray Diffraction 

The two disks cut from the two rock cores respectively were first crushed into smaller 

chips in a percussion mortar, which were then wet ground with propan-2-ol (C3H7OH) in a 

McCrone micronizing mill (The McCrone Group, Westmont, IL) for 15 mins, resulting in a 

powdery slurry with particle sizes < 4 µm (Locock et al. 2012). The finely-ground slurry was 

then oven-dried at 105-���������•���I�R�U���������K�R�X�U�V���S�U�L�R�U���W�R���;�5�'���F�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q����The purpose of wet 

grinding with alcohol as the grinding liquid was to minimize grinding-induced potential 

damage to the crystal structure of the �U�R�F�N�¶�V�� �F�R�Q�V�W�L�W�X�H�Q�W�V, especially clay minerals (i.e., 

kaolinite, illite , and chlorite). In addition, due to the low surface energy and fast evaporation 

of alcohol, the wet slurry dried quickly, and the final residue was a loose powder.  

For quantitative XRD analysis, an internal standard, zincite (ZnO) powder, due to its 

rare existence in natural rocks, was added to the dry sample powder at 10 wt.% via thorough 

mixing to achieve a homogeneous mixture. To prepare a powder mount with better (if not 

perfect) random particle orientation that can minimize the influence of preferred orientation of 

platy clay minerals on quantitative analysis, the razor-tamped surface (RTS) method(Zhang et 

al. 2003) was adopted to mount the dry powder mixture onto the sample holder. All  powder 

mounts were scanned in a �3�$�1�D�O�\�W�L�F�D�O���;�¶�3�H�U�W���3�5�2���;-ray diffractometer (Almelo, Netherlands) 

equipped with a Ni filter, using Cu-K�. radiation (�� = 1.5418 Å) generated at 45 kV and 40 mA, 

a continuous scan range of 2º-64º 2�� (where 2�T is the diffraction angle) and a scan speed of 1º 
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2��/min. An open-source program, Profex, with the Rietveld refinement method(Doebelin and 

Kleeberg 2015), was used to perform both qualitative and quantitative analyses of the obtained 

XRD patterns. 

 

3.2.3 Nanoindentation 

The other two disk samples from the two respective intact cores were directly glued on 

the aluminum pucks by a mounting adhesive, Crystalbond 509 amber resin (Aremco Products 

Inc., NY), to facilitate subsequent polishing. The routine sample embedment in quick setting 

resins or acrylics was avoided in this study to prevent possible contamination of resin or acrylic 

to the sample surface caused by polishing. To achieve a highly smooth surface with relatively 

low roughness for nanoindentation testing, the disk samples were polished in a MetaServ 250 

polishing machine (Buehler Inc., Illinois, USA) using �%�X�H�K�O�H�U�¶�V�� �&�D�U�E�L�0�H�W�� �D�Q�G�� �0�L�F�U�R�&�X�W��

silicon carbide grinding papers with successively decreased grit sizes from P180 to P4000 (i.e., 

P180, P280, P400, P800, P1000, P1200, P1500, P2500, and P4000 with the equivalent grit 

�V�L�]�H�V���R�I�����������������������������������������������������������������D�Q�G���������P�����U�H�V�S�H�F�W�L�Y�H�O�\��, followed by further fine polishing 

using aluminum oxide-based lapping films with successively reduced grit sizes from 3.0, to 

�������� �D�Q�G�� �������� ���P����Upon completion of polishing, the surface roughness was characterized by 

atomic force microscopy described later. 

All indentation measurements were conducted in a Keysight G200 nanoindenter 

(Keysight Technologies, Inc., Santa Rosa, CA) equipped with a customized Berkovich 

diamond tip of < 20 nm and 30 ���P in radius and effective depth, respectively. Load was applied 

under the continuous stiffness measurement (CSM) mode to the maximum load (Fmax) of 625 

mN at a constant indentation strain rate �È/h of 0.05 s-1 and an acceptable thermal drift rate of 
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< 0.05 nm/s. The CSM loading superimposed a small displacement-controlled harmonic 

oscillation at a frequency of 45 Hz and an amplitude of 2.0 nm on the primary monotonic 

loading process, leading to continuous determination of the harmonic contact stiffness over the 

entire indentation depth. As such, �W�K�H�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V��and hardness of the tested samples 

were continuously determined as a function of indentation depth. At the maximum load, the 

sample was allowed to creep for 60 seconds under the constant Fmax prior to unloading to 10% 

of the Fmax. 

For each disk sample, a total of 21 matrices of indents, each of which consisted of a 7 

�u 7 grid with a spacing of 100 �Pm between two adjacent indents to avoid negative interference, 

were conducted on separate, randomly selected zones of the polished sample surface, resulting 

in a total of 1029 indents to overcome the unknown surface heterogeneity of the sample using 

such a large number of measurements. The distances between two neighboring matrices are 

variable, but not larger than ~500 µm. The reliability and accuracy of indentation 

measurements were checked and guaranteed by a highly rigorous quality-control scheme for 

tip cleanness and tip calibration: upon completion of each 7 �u 7 matrix, the indenter tip was 

cleaned and recalibrated on the standard fused silica by 4 indents to verify that the tip surface 

was clean and free from potential damages. If unexpected properties were obtained for the 

fused silica, results from the previous matrix of 49 indents were discarded, and the tip was re-

cleaned and re-calibrated before proceeding to the next matrix.  

�&�D�O�F�X�O�D�W�L�R�Q�� �R�I�� �W�K�H�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �D�Q�G�� �K�D�U�G�Q�H�V�V�� �Z�D�V�� �E�D�V�H�G�� �R�Q�� �W�K�H��recorded 

indentation load (F) versus depth (h) data using the Oliver and Pharr method (Oliver and Pharr 

1992) �W�K�D�W�� �Z�D�V�� �E�X�L�O�W�� �L�Q�� �W�K�H�� �L�Q�V�W�U�X�P�H�Q�W�¶�V�� �O�R�D�G�L�Q�J�� �F�R�Q�W�U�R�O�� �D�Q�G�� �G�D�W�D�� �D�F�T�X�L�V�L�W�L�R�Q�� �V�R�I�W�Z�D�U�H���� �$��

constant �3�R�L�V�V�R�Q�¶�V���U�D�W�L�R�� �R�I������������ �Z�D�V���D�V�V�X�P�H�G���I�R�U���E�R�W�K���V�D�P�S�O�H�V���L�Q���F�D�O�F�X�O�D�W�L�Q�J���W�K�H�L�U���<�R�X�Q�J�¶�V��
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moduli (Johnson 1985; Doerner and Nix 1986). The indenter material, diamond, had a known 

�<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���D�Q�G���3�R�L�V�V�R�Q�¶�V���U�D�W�L�R���R�I�������������*�3�D���D�Q�G���������������U�H�V�S�H�F�W�L�Y�H�O�\�����)�L�Q�D�O�O�\�����L�Q�G�H�Q�W�D�W�L�R�Q��

loading direction was parallel to the cylindrical axis (i.e., vertical direction) of the rock cores, 

and hence the anisotropy of these samples was not considered explicitly in this study. 

 

3.2.4 Surface Characterization 

The polished sample surfaces were examined by atomic force microscopy (AFM) and 

scanning electron microscopy (SEM) before and after nanoindentation testing, respectively. 

First, to quantify the surface roughness and validate the effectiveness of surface polishing 

methods, AFM was performed on the polished samples in an Oxford Asylum MFP-3D system 

(Oxford Instruments, plc., Abingdon, UK) under the tapping mode. To check the variability of 

the surface roughness, four different areas of 20 × 2�������P2 randomly selected on the polished 

surfaces of both samples were examined. Second, upon completion of indentation testing, the 

microstructure of the two samples and geometry of selected residual imprints were further 

examined in a Zeiss Evo 50 SEM (Cambridge, UK) operated at 15 kV and 100 ��A. A thin 

layer of conductive carbon coating of ~12 nm in thickness was applied on the examined surface 

in an Edwards AUTO 306 vacuum coater (Edwards company, Burgess Hill, UK) before SEM 

scanning. Micrographs were acquired using both secondary electron (SE) and backscattered 

electron (BSE) signals, and energy-dispersive X-ray spectroscopy (EDS) equipped in the SEM 

was also employed to acquire elemental mapping of the sample surfaces in order to aid better 

phase identification in conjunction with the XRD analysis and to obtain comprehensive 

chemical information about the constituents of the rock samples.  
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3.2.5 Statistical Deconvolution 

For a heterogeneous composite (e.g., shale or sandstone) consisting of multiple 

mechanically distinct phases, a particular, experimentally obtained mechanical property (e.g., 

�<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�U���K�D�U�G�Q�H�V�V�� of each phase can be reasonably assumed to obey the Gaussian 

distribution. As such, the overall statistical distribution of the particular mechanical property 

data obtained by experimentation on the bulk composite is a mixture or summation of 

�L�Q�G�L�Y�L�G�X�D�O�� �S�K�D�V�H�V�¶�� �*�D�X�V�V�L�D�Q�� �G�L�V�W�U�L�E�X�W�L�R�Q�V�� Determination of the mechanical properties of 

individual phases then requires the deconvolution of the overall statistical distribution of 

experimental data. The above CSM nanoindentation testing resulted in continuous 

�P�H�D�V�X�U�H�P�H�Q�W�V�� �R�I�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V��and hardness of the bulk samples over the entire 

indentation depth. As discussed later, data segmentation was performed to extract at a chosen 

indentation depth a subdataset, which was statistically analyzed by three different 

deconvolution techniques to obtain the mechanical properties of individual phases: PDF-, 

CDF- and GMM-based deconvolutions.  

 

3.2.5.1 PDF-based Deconvolution 

PDF-based statistical deconvolution of a set of discrete data requires selection of 

appropriate bin size, which sometimes may vary among different subdatasets, for the 

construction of the experimental histogram. In this paper, a recently developed method, namely 

Bin Size Index (BSI) (Luo et al. 2020), was adopted here to analyze the nanoindentation data 

from the studied sandstones. The original BSI method has been successfully applied to the 

analysis of nanoindentation data from shales, and it can effectively, at least for the shale data, 

compromise the deconvolution results between oversmoothing and undersmoothing. 
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For a given dataset, an intial bin size b was first estimated through the Freedman-

Diaconis rule (Freedman and Diaconis 1981) using the following equation: 

 1/3

2 IQR( )x
b

n

�u
�  (3.1) 

where x is �D���Y�D�U�L�D�W�H�����H���J�������<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�E�W�D�L�Q�H�G���E�\���Q�D�Q�R�L�Q�G�H�Q�W�D�W�L�R�Q��, IQR the interquartile 

range of the dataset, and n the number of data in the dataset. For example, an initial b = 9.1 

GPa was determined to construct the PDF histogram for the subdataset of Sample KS-45 

extracted at the segmentation depth = 0.4 ���P. Then five other trial bin sizes with a range 

encompassing the initial one (i.e., 9.1 GPa), b = 6.0, 7.0, 8.0, 9.0, and 10.0 GPa, were also 

selected to construct five different trial histograms ready for the routine PDF-based 

deconvolution. In the mean while, five standard errors (SE) were obtained after fitting the 

theoretical PDFs to the five trial histograms: 

 E

SSE
DOF

S �  (3.2) 

where DOF is the degree of freedom defined as the total number of input data points minus the 

total number of parameters used in the fittings, and SSE is the sum of squares due to errors by 

fitting each trial histogram with the least square method. Each trial SE value was further 

normalized to obtain the mean normalized standard error SEN by the following equation: 
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where ��s and �1s are the mean and standard deviation of the SE from the fitting, respectively. 

Then, the BSI was defined as: 
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where k is the number of phases. The concept of BSI is actually innovative by penalizing the 

mean normalized standard error SEN by the number of phases k used in the PDF deconvolution. 

This extra step usually led to a unimodal plot of the BSI versus b, which then facilitates the 

selection of the optimal bin size bopt corresponding to the peak maximum BSI.  

 

 The determined optimal bin size bopt was then used to reconstruct the definitive 

experimental histogram, followed by fitting this histogram with theoretical Gaussian PDF 

functions using the least square method, and the results were regarded as the representative 

ones for the specific subdataset. At the end, the number of mechanically-distinct phases and 

their respective mean values from the fitted individual Gaussian distributions were determined.  

In summary, although it requires more effort and time, the BSI method provides a 

rational, instead of empirical or rule-of-thumb, approach to the selection of an appropriate bin 

size for the construction of experimental histograms. Moreover, it also implies variable bin 

sizes for different subdatasets within a large dataset, which is the case for this study. Details 

about the PDF-based deconvolution process can be found in the literature, and hence are not 

described here. 

 

3.2.5.2 CDF-based Deconvolution  

Similarly, the overall CDF of a particular property of the bulk composite can be 

statistically deconvoluted to extract the mechanical property of each individual phase. For a k-

phase heterogeneous composite, the theoretical CDF, g(x), of a particular property x (e.g., 

�<�R�X�Q�J�¶�V modulus) is given by: 
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where F(x) is the i-th �S�K�D�V�H�¶�V���*�D�X�V�V�L�D�Q���&�'�)���Z�L�W�K��a mean value ��i and standard deviation 

�1i, and ai is the volumetric fraction of the i-th phase in the bulk composite and is subjected to: 
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The problem defined in Eq. (5) involves (3k-1) unknows: three unknowns (i.e., ��i, �1i, and 

ai) per phase reduced by the compatibility condition in Eq. (6). The optimal values of the 

unknows used to define �H�D�F�K���S�K�D�V�H�¶�V���*�D�X�V�V�L�D�Q���G�L�V�W�U�L�E�X�W�L�R�Q���F�D�Q���E�H���G�H�W�H�U�P�L�Q�H�G���E�\���I�L�W�W�L�Q�J���W�K�H��

theoretical CDF g(x) with the experimental data gdata(x) in the MATLAB platform (MathWorks, 

Inc., MA, USA) using the nonlinear least-squares method with the trust-region algorithm: 
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In this study, the number of phases k was a required input parameter for the 

deconvolution, which was determined based on the XRD and microscopy analyses described 

above. Moreover, since the deconvolution results were not usually identical if different initial 

values were used in the fitting process, initial values of ai0 and ��i0 for each mineral phase, 

which were mainly estimated from the quantitative compositional analysis (i.e., volumetric 

fractions of different minerals, Table 1�����D�Q�G���W�\�S�L�F�D�O���Y�D�O�X�H�V���R�I���H�D�F�K���N�Q�R�Z�Q���P�L�Q�H�U�D�O�¶�V��property 

(e.g., Young�¶�V���P�R�G�X�O�X�V), respectively, were also used as inputs in the deconvolution analysis. 

Finally, the deconvoluted results were further evaluated from both the mathematical 

perspective (i.e., minimizing the fitting errors) and the rationale of the mechanical property. 

Further noteworthy is that this method does not require the selection of a rational bin size, as 
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compared with the PDF-based deconvolution, but it needs the number of phases as a different 

initial input parameter. 

 

3.2.5.3 Gaussian Mixture Modeling (GMM)  

Bivariate Gaussian mixture modeling (GMM) was also used to perform the statistical 

deconvolution of the two-dimensional (2-D) sub�G�D�W�D�V�H�W�V�����L�Q�F�O�X�G�L�Q�J���W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���D�Q�G��

hardness, obtained by nanoindentation. Again, the overall statistical distribution of the 

mechanical properties of a composite is a mixture of k different Gaussian distributions from 

the k different phases. Then the PDF of the k-constituent Gaussian mixture is 
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where x is a p-dimensional dataset (for this study, it is a 2-D dataset consisting of the E and H 

measurements); �Œi (i � ���������������������«����k) is the nonnegative volumetric fractions of each phase, and 

the sum of all �Œi (i � ���������������������«����k) equals to 1.0; ��i represents the unknown parameters of the 

i-th Gaussian distribution, including the mean vector �� i and the unrestricted variance-

covariance matrix �� i; ��  is the set of parameters ��  = (�Œ1, ..., �Œk, ��1T, ..., ��kT)T. The function g is 

a bivariate Gaussian distribution with a PDF as follows: 
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where �� i is the 2-D mean vector for H and E of the i-th phase and �� i consists of the variances 

of H and E and the covariance between them at the i-th phase. 
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The unknown parameters ��  was estimated by the maximum likelihood estimation 

(MLE) (Dempster et al. 1977) that searches for an appropriate root that maximizes the log-

likelihood function log (L(�� )): 
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where n is the size or the number of data entries in the subdataset. Instead of directly solving 

the above equation, an iterative method called expectation-maximization (EM) algorithm is 

more common and computationally efficient to find the estimates of parameters(Dempster et 

al. 1977). In this study, the implementation of the EM algorithm for analyzing the indentation 

results was accomplished using EMMIX, an open-source R package developed for the fitting 

of Gaussian mixture models (McLachlan et al. 1999a; Wang et al. 2009b). Noteworthy is that 

the number of mechanically distinct phases k is usually unknown in the statistical analysis of 

indentation data from composite materials such as rocks, and the EM algorithm can also end 

up with converging to different solutions depending on how the parameters of the model in Eq. 

(8) are initialized. As such, the EM-MLE process often yielded multiple solutions to the GMM. 

To overcome this, the Bayesian information criterion (BIC) was further introduced to select 

the best candidate from multiple solutions and the BIC is defined as:   

 �Ö( ) log( )BIC 2logL d n���  � � �<  (3.11) 

where  is a maximum likelihood estimator (MLE) of ��  and d is the number of free 

parameters of the model with k phases. 
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3.2.5.4 Data Analytics 

 The data analytics developed to process an enormous volume of depth-dependent, 

erratic, and chaotic nanoindentation data from shales(Luo et al. 2020) was adopted here in this 

study, with slight modifications, to analyze even bigger data obtained on the two sandstones. 

This rational data analytics consisted of the following sequential steps of data processing and 

analyses:  

�x Data segmentation and extraction; 

�x Statistical deconvolution via one of the three approaches described above; 

�x Data re-assembly; 

�x Surround effect modeling and property determination. 

As a result, the properties of mechanically distinct phases and the bulk rock were 

determined simultaneously from the same sample using a single experimental technique, but 

not on different samples via varied testing equipment and approaches. While the three 

statistical deconvolution methods are presented above, only is data segmentation discussed 

below. Details on the surround effect modeling can also be found in Luo et al.(Luo et al. 2020) 

and Lu et al. (Lu et al. 2020)  

 

3.2.5.5 Data Segmentation 

The above CSM-based nanoindentation experiments yielded continuous measurements 

�R�I���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���D�Q�G���K�D�U�G�Q�H�V�V���R�Y�H�U���W�K�H���H�Q�W�L�U�H���L�Q�G�H�Q�W�D�W�L�R�Q���G�H�S�W�K�����Z�K�L�F�K���U�H�D�F�K�H�G���X�S���W�R���a����������

nm, depending upon the mechanical properties of the indented zone. It is well known that 

surface roughness is a significant factor affecting nanoindentation measurements, particularly 
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at shallow depths(Kim et al. 2007; Walter et al. 2007; Xia et al. 2014). As discussed later, the 

measured maximum surface roughness for the two sandstone samples, KS-45 and KS-52, is 

125 and 23 nm, respectively. For KS-45, to overcome the negative influence of surface 

roughness, the depth of three times surface roughness, ~400 nm, was determined as the 

threshold where the mechanical properties of individual phases were not significantly affected 

by surface roughness. As such, the continuous E-h and H-h curves were segmented at different 

indentation depths with intervals of �' h = 100 and 300 nm for h < 1100 and h = 1100 to 5000 

nm, respectively, resulting in a total of 21 2-D subdatasets within which all E and H values 

were extracted at the same segmentation depth. Similarly, for KS-52 with a measured 

maximum surface roughness of 23 nm, the depth of 100 nm was selected as the threshold 

without significant influence of sample surface roughness, and its continuous E-h and H-h 

curves were segmented at indentation depths with intervals of �' h = 50 and 100 nm for h = 50 

to 1000 and 1100 to 4000 nm, respectively, resulting in a total of 49 2-D subdatasets. 

Each of these subdatasets was then analyzed by all three different statistical 

deconvolution techniques (i.e., PDF, CDF, and GMM) to determine the properties of 

mechanically distinct individual phases as well as the bulk rock, followed by data re-assembly 

via plotting all these properties against the segmentation depth. As such, previously those 

~1029, chaotic, and erratic curves were transformed into a few separated lines defining the 

progressive transition of the mechanical property of identified individual phases with 

indentation depth. The final step, surround effect modeling, was then performed on the re-

assembled plots to define the asymptotes of the surround effect model. While one asymptote 

at infinite small depth corresponds to the true property of an individual phase, the other one at 

very large depth defines the true property of the bulk rock. 
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3.3 Upscaling Models 

The above data analytics can cross-scale characterize the mechanical properties, 

particularly elasticity, of both individual phases at the nano/micro- scale and bulk rock at the 

meso/macro scale. Therefore, it is of interest to examine the applicability of different 

micromechanics-based homogenization and upscaling models that were developed for the 

upscaling of elasticity based on the elastic modulus of microscale constituent phases.  In this 

study, a total of four upscaling models, including the Mori-Tanaka (MT) (Mori and Tanaka 

1973a), Kuster-Toksöz (KT) (Kuster and Toksöz 1974), self-consistent approximation 

(Berryman 1980a), and differential effective medium (DEM) (Sheng 1990; Berryman 1992) 

models, were used to estimate the elastic modulus of the bulk rocks using the experimentally 

determined moduli and fractions of individual phases, and a comparison between the measured 

and computed elastic moduli of the bulk rocks was made to evaluate the applicability of these 

upscaling models to sandstones. 

The MT homogenization model has been widely used in upscaling the 

micromechanical properties of individual phases to a homogenized bulk property by assuming 

k ellipsoidal inclusions embedded in an infinite homogeneous matrix with elastic bulk and 

shear moduli, K0 and G0, respectively. As such, the bulk material consists of (k + 1) phases 

(i.e., k inclusions and 1 matrix). This model is based on explicit consideration of the 

interactions among different phases, and can be expressed as follows: 
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where Khom and Ghom are the bulk and shear moduli of the homogenized bulk material, 

respectively, KJ and GJ the bulk and shear moduli of individual inclusion phases, and fJ the 

volume fraction of the J-th phase. �$�� �F�R�Q�V�W�D�Q�W�� �3�R�L�V�V�R�Q�¶�V�� �U�D�W�L�R�� �R�I�� ���������� �Z�D�V�� �D�V�V�X�P�H�G�� �I�R�U�� �D�O�O��

individual phases to determine the KJ and GJ. Then the Young's modulus of the bulk rock was 

determined based on the estimated homogenized Khom and Ghom. 

By using the long-wavelength first-order scattering theory, Kuster and Toksöz(Kuster 

and Toksöz 1974) derived the expressions (i.e., KT model) for both solid and liquid inclusions 

in a solid matrix (Kuster and Toksöz 1974). Furthermore, Berryman(Berryman 1980b) 

provided the general expressions for the KT model: 
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where the coefficients P and Q represent specific shapes, ��0 is related to the matrix property 

and the superscripts 0 and J represent the matrix and J-th inclusion, respectively. The values 

of the two coefficients can be found in Berryman(Berryman 1995). 
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Another micromechanical model, self-consistent approximation (Budiansky 1965; Hill 

1965; Tai Te Wu 1966), has extended the specific geometry-based methods to slightly higher 

concentrations of inclusions in a matrix. By gradually substituting the background material 

with the inclusions, the influence of isolated inclusions on the matrix can be achieved by 

solving the coupled equations simultaneously: 
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where P and Q are geometric factors given in Berryman(Berryman 1995) and the superscript 

J is the J-th phases in the composites. 

 

Lastly, the differential effective medium (DEM) theory involves incrementally adding 

a small proportion of the inclusions to the matrix until reaching the actual proportion of the 

inclusions. The DEM was initially developed for a two-phase material (Mavko et al. 2009), 

but later on was extended to three-phase materials (Markov et al. 2012). The generalized 

expressions of DEM theory can be found in literature (Norris 1985; Markov et al. 2012). 

 

3.4 Analyses of Results 

3.4.1 Mineralogical Composition 

Error! Reference source not found. shows the obtained XRD patterns of the two 

sandstone samples with all reflections labeled for the respective mineral phases, while Table 

3-1 summarizes the quantitative results. Noteworthy is that zincite was added to both samples 

as an internal standard for quantitative analysis. Although the two samples are from the same 

geographical locations, they do have certain difference in mineralogical composition. KS-45 
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is mainly composed of relatively hard minerals, including quartz and feldspar (i.e., albite and 

orthoclase) at 53.23 and 24.23 wt.% respectively, relatively soft calcite and illite at 13.09 and 

8.03 wt.% respectively, and a minor phase rutile at 1.35 wt.%, while KS-52 mainly consists of 

clay minerals (i.e., illite and chlorite) at 43.96 wt.%, platy mica (30.74 wt.%), quartz and albite 

(20.30 wt.%), and two minor phases calcite (1.67 wt.%) and hematite (3.33 wt.%). The 

presence of hematite in KS-52 is indicated by its dark brown to dark red color. In general, iron 

oxides such as hematite (Fe2O3) and goethite (FeOOH) have a high pigmenting power, and 

hence their presence even at a small fraction (e.g., 3.33 wt.% for this sandstone) can mask the 

colors of other major phases (e.g., quartz, feldspar, clay minerals). The difference in 

mineralogical composition between the two samples indicates that their cementing agents are 

different and hence render them different mechanical properties. In general, calcite, hematite, 

clay minerals, and silica (including quartz) found in the two samples can act as cementation 

bonding other particles to form highly consolidated sandstones. As discussed later, subsequent 

petrographical and microstructural analyses can help further identify those phases acting as 

cementation. 
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Figure 3-2 XRD patterns of the two studied sandstones, KS-45 and KS-52. 

 

With the knowledge of the specific gravity Gs of individual minerals found in literature 

(e.g., Speight 2005), the volumetric fractions V of individual phases can be converted from 

their weight fractions M via the following equation: 
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where k is the total number of identified phases. The volumetric fractions are also shown in 

Table 3-1 will be subsequently used as initial trial parameters for some statistical analyses. 

 

Table 3-1 Qualitative and quantitative mineralogical analyses for KS-45 and KS-52. 

Mineral name Ideal chemical formula 
Specific 

gravity 

Volume fraction (vol.%) 

KS-45 KS-52 

Quartz SiO2 2.65 53.50 19.57 

Orthoclase KAlSi 3O8 2.61 6.18 / 

Albite NaAlSi3O8 2.61 18.54 2.55 

Biotite K(Mg, Fe)3(AlSi3O10)(F,OH) 3.05 / 4.90 

Muscovite KAl 2(AlSi3O10)(F,OH)2 2.88 / 25.58 

Calcite* CaCO3 2.71 12.86 1.78 
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Illite  KAl 2(AlSi3)O10(OH)2 2.69 8.01 26.42 

Chlorite (Mg,Fe)3(Si,Al)4O10(OH)2(Mg,Fe)3(OH)6 3.20 / 17.38 

Hematite Fe2O3 5.26 / 1.82 

Rutile TiO2 4.01 0.90 / 

* Mg-rich Calcite in KS-45. 

 

3.4.2 Surface Characterization 

3.4.2.1 Surface Roughness 

 

Figure 3-3 and Figure 3-4 show the selected typical results of AFM imaging of the 

polished surfaces of the two samples. Despite the same method, apparatus, and procedures 

used for polishing, the range of height variations in these two samples varies: while the calcite-

rich but clay-poor KS-45 sample has a height range of -150 to 70 nm, the surface height of the 

clay-rich KS-52 ranges from -50 to 40 nm. Since sandstones are a kind of porous material and 

presence of micro-sized pores can definitely result in large depths (i.e., negative heights) in 

surface topography, the maximum negative heights, although affecting the calculation of root 

mean square (RMS) surface roughness Rr, do not reflect the effectiveness of the polishing 

technique. Based on the AFM height images, the RMS roughness of the polished KS-45 surface 

from 4 different areas is 12, 34, 65, and 125 nm respectively with an average of 59 nm, while 

the four measurements on the polished KS-52 surface are 15, 17, 21, to 23 nm respectively 

with an average of 19 nm. As such, it seems that a smoother surface was obtained for KS-52. 

Nevertheless, both samples have a sufficiently smooth and flat surface prepared by fine 

polishing for subsequent nanoindentation testing. 
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Figure 3-3 Example AFM results for KS-45: (a) 3-D surface topography of a randomly 

selected area of 20 × 20 ���P2; (b) 2-D height mapping of (a); (c) cross-sectional height profile 

of the diagonal in (b). 
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Figure 3-4 Example AFM results for KS-52: (a) 3-D surface topography of a randomly 

selected area of 20 × 20 ���P2; (b) 2-D height mapping of (a); (c) cross-sectional height profile 

of the diagonal in (b). 

 

3.4.2.2 Microstructure of KS-45 

Figure 3-5 shows a series of SEM observations with increasing magnification on KS-

45. Three types of images are compared to better identify the microstructural features: SE (left 

column), BSE (middle column), and EDS elemental mapping (right column). At a low 

magnification (Figure 3-5a to c), the millimeter-scale structure can be observed. The sample is 

mainly composed of fairly large, angular to subangular, inter-contacted sand particles of ~ 200-

�������� ���P�� �L�Q�� �V�L�]�H�� �Z�K�R�V�H�� �D�U�H�D�� �W�R�W�D�O�V�� �a����-80% of the examined surface. In fact, this area ratio 

agrees well with the quantitative XRD results, i.e., the volumetric fractions (i.e., totaling 78.22 

vol.%) of all three framework silicate minerals, including quartz, orthoclase, and albite (Table 

3-1), which show as these large, dark-colored sand particles in the BSE image (Figure 3-5b).  
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Figure 3-5 SEM imaging and elemental mapping of KS-45: (a to c) SE, BSE, and EDS 

mapping images for the overall structure at a relatively low resolution; (d to f) SE, BSE, 

and EDS mapping images focusing on pore-filling and cementing minerals at a 

medium resolution; (g to i) SE, BSE, and EDS mapping images focusing on cementing 

minerals at a high resolution.  

 

For elemental mapping, according to the XRD results (Table 3-1), different elements 

are chosen to roughly represent respective minerals. For example, Na, K, Si, Ca, F, and Fe are 

used to represent albite (NaAlSi3O8), orthoclase (KAlSi3O8), quartz (SiO2), calcite (CaCO3), 

micas (e.g., muscovite (KAl2(AlSi3O10)(F, OH)2) and biotite (K(Mg, Fe)3(AlSi3O10)(F, OH)2)), 

and hematite (Fe2O3), Fe-rich illite ((K, H3O)(Al, Mg, Fe)2(Si, Al)4O10[(OH)2, (H2O)]) or other 
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phyllosilicates (e.g., chlorite ((Mg, Fe)3(Si, Al) 4O10(OH)2(Mg, Fe)3(OH)6)), respectively. 

Moreover, unless under extremely high resolutions, it is impossible to separate individual clay 

particles (including illite, chlorite) as well as phyllosilicates (e.g., biotite and muscovite). As 

shown by the color of the elemental mapping (Figure 3-5c), the blue, green, and yellow spots 

are the three framework silicates, and the gaps among them are filled by calcite and 

phyllosilicates. For instance, the white spot in Figure 3-5b is actually Fe-rich illite or hematite, 

although XRD results show the absence of hematite, most likely due to its very low 

concentration. 

At higher magnifications (Figure 3-5d to i), the sand particles can be easily and more 

positively identified in the elemental mappings (Figure 3-5f and i). Thus, the focus of 

observation is the pore-filling minerals among these large sand particles. Obviously, calcite 

with a significant fraction of Mg is the major mineral observed in Figure 3-5f. In fact, XRD 

analysis tried to fit dolomite (CaMg(CO3)2�����W�R���W�K�L�V���V�D�P�S�O�H�¶�V���G�L�I�I�U�D�F�W�L�R�Q���S�D�W�W�H�U�Q�����E�X�W���L�W���Z�D�V���Q�R�W��

successful. The identified phase is actually a Mg-rich calcite, which agrees well with the 

elemental mapping shown in Figure 3-5f. In Figure 3-5i, a different scenario can be observed: 

the gap-filling minerals are mainly Fe-rich illite and calcite, and the calcite can be either well -

crystalized large crystals or the micro-crystals distributing among the clay minerals and 

bonding the quartz and albite particles. In addition, it appears that some quartz particles also 

function as pore-fillers, and most likely precipitated as secondary quartz (as indicated by its 

convex geometry) during the post-depositional diagenesis. In summary, this sample consists 

of mainly a granular matrix of three framework silicates (i.e., quartz, orthoclase, and albite) 

that are cemented by postdepositionally-formed, pore-filling minerals, including primarily Mg-

rich calcite and secondarily Fe-rich illite and neoformed quartz. These relatively hard, coarse-
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grained minerals are in direct contact with each other forming the major load-transmission 

skeleton. 

 

3.4.2.3 Microstructure of KS-52 

Figure 3-6 shows a suite of SEM SE and BSE micrographs and EDS elemental 

mappings of KS-52. At low magnifications, in contrast to KS-45, barely can any large particles 

be directly identified under the SE mode (Figure 3-6a). With the help of BSE (Figure 3-6b), 

different minerals show better contrast, and it can be seen that the sample is mainly composed 

�R�I�� �P�X�F�K�� �I�L�Q�H�U�� �S�D�U�W�L�F�O�H�V�� �Z�L�W�K�� �V�R�P�H�� �O�D�U�J�H�U���R�Q�H�V�� �R�I�� �a������ ���P�� �L�Q�� �V�L�]�H���� �$�W���K�L�J�K�H�U�� �P�D�J�Q�L�I�L�F�D�W�L�R�Q�V����

som�H���O�D�U�J�H���S�D�U�W�L�F�O�H�V���E�H�F�R�P�H���G�L�V�F�H�U�Q�L�E�O�H���Z�L�W�K���V�L�]�H�V���U�D�Q�J�L�Q�J���I�U�R�P���������W�R�����������P�����%�D�V�H�G���R�Q���W�K�H��

elemental mappings and XRD results (Table 3-1), these silt-sized particles are mostly quartz 

and mica acting as non-contact, solid inclusions randomly distributed within the nearly 

homogeneous clay matrix (Figure 3-6e and h). Based on the chemical information of the EDS 

mapping, mineralogical compositions from XRD, and general mineral morphology from 

literature (Giorgetti et al. 2003; Klaver et al. 2012), the shiny particles are suggested as the 

magnesium-rich calcite, while the relative large dark particles are identified as quartz and albite 

and the long particles (i.e., the cross-section of platy particles) are mica (i.e., biotite and 

muscovite). However, individual particles of the clay minerals (e.g., chlorite, illite) and iron 

oxide (hematite) are impossible to be observed in these micrographs due to their tiny size and 

inter-mixed nature, thus they are all considered as a homogeneous clay matrix. Unlike KS-45, 

the hard inclusions (e.g., quartz, albite, and mica) are randomly distributed in the samples 

without interparticle contacts, and hence are floating within and surrounded by clay matrix, as 
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shown in Figure 3-6e, f, h, and i. In summary, this sandstone consists of a fine-grained, 

continuous matrix with coarse-grained, non-contacting hard minerals as solid inclusions.  

 

 

Figure 3-6 SEM imaging and elemental mapping of KS-52: (a to c) SE, BSE, and EDS 

mapping images for the overall structure at a relatively low resolution; (d to f) SE, BSE, and 

EDS mapping images focusing on pore-filling and cementing minerals at a medium resolution; 

(g to i) SE, BSE, and EDS mapping images focusing on cementing minerals at a high resolution. 

 

3.4.2.4 Nanoindentation Results 

In Figure 3-7, each plot shows a total of ~1029 continuous �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V��E or 

hardness H versus h curves obtained from the two samples. First of all, although each 

indentation has a constant pre-set maximum load of 625 mN, the maximum depths of these 
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individual indents are different and in general range from ~2200 to 6000 nm, which should be 

expected for a heterogeneous composite such as sandstones. The maximum indentation depth 

actually depends upon the mechanical response of the indented zone. If the indent is made on 

relatively hard phases (e.g., quartz) in the composite, then the maximum depth is limited by 

the pre-set maximum load. On the other hand, if the indent is located on relatively soft zones 

(e.g., clay matrix, calcite), then at the same maximum load the maximum depths can be much 

higher (e.g., up to 6000 nm). Interestingly, when the two sets of curves from the two samples 

are compared, one finds that a remarkable fraction of the curves from indenting on hard 

minerals in KS-45 terminate progressively from 2200 to 4000 nm, well before 6000 nm, yet 

there are still a significant number of curves reaching 6000 nm from indenting on soft phases. 

The curves from KS-52 show a different trend: nearly all of them terminate around ~4600 nm, 

except a very small number of curves ending at 2000 nm or reaching 6000 nm. Such a 

difference actually reflects the mechanical and microstructural characteristics of the two 

samples: while KS-45 contains heterogeneous phases with highly contrasting mechanical 

properties and its overall mechanical properties (i.e., at larger depths) are weaker, KS-52 is 

generally stronger and consists of different phases with less contrasting mechanical properties 

and with smaller sizes not discernible by nanoindentation. In fact, this observation is consistent 

with the macroscale elastic properties of the two bulk rocks determined by data analytics, as 

described later. 
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Figure 3-7 CSM indentation results showing ~1029 depth-dependent curves: (a and b) Young's 

modulus and hardness for KS-45; (c and d) Young's modulus and hardness for KS-52. 

 

 For both samples, the �<�R�X�Q�J�¶�V�� �P�R�G�X�O�L��and hardness curves are highly scattered at 

shallow depths, and then gradually converge into a narrow band at large depths, which may 

represent the macroscale properties of the bulk rock (Bennett et al. 2015; Lu et al. 2020), since 

the elasto-plastic zone induced by loading to sufficiently large depths may be large enough to 

encompass all different phases of the rock. In particular, for KS-52 (Figure 3-7c and d), with 

increasing indentation depth, the individual curves rapidly converge together at the depth of 

1200 nm and then maintain a nearly constant value to the depth of ~4600 nm. Such a difference 

�L�V���D�O�V�R���D�F�W�X�D�O�O�\���D���S�K�H�Q�R�P�H�Q�R�O�R�J�L�F�D�O���U�H�I�O�H�F�W�L�R�Q���R�I���W�K�H���W�Z�R���V�D�P�S�O�H�V�¶���P�L�F�U�R�V�W�U�X�F�W�X�U�H�����)�R�U���.�6-45 

composed of relatively large particles, with increasing indentation depth, the expanded elasto-

plastic zone may still remain inside large individual particles. On the other hand, for KS-52 

consisting of much finer particles, with increasing indentation depth, the surrounding particles 

are quickly included by the expanded elasto-�S�O�D�V�W�L�F���]�R�Q�H�����D�Q�G���K�H�Q�F�H���W�K�H���E�X�O�N���U�R�F�N�¶�V���S�U�R�S�H�U�W�L�H�V��

can be obtained at relatively shallower indentation depth (e.g., even around 1200 nm). 

Upon completion of nanoindentation testing, selected residual indents on the samples 

were examined under SEM. Figure 3-8 shows some residual indents on different minerals and 

their corresponding measurements (Figure 3-8j and k). As shown in Figure 3-8a, even under 

the BSE mode, the contrast between quartz and albite in KS-45 is not enough to discern these 

two minerals, but calcite with a concave geometry can be observed. However, with the help of 

EDS mapping, albite can be successfully differentiated from quartz (Figure 3-8d). Moreover, 

the size of the residual indents on different minerals differs: it increases from quartz to albite, 
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and then to calcite, and then to the clay matrix consisting of illite as well as other phases (Figure 

3-8to c). It also can be seen in Figure 3-8f that the relatively smaller calcite and quartz particles 

co-exist in the illite-based clay matrix. However, for KS-52, due to the tiny sizes of its 

constituents (e.g., quartz, albite, and calcite), the projected area of the residual indent (Figure 

3-8g to i) is generally much greater than those on the relatively large particles of quartz, albite, 

or calcite (Figure 3-8a to b), but similar to that on clay matrix shown in Figure 3-8c. In fact, 

these residual indents on KS-52 generally involve multiple phases and hence reflect the 

�U�H�V�S�R�Q�V�H�� �R�I�� �W�K�H�� �E�X�O�N�� �U�R�F�N�¶�V�� �S�U�R�S�H�U�W�L�H�V�� �D�W�� �O�D�U�J�H�� �G�H�S�W�K���� �)�L�Q�D�O�O�\����Figure 3-8j and k show the 

�<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���D�Q�G��hardness versus indentation depth curves respectively for the selected 

residual indents, and the order of these curves is clearly consistent with the mechanical 

properties of respective indented minerals. For example, in Figure 3-8j, the E of these indented 

minerals follows a descending  
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Figure 3-8 SEM micrographs of selected indents on different minerals and corresponding 

mechanical behavior: (a and d) indents on a quartz and an albite particles; inset in (a) shows 

the magnified view of the indent on quartz; (b and h) indent on calcite; (c and f) indent on clay 

matrix; (g�±i) a residual indent on KS-52 involving multiple phases; (j�±k) Corresponding 

Young's modulus and hardness of the respective indents shown in this figure. 

 

3.5 Statistical Deconvolution 

3.5.1 KS-45 

As mentioned earlier, for PDF-based deconvolution, an appropriate bin size b was first 

determined for each subdataset extracted via data segmentation by finding the unimodal peak 
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of the BSI versus b curve. Figure 3-9a shows a selected representative BSI versus b curve for 

the subdataset consisting of ~1029 data entries extracted at an indentation depth of 400 nm for 

KS-45. Clearly, the peak BSI corresponds to an optimal bin size bopt = 8 GPa, which is then 

used to reconstruct the experimental histogram for subsequent PDF-based deconvolution. 

Figure 3-9b, c, and d show the corresponding PDF-, CDF- and GMM-based deconvolution 

results for this subdataset, respectively. The three different deconvolution techniques all 

identify five mechanically distinct phases at this specific depth that make up the bulk rock. 

Based on quantitative XRD analyses (Table 3-1), this sample consists of 6 different phases: 

quartz, feldspar (including orthoclase and albite), calcite, illite, and rutile, of which rutile only 

accounts for 0.90 vol.%. Based on the surface microstructure analyses (Figure 3-5), some tiny-

sized calcite particles are sparsely inter-mixed with illite. As such, porous illite, part of calcite, 

�D�Q�G���U�X�W�L�O�H���D�U�H���J�U�R�X�S�H�G���W�R�J�H�W�K�H�U���L�Q�W�R���R�Q�H���F�R�P�S�R�V�L�W�H���S�K�D�V�H���� �W�H�U�P�H�G���³�F�O�D�\���P�D�W�U�L�[�´�� Hence, the 

five phases are sequentially assigned as quartz, feldspar, calcite, interface (i.e., a virtual phase 

between hard and soft phases (Luo et al. 2020)), and clay matrix in the order of decreasing 

�<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���D�Q�G���K�D�U�G�Q�H�V�V��  
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Figure 3-9 Selected representative PDF, CDF and GMM deconvolution results for KS-45's and 

KS-52's subdatasets extracted at h = 400 nm and 100 nm, respectively: (a) BSI vs. b curve for 

KS-45; (b to d) PDF, CDF, and GMM deconvolution results for KS-45 respectively; (e) BSI 
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vs. b curve for KS-52; (f to h) PDF, CDF, and GMM deconvolution results for KS-52 

respectively. 

 

Similarly, all other 20 subdatasets extracted at other segmentation depths were also 

processed by the three deconvolution techniques, followed by data re-assembly via re-plotting 

�W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V��E against the segmentation depth h for each identified individual phase. 

For KS-45, Figure 3-10a, b, and c show the results from the three different deconvolution 

�W�H�F�K�Q�L�T�X�H�V���� �U�H�V�S�H�F�W�L�Y�H�O�\���� �)�U�R�P�� �W�K�H�V�H�� �I�L�J�X�U�H�V���� �L�W�� �F�D�Q�� �E�H�� �V�H�H�Q�� �W�K�D�W�� �W�K�H�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�L�� �R�I�� �D�O�O��

�S�K�D�V�H�V���Y�D�U�\���Z�L�W�K���G�H�S�W�K�����)�R�U���H�[�D�P�S�O�H�����W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�L���R�I���W�K�H���V�R�I�W���S�K�D�V�H�����L���H�������F�O�D�\���P�D�W�U�L�[����

increase with indentation depth, while those of hard phases (e.g., quartz, feldspar, and calcite) 

decrease. Such depth-dependent behavior is actually the phenomenological reflection of the 

expanding elastic zone beneath the indenter tip as the indentation depth increases. With the 

expansion of the elastic zone, nearby phases of different elasticity and defects (e.g., nanopores 

and cracks) are included and then contribute together as a composite to the overall elastic 

response to indentation loading. However, if the pores or cracks are way larger than the scale 

of nanoindentation, their influence on the studied sample was not considered due to the 

limitation of the instruments. 
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Figure 3-10 Re-assembly and surround effect modeling of the PDF and 

CDF deconvolution results from all subdatasets: (a) and (b) PDF and CDF deconvolution 

results for KS-45 respectively; (c) and (d) surround effect modeling of the results in (a) and (b) 

respectively; (e) and (f) PDF and CDF deconvolution results for KS-52 respectively; (g) and 

(h) surround effect modeling of the results in (e) and (f) respectively. 
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Figure 3-11 Re-assembly and surround effect modeling of the GMM deconvolution results 

from all subdatasets: (a) and (d) Young's moduli of GMM deconvolution for KS-45 and KS-

52 respectively; (b) and (e) surround effect modeling of the results in (a) and (d) respectively; 

(c) and (f) Hardness of GMM deconvolution for KS-45 and KS-52 respectively. 

 

Since the GMM-based deconvolution uses 2-D datasets (i.e., both E and H) and hence 

can further identify the hardness of individual phases simultaneously, and the pertinent results 

are plotted in Figure 3-11c, which are worth further discussion. In Figure 3-11a and c, the two 

hard phases, quartz and felspar, stay apart at depths of < 400-500 nm, but merge into one phase 

at depths of > 600 nm. However, the merged quartz-feldspar phase also terminates at depths 
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of ~�����������P�����D�J�D�L�Q���G�X�H���W�R���W�K�H���F�R�Q�V�W�U�D�L�Q�W���R�I���W�K�H���L�Q�V�W�U�X�P�H�Q�W�¶�V��maximum load capacity (i.e., 625 

mN). A similar trend can also be observed for calcite �W�K�D�W���W�H�U�P�L�Q�D�W�H�V���D�W���G�H�S�W�K�V���R�I���a�������������P�����,�W��

�L�V���Z�R�U�W�K���Q�R�W�L�Q�J���W�K�D�W���D���Y�L�U�W�X�D�O���S�K�D�V�H�����U�H�I�H�U�U�H�G���W�R���D�V���³�L�Q�W�H�U�I�D�F�H�´�����P�L�U�U�R�U�V���W�K�H���P�H�F�K�D�Q�L�F�D�O���E�H�K�D�Y�L�R�U��

of the indents located in the boundaries of hard and soft phases. 

 

3.5.2 KS-52 

Another set of similar results for KS-52 are also included as examples, and the different 

behavior between the two samples is worth further discussion. Figure 9e shows an example 

BSI versus b plot where the optimal bin size bopt = 5 GPa is determined for the subdataset 

extracted at h = 100 nm. For the same subdataset consisting of ~1029 indents, Figures 9f, 9g, 

and 9h show the PDF-, CDF- and GMM-based deconvolution results, respectively. While the 

PDF- and CDF-based deconvolutions recognize four mechanically distinct phases in this 

sample, the GMM-based one identifies five mechanically distinct phases by taking the 

advantage of analyzing a 2-D subdataset (i.e., including both E and H). Such a difference is 

caused by the observation from Figure 3-11d and f���� �Z�K�L�O�H���W�K�H�� �<�R�X�Q�J�¶�V���P�R�G�X�O�L���R�I���P�L�F�D���D�Q�G��

calcite are nearly the same (Figure 3-11d), their hardnesses are different (i.e., 2.4 GPa for 

calcite versus 1.5 GPa for mica, Error! Reference source not found.f). As such, the PDF and 

CDF-�E�D�V�H�G���G�H�F�R�Q�Y�R�O�X�W�L�R�Q�V���W�K�D�W���R�Q�O�\���U�H�O�\���R�Q���W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���P�L�V�W�D�N�H�Q�O�\���F�R�P�E�L�Q�H���W�K�H�V�H��

�W�Z�R���P�L�Q�H�U�D�O�V���Z�L�W�K���V�L�P�L�O�D�U���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���L�Q�W�R���R�Q�H���S�K�D�V�H�����D�Q�G���V�X�F�K���D�Q���D�U�W�H�I�D�F�W���Fan be avoided 

by the GMM-based deconvolution. Therefore, five mechanically distinct phases identified by 

GMM-based deconvolution are accordingly assigned as quartz, calcite, mica (including both 

biotite and muscovite), virtual interface, and clay matrix in �W�K�H���R�U�G�H�U���R�I���G�H�F�U�H�D�V�L�Q�J���<�R�X�Q�J�¶�V��

modulus. When compared with the quantitative XRD (Table 3-1) and elemental mapping 
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(Figure 3-6), albite, present at a very small fraction (i.e., 2.31 wt.%), is merged into quartz, 

while the clay matrix combines illite, chlorite, and hematite into a single one, as hematite is 

also present at a small fraction (i.e., 1.82 vol.%) or as very fine particles (Hedley 1968; Parry 

et al. 2009). The dark brown to dark red color of this sample actually reflects the presence and 

distribution of fine-grained hematite throughout the entire bulk rock. 

Following the same procedure, the PDF-, CDF-, and GMM-based deconvolution 

results for other 48 subdatasets extracted at different segmentation depths are re-assembled and 

summarized in Error! Reference source not found.e, and f and Figure 3-11d, and f. Again, 

all three deconvolution techniques yield similar results in distinguishing the mechanically 

distinct phases and bulk rock, except the separation of mica from calcite, as discussed earlier. 

However, the overall behavior of KS-52 differs significantly from that of KS-45. For the 

�I�R�U�P�H�U�����W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�L���D�Q�G���K�D�U�G�Q�H�V�V���R�I���G�L�I�I�H�U�H�Q�W���S�K�D�V�H�V���T�X�L�F�N�O�\���F�R�Q�Y�H�U�J�H���W�R���R�Q�H���X�Q�L�I�L�H�G��

value at relatively shallow depth h = 0.4 �Pm, which means the sample can even be treated as a 

homogeneous material at the submicron to micron scale due to its fine-grained particles and 

uniform texture. For the latter, it appears more data at larger depths, especially for the relatively 

hard phases such as quartz and feldspar, are needed to better define the convergence of all 

mechanically distinct phases at large depths (Figure 3-10a, b, and Figure 3-11a). 

 

3.6 Surround Effect Modeling 

 The surround effect model (Lu et al. 2020; Luo et al. 2020) was used to fit the re-

�D�V�V�H�P�E�O�H�G���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���G�D�W�D���I�U�R�P���V�W�D�W�L�V�W�L�F�D�O��deconvolutions, and corresponding results 

are shown in Figure 3-10 and Figure 3-11. Through curve fitting, this model yields the 

properties of both individual phases and the bulk rock, determined by the two asymptotes at 
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very small and very large depths, respectively, and pertinent results are summarized in Error! 

Reference source not found.. Clearly, these two rocks differ in the fitted surround effect 

model curves. While it is difficult for these fitted curves of different phases in KS-45 to merge 

�D�W���H�Y�H�Q���O�D�U�J�H���G�H�S�W�K�V�����D�J�D�L�Q���G�X�H���W�R���W�K�H���F�R�Q�V�W�U�D�L�Q�W���R�I���W�K�H���L�Q�V�W�U�X�P�H�Q�W�¶�V���P�D�[�L�P�X�P���O�R�D�G���F�D�S�D�F�L�W�\��

(Figure 3-10c, d, and Figure 3-11b), the fitted curves of different phases in KS-52 converge 

quickly and surprisingly at a very shallow depth (i.e., h = 0.4 �Pm) (Figure 3-10g, 10h, and 

Error! Reference source not found.e). As such, the average of all the large-depth asymptotes 

�I�U�R�P�� �G�L�I�I�H�U�H�Q�W�� �S�K�D�V�H�V�� �L�V�� �W�D�N�H�Q�� �D�V�� �W�K�H�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �R�I�� �W�K�H�� �E�X�O�N�� �U�R�F�N�� �.�6-45, while the 

�<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I���E�X�O�N���U�R�F�N���.�6-52 is only a unified asymptote at large depth. From Error! 

Reference source not found.���� �I�R�U�� �H�D�F�K�� �R�I�� �W�K�H�� �W�Z�R�� �U�R�F�N�V���� �W�K�H�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�L�� �R�I�� �L�Q�G�L�Y�L�G�X�D�O��

phases and bulk rock determined by the surround effect modeling of results from three different 

deconvolution techniques agree very well with each other, except the clay matrix derived from 

CDF-based deconvolution, which is probably caused by finding the local optimum when 

searching for the best solution.  
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Table 3-2 Comparison of the PDF-, CDF- and GMM-based deconvolution results, including 

�W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V�����K�D�U�G�Q�H�V�V�����D�Q�G���Y�R�O�X�P�H�W�U�L�F���I�U�D�F�W�L�R�Q���R�I���L�Q�G�L�Y�L�G�X�D�O���S�K�D�V�H�V���D�Q�G���E�X�O�N���U�R�F�N�V��

for the two sandstones. 

Sample Mineral 
Young's Modulus E 

(GPa) 
Hardness H 

(GPa) 
Volumetric Friction 

(%) 
PDF CDF GMM GMM PDF CDF GMM 

KS-45 

Quartz 94.0 93.3 96.5 11.4 41.7 47.5 43.6 
Feldspar 70.5 73.1 78.2 8.2 30.2 20.7 15.1 
Calcite 52.3 58.0 60.0 3.2 22.6 24.0 33.4 

Clay matrix 5.0 7.1 4.5 0.1 5.6 7.1 8.0 
Bulk rock 45.1 49.3 50.0 1.3 100 100 100 

KS-52 

QF 67.8 66.3 61.5 5.4 11.1 18.8 15.5 
Calcite / / 51.5 2.4 / / 17.6 
Mica 49.3 49.0 50.8 1.5 64.1 50.6 46.5 

Clay matrix 15.8 15.1 15.3 0.4 24.8 30.6 20.4 
Bulk rock 56.7 57.6 57.6 1.7 100 100 100 

 

�7�K�H���<�R�X�Q�J�¶�V��moduli and hardness of several hard phases (e.g., quartz, feldspar, calcite) 

in KS-52 are relatively smaller than those in KS-45. Such a difference is caused by the sizes 

of these hard phases. Owing to the tiny sizes of quartz and calcite in KS-52, the You�Q�J�¶�V��

modulus and hardness obtained at even small depths (e.g., 100 - 200 nm) can still be influenced 

by the nearby softer phases such as clay matrix that can be included in the expanded elastic 

zone contributing to the overall response to indentation loading, the so-�F�D�O�O�H�G�� �³�V�X�U�U�R�X�Q�G��

�H�I�I�H�F�W�´(Lu et al. 2020; Luo et al. 2020). In addition, other minor factors, such as the detrital 

rather than single or polycrystalline nature of particles (Deirieh et al. 2012) and different 

orientations or anisotropy of particles (Timms et al. 2010; Eliyahu et al. 2015) may also 

contribute to the difference, which warrants further investigation. 
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Although it is generally believed that increasing clay content leads to decreased 

Y�R�X�Q�J�¶�V���P�R�G�X�O�X�V���D�Q�G���K�D�U�G�Q�H�V�V��of sandstones (Smart et al. 1982; Shakoor and Bonelli 1991; 

Karakul and Ulusay 2013), the elastic modulus of bulk rock KS-52 with a clay content of 30.6 

vol.% is much higher than that of KS-45 with a clay content of only 8.0 vol%. For KS-45, 

large-sized quartz and feldspar particles were first deposited and then compacted by the 

overburden pressure, leading to formation of the granular skeleton with open, large pores. 

Subsequent post-depositional diagenesis gradually cemented these large particles through the 

precipitation of secondary minerals (e.g., calcite and clay minerals) within the pores. In 

contrast, in KS-52, the tiny quartz and feldspar particles can be easily mixed and compacted 

with fine-grained clay particles, leading to the formation of highly dense matrix with tiny inter-

particle pores. As shown in Figure 3-5 and Figure 3-6, KS-45 contains plenty of inter- and 

intra-granular, relatively large pores among the large-sized sand particles, while KS-52 shows 

a much denser packing with much smaller pores. Such different porosities and pore sizes 

between KS-45 and KS-52 contribute to the reduction in the �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V of KS-45 

(Palchik 1999; Pope et al. 2009; Li et al. 2016; Roshan et al. 2018). Another major reason for 

the different elasticity of the bulk rocks is the cementing agents. While coarse-grained particles 

(e.g., quartz and albite) in KS-45 are mainly cemented by small-sized calcite crystallites as 

well as secondarily clay minerals (Figure 3-5i), KS-52 has only a small fraction of calcite and 

hence is mainly cemented by quartz and hematite that are generally stronger than calcite. Thus, 

�W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V��of the clay matrix in KS-52 is almost three times stronger than that of 

KS-45 (e.g., ~15.0 versus ~5.0 GPa), and a stiffer clay matrix also contributes to a stiffer bulk 

rock.  
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 All three statistical deconvolutions can also lead to the quantification of the volumetric 

fraction of the identified, mechanically distinct phases, and results are summarized in Error! 

Reference source not found. as well. Despite that some variations exist among the fractions 

of different phases estimated by different deconvolution techniques, overall these results are 

remarkably consistent with each other. When compared with the quantitative XRD results 

(Table 3-1), one finds that the fractions for some phases in the two tables agree well, while 

others do show certain but limited difference. Although there may be several reasons 

contributing to such a difference, one key reason is the size effect: while quantitative XRD 

analysis can detect any sized particles of a given mineral, statistical nanoindentation tends to 

combine very small-sized particles of different minerals into the clay matrix. Nevertheless, 

quantitative XRD analysis cannot usually yield the in-situ mechanical properties of different 

phases in a rock, which is also one major advantage of the statistical nanoindentation approach. 

 Finally, it is interesting to compare the overall trends of the fitted surround effect model 

curves (e.g., by comparing Figure 3-11b versus Figure 3-11d). The fitting curves for different 

phases in KS-45 starts their first bending transition at depths much higher than those of KS-52, 

and then merge at larger depths much more slowly (i.e., at smaller slopes) than those of KS-

52. Such differences in the bending transitions as well as the pertinent occurring depths actually 

reflect the vari�D�W�L�R�Q�V���R�I���W�K�H���W�Z�R���V�D�Q�G�V�W�R�Q�H�V�¶ microstructure. While the former consists of highly 

size-contrasting particles (e.g., coarse-grained quartz and feldspar vs. fine-grained clay 

minerals), the constituents in the latter are more or less homogeneous in size. In fact, as pointed 

out by Luo et al. (Luo et al. 2020), the depths at which the bending occurs can be used to 

estimate the characteristic sizes of different individual phases and be the maximum depth limit 

for the determination of properties of respective phases in the rocks.   
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3.7 Validation of Upscaling Models 

Table 3-3 and Figure 3-12 �F�R�P�S�D�U�H�V���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O�O�\���G�H�W�H�U�P�L�Q�H�G���<�R�X�Q�J�¶�V���P�R�G�X�O�L��

of the bulk rocks with those obtained by the four upscaling models (i.e., MT, KT, Self-

�F�R�Q�V�L�V�W�H�Q�W���� �D�Q�G�� �'�(�0���� �X�V�L�Q�J�� �W�K�H�� �U�H�V�X�O�W�V�� ���L���H������ �<�R�X�Q�J�¶�V�� �P�R�G�X�O�L�� �D�Q�G�� �Y�R�O�X�P�H�W�U�L�F�� �I�U�D�F�W�L�R�Q�V�� �R�I��

individual phases) from respective data analytics. As shown by the error percentages, none of 

�D�O�O�� �I�R�X�U�� �X�S�V�F�D�O�L�Q�J�� �P�R�G�H�O�V�� �F�D�Q�� �U�H�D�V�R�Q�D�E�O�\�� �D�F�F�X�U�D�W�H�O�\�� �S�U�H�G�L�F�W���W�K�H�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�L�� �R�I�� �W�K�H�� �W�Z�R��

bulk rocks: while these models overpredict the �<�R�X�Q�J�¶�V���P�R�G�X�Ous of bulk rock KS-45 by 32.8% 

to 51.9%, they underestimate that of bulk rock KS-52 by 26.2% to 50.7%. 

 

Figure 3-12 Comparison of the Young's moduli of the bulk rocks determined by 

statistical nanoindentation and by upscaling models: (a) KS-45 and (b) KS-52. 
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Although the meso or macro scale mechanical properties of the two studied sandstones 

were not obtained in this study by traditional experiments (e.g., uniaxial or triaxial compression 

and elastic wave velocity methods) to further validate the results from the cross-scale 

nanoindentation technique, due to the limited number and poor quality of the core samples, 

published results on the Young's modulus of the bulk sandstones from the same reservoir 

formation but different wellbores and various depths can be found in the literature. Zhang et 

al. (Zhang et al. 2015) and Yang et al. (Yang et al. 2015) reported that the static and dynamic 

Young's moduli of the sandstone samples range from 38 to 66 GPa and from 59 to 77 GPa, 

respectively. Yin et al. (Yin et al. 2017) reported static and dynamic Young's moduli of 26�±39 

and 46�±61 GPa, respectively. Wang et al. (Wang et al. 2020) obtained the Young's moduli of 

32�±66 GPa from triaxial compression testing. These values vary widely, most likely due to the 

heterogeneity of the tested rock samples, such as compositional variations, microstructural 

changes, and possibly sample quality. Nevertheless, results from the nanoindentation testing 

are all within the reported ranges of these macroscopic testing. 

 

 

 

 

 

 

 



96 

 

Table 3-3 �&�R�P�S�D�U�L�V�R�Q�� �R�I�� �W�K�H�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�L�� �R�I��the bulk rocks determined by statistical 

nanoindentation and by different upscaling models, including the percentage of errors in the 

modeling results. 

Sample Upscaling model 
�<�R�X�Q�J�¶�V���0�R�G�X�O�X�V��E (GPa) (error, %) 

PDF CDF GMM 

KS-45 

Surround effect 45.1 49.3 50.0 
Mori-Tanaka 68.5 (51.9) 70.0 (42.0) 68.9 (37.8) 

Kuster-Toksöz 67.6 (49.9) 67.9 (37.7) 67.5 (35.0) 
Self-Consistent 67.2 (49.0) 68.4 (38.7) 66.4 (32.8) 

DEM 67.4 (49.4) 68.9 (39.8) 67.3 (34.6) 

KS-52 

Surround effect 56.7 57.6 57.6 
Mori-Tanaka 36.7 (-35.3) 34.1 (-40.8) 39.3 (-31.8) 

Kuster-Toksöz 40.0 (-29.5) 36.6 (-36.5) 42.5 (-26.2) 
Self-Consistent 39.2 (-30.9) 36.9 (-35.9) 40.3 (-30.0) 

DEM 31.4 (-44.6) 28.4 (-50.7) 29.7 (-48.4) 
 

�7�K�H���I�D�L�O�X�U�H���R�I���W�K�H�V�H���P�R�G�H�O�V�¶���S�U�H�G�L�F�W�L�R�Q�V���L�V���Z�R�U�W�K���I�X�U�W�K�H�U���G�L�V�F�X�V�V�L�R�Q����It is well known 

that the MT model has three major limitations: (1) the model is only suitable for composites 

with low volumetric fractions of inclusions; (2) the microstructure is assumed to be 

homogeneous, ignoring the effects of size and number of inclusions; (3) the model is based on 

the Eshelby tensor (Eshelby 1957) and the inclusions are assumed to be ellipsoidal in shape. 

As shown in Table 3-1, the phase with the highest fraction (i.e., 53.50 vol.%) in KS-45 is quartz 

and hence is chosen as the matrix in the MT model, but the microstructure (Figure 3-5) shows 

that this constituent phase does not form a homogeneous, continuous matrix, but a discrete 

network of inter-connected and inter-contacted particles. On the other hand, if quartz is treated 

as �D�Q�� �L�Q�F�O�X�V�L�R�Q�� �S�K�D�V�H���� �W�K�H�Q�� �L�W�V�� �Y�R�O�X�P�H�W�U�L�F�� �I�U�D�F�W�L�R�Q�� �L�V�� �W�R�R�� �K�L�J�K�� �W�R�� �E�H�� �F�R�Q�V�L�G�H�U�H�G�� �D�V�� �D�� �³�O�R�Z-

�I�U�D�F�W�L�R�Q���L�Q�F�O�X�V�L�R�Q�´���L�Q���W�K�H���0�7���P�R�G�H�O�����$�V���V�X�F�K�����W�K�H���0�7���P�R�G�H�O���F�D�Q�Q�R�W���\�L�H�O�G���D�F�F�X�U�D�W�H���S�U�H�G�L�F�W�L�R�Q��

for this rock. For KS-52, the clay matrix, which can be considered as a homogeneous medium 

(Figure 3-6), accounts for 45.6 vol.% (Table 3-1), and other non-clay phases have relatively 
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lower fractions. However, the particle sizes of all these non-clay phases are still very small 

(Figure 3-6), and hence can even be merged into the matrix. This may be the major reason for 

the failed prediction of the MT model for KS-52. Finally, the inclusions in these two rocks are 

never ellipsoidal in shape. Instead, platy micas, highly irregular, angular, anhedral quartz, and 

even concave particles may exist as inclusions. For example, for KS-45, since quartz is chosen 

as the matrix, the clay matrix as the pore filling phase can have any shapes. The deviation of 

the �L�Q�F�O�X�V�L�R�Q�¶�V��actual shapes from the model-assumed one can definitely causes errors in its 

predictions.  

The DEM model is only applicable to three-phase composites. As shown in Table 3-1 and  

 

 

 

 

 

Table 3-2, both rocks consist of 4-5 mechanically distinct phases. As such, some prior 

homogenization was performed in order to be able to apply this model. For example, for KS-

45, prior manual homogenization of quartz and feldspar �L�Q�W�R�� �D�� �Y�L�U�W�X�D�O�� �³�4�)�� �S�K�D�V�H�´ was 

performed using the weighted average of quartz and feldspar found in the rock; For KS-52, 

sinc�H���F�D�O�F�L�W�H���D�Q�G���P�L�F�D���K�D�Y�H���Q�H�D�U�O�\���W�K�H���V�D�P�H���<�R�X�Q�J�¶�V���P�R�G�X�O�L����Figure 3-11), there is no need to 

perform this extra step of manual pre-homogenization. Nevertheless, the performance of this 

model is similar to that of MT model. Therefore, the microstructure (including the fractions 

and particle sizes of different phases) plays a significant role in the predictive capability and 

performance of the upscaling models.  
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Although it is not discussed here in detail, the other two models considered in this study 

may also encounter the same constraints, and the underlying reasons for the failed predictions 

warrant further investigation. Nevertheless, in general, most micromechanics-based elasticity 

upscaling models usually treat a heterogeneous composite with two subdivided categories: a 

homogeneous matrix with granular inclusions. Such a treatment may work well for fine-

grained rocks such as shales where low-fraction coarse particles may exist as floating and non-

contact solid inclusions. However, the formation of sandstones usually starts with gravitational 

deposition of sand particles that leads to the creation of a highly compacted, inter-contacted 

granular skeleton or network, followed by the in-situ diagenesis through which pores are 

gradually filled by the cementing agents or other fine-grained constituents. As such, sandstones 

in general are highly compacted, granular framework or network systems, but not matrix-

inclusion ones. This may be the one key underlying reason for the failed predictions of all these 

upscaling models.  

 

3.8 Discussion 

3.8.1 Advantages of Data Analytics 

 In summary, the developed data analytics involving three different statistical 

deconvolution techniques can all lead to the determination of elastic moduli of both individual 

constituents at the nano/micro- scale and bulk rock at the macroscale. Surprisingly, the results 

are remarkably consistent. However, if 2-D datasets are available, GMM-based deconvolution 

should be preferred over the other two methods that may group two or more compositionally 

dissimilar phases with similar mechanical properties into a unified one. On the other hand, the 

PDF-based deconvolution is the most intuitive and straightforward. With the newly developed 
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BSI method for the determination of optimal bin size required for the construction of the 

histograms from experimental data, the BSI criterion can also implicitly determine the optimal 

number of constituents in the composite. As such, for 1-D datasets, the improved PDF method 

has more advantages than the CDF one.  

 

 Further noteworthy are the advantages of the developed data analytics (Luo et al. 2020), 

no matter which statistical deconvolution method is used. Extensive results can be obtained 

from the CSM-based, big-data nanoindentation combined with the new data analytics, 

including the number, volumetric fractions, and properties of mechanically distinct phases in 

the rocks. Moreover, the surround effect model can overcome the constraints for the 

requirement of highly polished surface as well as the high load capacity of the nanoindenter 

for indentation loading and provide estimates of the appropriate indentation depths for 

determination of mechanical properties of both individual phases and bulk materials, and such 

data can also be used to roughly evaluate the characteristic sizes of different individual phases.  

 

3.8.2 Upscaling Models 

In this study, although much effort was made to apply four different homogenization 

and upscaling models for all results obtained by the three different deconvolution techniques, 

it appears that none of them can make predictions agreeable with experimental data, at least 

for the two studied sandstones. However, plenty evidences show that some of the upscaling 

models work well for shales and other composites (Hu and Weng 2000; Chen et al. 2016; Liu 

et al. 2016a; Kong et al. 2019; Luo et al. 2020). While the two samples may likely be two 

special anomalies, extra caution should be taken in using these models to homogenize and 
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upscale the elasticity of sandstones. In addition, based on this study, the microstructure (e.g., 

texture, packing, and sizes of different constituents) of the sandstones as well as other 

composites also plays a dominant role in their mechanical response and affects the applicability 

of these upscaling models. Therefore, it is always desired to characterize the microstructure of 

the studied rocks, and such effort should become a routine practice in the pursuit of macroscale 

properties of bulk composites via upscaling and homogenization or vice versa (i.e., inverse 

analysis to determine the properties of a constituent phase if the properties of the bulk rock are 

known). Finally, since these upscaling models do not function well for sandstones, macroscale 

mechanical testing, such as triaxial or other geophysics-based approach for elasticity 

measurements on large-sized samples, should be performed to obtain the properties of the bulk 

rock. In cases if no large samples are available, the cross-scale indentation technique combined 

with the developed data analytics, as described in this paper, is a viable alternative to these 

macroscopic testing, and even provides additional benefits, such as the depth-dependent 

changes and profiling of properties over a large depth range across different scales. 

 

3.9 Conclusions 

This paper presents a comprehensive study of the mechanical properties of two 

sandstones via integrated cross-scale big data statistical nanoindentation testing and 

micromechanics-based homogenization and upscaling modeling. Results from compositional 

analysis and microstructural imaging via XRD and SEM respectively further aid the 

interpretation and understanding of the cross-scale mechanical properties of the rocks. Based 

on the above analyses of experimental and modeling results, the following conclusions can be 

drawn: 
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�x The two sandstones have dissimilar mineralogical compositions and contrasting 

microstructures, and the latter plays a more important role than the former in controlling 

their distinct mechanical properties; 

�x All three (i.e., PDF, CDF, and GMM) statistical deconvolution techniques can yield 

similar or same results. However, GMM is preferred if 2-D datasets are available. For 

1-D dataset, the improved PDF deconvolution involving the BSI method should be 

used, as it provides a rational way to select the appropriate bin size for histogram 

construction and to determine the number of independent variates in the mixed 

experimental dataset; 

�x The new big data analytics consisting of data segmentation, statistical deconvolution, 

results re-assembly, and surround effect modeling, originally developed for shales, is 

also applicable to sandstones, and such approach can yield a suite of data, including the 

number, fractions, and cross-scale properties of mechanically distinct phases in a 

composite; 

�x Extra caution should be taken in applying some micromechanics-based 

homogenization and upscaling models or their inverse analysis to sandstones, although 

they may work well for fine-grained shales and other composites. 
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4 CHAPTER 4 CHARACTERIZATION OF SHALE 

SOFTENING BY LARGE VOLUME -BASED 

NANOINDENTATION  

4.1 Introduction 

With the ever-increasing demand for cleaner fuels and the development of shale gas 

recovery technologies (e.g., hydraulic fracturing, horizontal drilling), the supply and 

consumption of shale gas play a vital role in economic developments (Giger et al. 1984). In 

the petroleum industry, hydraulic fracturing, a widely used key technology for improved 

extraction of oil and gas from shales and other tight formations (King 2012), is usually assisted 

or enhanced by other stimulation techniques to keep pre-existing fractures open and further 

create new extensive fracture networks for permeation of oil and gas in tight rocks. In general, 

mainly because of the environmental and economic concerns, water-based hydraulic fracturing 

fluids are used, but they are also loaded with various chemical stimulants (e.g., acid) and 

additives (e.g., guar gum, proppants) for enhancing and improving oil and gas recovery rate, 

maintaining wellbore stability, minimizing well deterioration, and even preventing damage to 

the reservoirs. As such, extensive fluid-chemical-rock interactions may take place during 

various stages of operation, including initial drilling, subsequent hydraulic fracturing, 

stimulation treatments, and hydrocarbon extraction. 
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Shale is a multi-phase, porous, sedimentary rock or composite material mainly 

consisting of naturally occurring inorganic solid minerals (e.g., quartz, calcite, pyrite, and clay 

minerals) and organic matter (e.g., kerogens). It is well recognized that some of the solid 

minerals can be involved in primarily chemical reactions and secondarily physical interactions 

with the hydraulic fracturing fluids and the additives therein, such as dissolution and 

degradation of carbonate-based cementation (Sun et al. 2016), oxidation of pyrite and the 

resulting formation of acid (Rimstidt and Vaughan 2003; Chandra and Gerson 2010), and 

hydration and swelling of clay minerals (Chenevert 1970; Anderson et al. 2010), among others. 

These reactions and interactions are in fact regarded as the basic factors influencing the 

mechanical properties of both individual minerals and the bulk rock, some of which may 

become significant and even dominant in deep underground with elevated temperatures and 

pressures. As such, implementation of hydraulic fracturing for shale gas recovery still faces 

some challenges. One of the most critical issues is that the permeability of the fracture networks 

can be significantly reduced within a relatively short period after extraction commences, as 

indicated by a dramatic decrease in daily production rate usually after 6-12 months (Baihly et 

al. 2010). To date, an array of mechanisms that may lead to the decrease in fracture 

permeability, including unloading-induced swelling of the bulk rock (Pimentel 2003), fines 

migration (Pope et al. 2009), proppant diagenesis (LaFollette and Carman 2010), proppant 

crushing (Terracina et al. 2010), and proppant embedment (Huitt and Mcglothlin Jr. 1958), 

among others, has been identified and studied to various extents. For instance, a widely 

recognized hypothesis for the rapid reduction in shale gas production rate is that the fine-

grained, negatively-charged clay minerals in shales can interact with fracturing fluids, 
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particularly water together with the dissolved cations, via such processes as hydration, 

diffusion, absorption, adsorption, and permeation, leading to the swelling and softening of the 

clay matrix as well as the bulk rock (Du et al. 2018), which in turn causes significant proppant 

embedment and hence reduction in fracture permeability (Baihly et al. 2010), especially in 

clay-rich shales (Alramahi and Sundberg 2012). As a result, the hydraulically induced fracture 

networks are negatively impacted by shale softening. Therefore, to minimize this impact and 

maximize the long-term production of hydrocarbons from shale reservoirs, understanding the 

complex physical and chemical interactions between the solid minerals and fracturing fluids, 

as well as pertinent consequences (i.e., softening), are of key importance to the oil and gas 

industry. 

Traditional macroscopic measurements (e.g., uniaxial compression, triaxial testing) 

have been previously adopted to study the softening behavior of intact shale cores (Minh et al. 

2004; Lin and Lai 2013), and results indicate that their mechanical properties are obviously 

altered by rock-fluid interactions. However, macroscopic element testing can only yield the 

mechanical properties, averaged on all solid phases, of the bulk rock mass, but is not capable 

of unveiling the mechanisms behind the complex rock-fluid interactions, nor the thickness of 

the softened layer. For instance, hydration and softening of the rock usually commence from 

the exterior surfaces, yet the effect of a thin softened layer on the exterior of a standard-sized 

triaxial specimen on its strength may not be readily discerned from those of other factors such 

as sample variability, pre-existing microcracks or joints, or other experimental errors. Over the 

past two decades, with the emergence of nanoindentation, an instrumented, nondestructive 

indentation technique, the mechanical properties of a variety of materials at the micro- to nano-

meter scales can be probed (Oliver and Pharr 1992, 2004a). Recently, nanoindentation has 
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been extended from monolithic materials to multi-phase composites, particularly those with 

solid inclusions, in order to characterize the in-situ mechanical properties of individual phases 

within the composites (Ulm and Abousleiman 2006a; Bobko and Ulm 2008; Bennett et al. 

2015; Yang et al. 2018). In fact, by using a grid indentation technique (Constantinides et al. 

2006), the insights into the mechanical properties of individual phases of composite materials 

(e.g., shale, concrete) with solid inclusions can be uncovered on even miniature specimens of 

small sizes or volumes. However, this technique still has some limitations (e.g., insufficient 

experimental data for statistical analysis,  only one specific indentation depth for the entire 

measurement), and hence the examined sample volume is still relatively small. Therefore, it is 

of significant practical importance to develop a new nanoindentation technique that can be 

implemented as an efficient tool for the study of mechanical properties of both the individual 

phases and bulk rock of shales, especially for characterization of the microscopic softening 

behavior of shales subject to fluid-chemical-rock interactions. 

In reality, fluid-rock interactions initially commence inside the fractures with the fluid 

front gradually advancing from the surfaces into the interior through the inherent nano/micro-

pore systems within the shale. As such, the mechanical properties of the softened shale may 

vary with depth or the distance from the rock-fluid interface (i.e., the fracture surface), since 

the rock may experience different degrees of softening reactions at different depths. Hence, it 

is of great significance to study the shale softening behavior on the basis of a large volume or 

depth, enabling the assessment of gradient changes in the mechanical properties over depth 

(i.e., the profile of the mechanical properties over depth). Moreover, if a series of 

measurements can be conducted on identical samples subject to different durations of softening 

reactions, then it becomes feasible to estimate the rate of softening advancement (i.e., how fast 
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the softening process advances inside the rock). In this paper, the �<�R�X�Q�J�¶�V���P�R�G�X�O�L of intact 

shale and pertinent alterations caused by softening are evaluated by a novel, large volume 

(LV)-based statistical nanoindentation technique. This technique is capable of providing a 

viable, powerful, and repeatable tool to accurately characterize the shale softening behavior as 

a bulk composite as well as the softening-induced changes in the mechanical properties of 

individual phases at the micro- to nano-meter scales along the entire softened zone. It can also 

be implemented as part of a design and optimization protocol for screening various stimulants 

and additives used in hydraulic fracturing and oil/gas production operations. 

 

4.2 Materials and Methods 

4.2.1 Samples and Sample Preparation 

The studied shale samples were recovered in a horizontal well of 2,300 to 2,500 m in 

depth from the Longmaxi Formation, Sichuan Basin, China. Cylindrical intact rock cores were 

used initially for macroscopic triaxial testing, and the fractured triaxial specimens were then 

used in this study. These fragments were further divided into two groups: while relatively 

smaller chips were used for mineralogical analysis, the larger blocks with known orientation 

of the bedding planes were carefully selected for mechanical testing (Figure 4-1).  



 107 

 

Figure 4-1 Sample preparation for nanoindentation and softening treatment: (a) fractured 

triaxial specimen fragment; (b) Polished shale specimen embedded in acrylic with a trench; (c) 

three-dimensional perspective of the specimen and embedding acrylic with a trench filled with 

water; (d) Hydrothermal treatment of shale in water at 95 �•  for 30 days. 

 

To prepare samples for nanoindentation testing, a carefully selected shale fragment was 

cut by a carbide-tipped saw blade into a cuboid with dimensions of ~ 15 × 15 × 13 mm, 

followed by embedding into a fast-setting acrylic (Buehler Inc., Illinois, USA) to facilitate 

subsequent surface polishing and to ensure that water flows or permeates into the specimen 

only from the polished surface along the vertical direction, but not from the four sides or 

bottom surface (Figure 4-1b and c). A circular trench encompassing the cuboid was created by 

pre-embedding a strand of sacrificial modeling clay that was subsequently removed upon 
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complete curing of the acrylic, leaving an empty groove surrounding the specimen. During the 

embedment process, special caution was taken to ensure enough space between the specimen 

and modeling clay strand used to form the trench when pouring the liquid acrylic (Figure 4-1c). 

In addition, an open-ended plastic tube attached to the indenter tip house was also used to 

loosely enclose the tested sample disk. During actual measurements, the trench was filled with 

deionized (DI) water and then the plastic tube was lowered to enclose the sample disk. As such, 

a ~100% relative humidity was maintained inside the tube and drying of the wet shale specimen 

was prevented or minimized during the entire measurement.  

The specimen surface parallel to the depositional bedding plane was chosen to accept 

indentation loading. To minimize the effect of surface roughness on result accuracy (Miller et 

al. 2008), the exposed surface was first polished successively in a MetaServ 250 polishing 

machine (Buehler Inc., Illinois, USA) using sandpapers of different grain finenesses from P180 

to P4000, and the final polishing used �H�[�W�U�D�� �I�L�Q�H�� �D�O�X�P�L�Q�D�� �V�X�V�S�H�Q�V�L�R�Q�� �F�R�Q�V�L�V�W�L�Q�J�� �R�I�� �������� ���P��

alumina powder and a mixture of  ethanol and ethylene glycol at a 1:1 volumetric ratio. At the 

end of each polishing step, the sample surface was rinsed with ethanol, but not water, to avoid 

the potential hydration of clay minerals within the shale. As a result, a highly smooth and flat 

surface with minimized hydration or wetting of clay minerals was prepared for subsequent 

nanoindentation testing.  

 

4.2.2 X-ray Powder Diffraction 

X-ray diffraction (XRD) was employed to determine the mineralogical composition of 

the shale sample. Small rock chips were first crushed in a percussion mortar and then wet 

ground in a McCrone Micronizing Mill (The McCrone Group, Westmont, IL) for 15 mins to 



 109 

pulverize the sample into a powdery slurry with particle sizes of < 4 µm (Locock et al. 2012). 

Propan-2-ol (i.e., C3H7OH) was used as the grinding liquid to minimize the grinding-induced 

damage to crystal structure, particularly clay minerals, in the shale. The powder slurry was 

then oven-dried at 105-110 �•  for 24 hours before XRD characterization.  

Another purpose of the XRD analysis was to examine whether the polishing process 

would cause undesired chemical reactions or change in the mineralogical composition and 

hence the mechanical properties of the shale. In fact, ethylene glycol ((CH2OH)2), an organic 

compound widely used to expand the d-spacings of smectite or other swelling clay minerals 

(Moore and Reynolds 1997), may induce the swelling of expandable clay minerals (if any is 

present) that may further influence the mechanical properties of the bulk rock. Such 

interactions would negatively affect the nanoindentation results. Therefore, part of the 

aforementioned powder was further inundated in the ethanol-ethylene glycol (at a 1:1 

volumetric ratio) mixture for 24 hours, followed by oven-drying prior to XRD characterization. 

For quantitative analysis, 10 wt.% zincite (ZnO) used as an internal standard was 

thoroughly mixed into the dried powder. To achieve better random orientation of platy clay 

minerals, the razor-tamped surface (RTS) method (Zhang et al. 2003) was adopted to prepare 

the powder mount on the sample holder. All diffraction patterns were obtained in a PANalytical 

�;�¶�3�H�U�W PRO X-ray diffractometer (Almelo, Netherlands) equipped with a Ni filter, using Cu-

K�. radiation (�� = 1.5418 Å) generated at 45 kV and 40 mA, a continuous scan range of 2º-64º 

2��, and a scan speed of 1º 2��/min. Profex, an open-source program with the Rietveld refinement 

method (Doebelin and Kleeberg 2015), was used to perform both qualitative and quantitative 

analyses of the acquired XRD patterns. 
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4.2.3 Nanoindentation Testing 

Nanoindentation typically involves pushing a small and sharp indenter made of very 

hard materials (e.g., usually diamond) into a softer sample during which the load (F) and depth 

(h) are recorded (Figure 4-2). The F-h curves are then analyzed to extract the mechanical 

properties of the tested material by, for example, the Oliver and Pharr method (Oliver and Pharr 

1992). The contact stiffness S is defined as the slope of the initial unloading curve at the 

maximum depth hmax: 

 max
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d

h h
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� �  (4.1) 

The reduced modulus Er is then determined based on the contact stiffness via the 

following equation: 
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where �� is a dimensionless correction factor for indenter geometry and �� = 1.05 is commonly 

adopted for a Berkovich indenter, Ac is the projected contact area, which can be calculated from 

the calibrated tip function, defined as: 
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where Cj (j = 0, 1, 2, 8) are constants calibrated with the results of standard materials (e.g., 

fused silica, aluminum) with known mechanical properties; hc, the contact depth, can be 

determined by the Oliver and Pharr method (Oliver and Pharr 1992, 2004a), 
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where hs is the purely elastic deflection of the sample surface at the contact perimeter, Fmax is 

the maximum load, and �0 is a geometric constant for the indenter (for a Berkovich tip, �0 = 0.75). 

To account for the elastic deformation occurring in both a non-rigid indenter and the sample, 

�W�K�H���<�R�X�Q�J�¶�V modulus of the sample can be extracted by the following relationship (Johnson 

1985; Doerner and Nix 1986): 

 
22
i
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E E E

����
�  � � (4.5) 

where E and v are the Young's modulus and Poisson's ratio of the sample, and Ei and ��i are the 

same parameters of the indenter, respectively. For a diamond indenter, Ei and ��i are 1141 GPa 

�D�Q�G�� ������������ �U�H�V�S�H�F�W�L�Y�H�O�\���� �7�K�H�� �3�R�L�V�V�R�Q�¶�V�� �U�D�W�L�R��is squared in the above equation and hence its 

variation has little effect on the calculated sample modulus E ���0�H�Q�þ�t�N���H�W���D�O�����������������0�H�V�D�U�R�Y�L�F��

and Fleck 1999; Saha and Nix 2002). A constant �3�R�L�V�V�R�Q�¶�V���U�D�W�L�R���R�I����������was assumed for both 

the intact and hydrated shale samples.  
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Figure 4-2 Schematic of nanoindentation testing: (a) penetration of indenter into the sample; 

(b) the recorded load-displacement curve showing the loading/unloading cycle under the CSM 

mode. 

 

All nanoindentation tests were conducted in a Keysight G200 nanoindenter (Keysight 

Technologies, Inc., Santa Rosa, CA) equipped with a Berkovich diamond indenter with a tip 

radius of < 20 nm. Indentation loading employed a continuous stiffness measurement (CSM) 

method, which imposed a small displacement-controlled harmonic oscillation with a frequency 

of 45 Hz and an amplitude of 2.0 nm on the primary monotonic loading signal and allowed the 

harmonic contact stiffness to be continuously determined. Hence, based on Eqs. (1-5), the 
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�<�R�X�Q�J�¶�V���P�R�G�X�O�X�V of the tested material was determined as a function of indentation depth. In 

addition, all indentation tests were run with an allowed thermal drift rate of < 0.05 nm/s, a 

constant indentation strain rate �È/h of 0.05 s-1 to a maximum load of 625 mN, which resulted 

in maximum indentation depths of 3000 to 6000 nm depending upon the indented locations 

(e.g., relative hard quartz particles vs. relatively soft clay matrix), and a 60-second holding 

time at the maximum load prior to unloading. 

A total of 21 matrices of indents, each of which consisted of a 7 �u 7 grid with a spacing 

of 200 �Pm, were conducted on different, randomly selected zones of the polished sample 

surface, resulting in a total of 1029 indentation measurements on each surface. After 

indentation unloading, all residual indents were carefully examined and imaged with the built-

in optical microscope. Before statistical analysis, pre-screening of the F-h curves combined 

with the careful examination of the corresponding residual indent images (e.g., indent 

geometry, coincidence of indentation points with pores or voids) was conducted to remove and 

discard these obvious outliers, ensuring that all data included in the statistical analysis had 

certain reliability. 

 

4.2.4 Large Volume (LV)-based Nanoindentation 

In this study, a novel technique, LV-based statistical nanoindentation, was developed 

for the first time to study the shale softening behavior, including the rate of softening 

advancement, and to further uncover the physico-chemical mechanisms controlling the 

softening phenomenon. After indentation measurements were conducted on the untreated (or 

non-hydrated) sample surface to obtain the baseline reference data, the indented layer with a 

thickness much greater than the depth of the residual indents was removed via polishing. The 
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polished sample was then inundated for 30 days in DI water at an elevated temperature of 95 �•  

to simulate the deep underground hydrothermal environment encountered in hydraulic 

fracturing and subsequent oil/gas extraction processes (Figure 4-1d). 

Such a treated sample was then further probed by the so-called LV-based indentation, 

which consisted of two steps (Figure 4-3): (1) the same grid indentation technique described 

above was used to collect meaningful data from the polished surface (denoted as polished depth 

d = 0) by performing a massive number (i.e., 7 �u 7 �u 21 = 1029) of indents at randomly selected 

locations; (2) the indented surface layer with a thickness much greater than the depth of 

residual indents was sacrificially removed by further polishing, to eliminate the elasto-plastic 

zone induced by prior indentation loading. These steps were sequentially repeated by 

alternating indentation and polishing with the sacrificial layer-by-layer removal of the pre-

indented surface layer. As such, interested data at different, carefully measured polished depths 

(i.e., d = 0, 15.0, 142.5, 314.0 �Pm) beneath the original surface were obtained. The experiment 

was stopped when the results from a freshly polished surface at depth were approximately the 

same as the baseline reference data from the untreated surface. With this technique, the 

�<�R�X�Q�J�¶�V���P�R�G�X�O�L of mechanically distinct phases can be statistically extracted from the massive 

datasets obtained from a series of polished depths (i.e., d = 0 to 314.0���Pm or a large volume). 

Moreover, the subtle changes in the mechanical properties of different phases at different 

depths can be quantitatively analyzed to characterize the shale softening behavior.  
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Figure 4-3 Schematic of the large volume-based indentation technique: alternatingly indenting 

the hydrothermally treated surface and removing prior indented layer via polishing.  

 

4.2.5 Statistical Deconvolution 

Statistical deconvolution of the massive indentation data was performed based on their 

cumulative distribution function (CDF) (Ulm et al. 2007). Its advantage over the probability 

density function (PDF)-based method is that the former eliminates the need for selecting an 

appropriate bin size required for generating the PDF plots required in subsequent statistical 

analysis. For a random variable (x) with a normal distribution, the cumulative distribution 

function is given by: 
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where �� is the mean value, and �1 standard deviation.  

For a multiphase composite, the experimentally obtained �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �R�I�� �H�D�F�K��

phase is a random variate, assumed to follow the Gaussian distribution. The cumulative 
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distribution function, gdata(x), of all experimental data obtained from the composite can be fitted 

by the following function: 

 data 1 1 1 2 2 2( ) ( , ) ( , ) ... ( , )n n ng x a F x a F x a F x�P �V �P �V �P �V� �� �� ��  (4.7) 
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where n is the number of phases in the composite, which can be determined by XRD, and ai is 

the volumetric fraction of each individual phase. Then, the least squares method is used to find 

the optimal values of ��i, �1i, ai, where i � ���������������������«����n, from 
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To avoid the excessive overlap of the neighboring Gaussian variates, the deconvolution 

results were further constrained by DeJong and Ulm (DeJong and Ulm 2007): 

 1 1i i i i�P �V �P �V� � � ��� �d ��  (4.10) 

For each mineral phase, initial values, �Pi0 and �Vi0, required as input for deconvolution 

were derived from the published data (as described later in Table 4-2). Results derived from 

the statistical deconvolution include the volumetric fraction ai, mean �Pi, and standard deviation 

�Vi of all mechanically distinct phases. 

Since the CSM method provided t�K�H���F�R�Q�W�L�Q�X�R�X�V�� �P�H�D�V�X�U�H�P�H�Q�W�V�� �R�I�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V��

over the entire indentation depth (e.g., up to ~6000 nm), a novel statistical deconvolution 

technique was first used in this study: the continuous E-h curves were fragmented at different 

indentation depths with intervals of 250 and 500 nm for h < 2500 nm and h = 2500 to 6000 nm, 

respectively (Figure 4-4). This fragmentation resulted in a total of 17 data subsets, each of 
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which contained ~1029 dependent measurements at a fixed depth. Each of the 17 data subsets 

�R�Q�� �W�K�H�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �D�W�� �D�� �I�L�[�H�G�� �L�Q�G�H�Q�W�D�W�L�R�Q�� �G�H�S�W�K�� �Z�D�V�� �W�K�H�Q�� �X�V�H�G�� �W�R�� �F�R�Q�V�W�U�X�F�W�� �W�K�H�� �G�H�S�W�K-

dependent CDF plot that was then deconvoluted by the aforementioned method. As such, 

depth-�G�H�S�H�Q�G�H�Q�W�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�L�� �R�I�� �G�L�I�I�H�U�H�Q�W�� �P�L�Q�H�U�D�O�� �S�K�D�V�H�V�� �Z�H�U�H�� �R�E�W�D�L�Q�H�G���� �D�Q�G�� �W�K�H��

�G�H�S�H�Q�G�H�Q�F�H�� �R�I�� �W�K�H�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �X�S�R�Q�� �L�Q�G�H�Q�W�D�W�L�R�Q�� �G�H�S�W�K�� �Z�D�V�� �I�X�U�W�K�H�U�� �I�L�W�W�H�G�� �E�\�� �D�� �Q�H�Z�O�\��

proposed �³�V�X�U�U�R�X�Q�G�� �H�I�I�H�F�W�´�� �P�R�G�H�O���� �D�V�� �G�H�V�F�U�L�E�H�G�� �E�H�O�R�Z���� �0�R�U�H�R�Y�H�U���� �W�K�L�V�� �H�Q�W�L�U�H�� �S�U�R�F�H�V�V�� �Z�D�V��

repeated for each of the 4 freshly polished surfaces (i.e., at 4 polished depths, d = 0, 15.0, 142.5, 

314.0 �Pm). In summary, massive data from 5 freshly polished surfaces (including 1 untreated 

surface and 4 polished surfaces on the softened sample), each with ~1029 indents to indentation 

depth of up to 6000 nm that were fragmented into 17 data subsets, were analyzed, resulting in 

85 CDF-based deconvolutions,  each with ~1029 data entries.  

 

Figure 4-4 Fragmentation of the E-h curves from one 7 pd 7 matrix of indents at different 

indentation depths.  
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4.2.6 Surround Effect Model 

The substrate effect has been observed on the nanoindentation data obtained from thin 

films (Tsui and Pharr 1999; Saha and Nix 2002), and much effort made to characterize and 

analyze the mechanical properties of thin films by eliminating the substrate effect. For instance, 

a common rule of thumb for measuring the film-only properties is that the indentation depth 

should be limited to <10% of the film thickness. Both finite element analysis (e.g., Fischer-

Cripps (Fischer-Cripps 2007)) and nanoindentation experiments (e.g., Saha and Nix (Saha and 

Nix 2002)) have been conducted to study the effects of the substrate on the determination of 

mechanical properties of thin films. In fact, at large indentation depths, the elastic zone beneath 

the indenter tip is not constrained only within the film, but rather expands to the substrate. 

Although the analogy between the thin film-substrate system and heterogeneous 

multiphase shale was previous recognized (e.g., Constantinides et al. (Constantinides et al. 

2006)), this phenomenon has not been modeled explicitly, but rather used for the selection and 

optimization of an appropriate indentation depth for testing heterogeneous materials (e.g., 

shale, concrete). �,�Q�� �W�K�L�V�� �S�D�S�H�U���� �D�� �Q�H�Z�O�\�� �S�U�R�S�R�V�H�G�� �³�V�X�U�U�R�X�Q�G�� �H�I�I�H�F�W�´�� �P�R�G�H�O���� �V�L�P�L�O�D�U�� �W�R�� �W�K�H��

substrate effect model proposed by Wei et al. (Wei et al. 2009), was used to analyze the depth-

dependent variations of t�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I���H�D�F�K��individual phase, excluding the interface 

between two mechanically contrasting phases (as described in Section 4.3.4 in details):  
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where t is the characteristic length scale of the individual phases; Y and �� are two constants 

that can be determined through the model fitting; Ep and Ec �D�U�H���W�K�H���S�U�H�G�L�F�W�H�G���<�R�X�Q�J�¶�V���P�R�G�X�O�L��

of the individual phases and the bulk rock, respectively; E is the varying �<�R�X�Q�J�¶�V modulus at 
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a specific indentation depth. The deconvoluted data from Section 4.2.6 obtained on each of the 

5 polished surfaces were then fitted by this surround effect model using a statistical analysis 

program SAS (SAS Institute, Inc., North Carolina, USA), leading to the determination of Ep 

and Ec�����W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�L���R�I���L�Q�G�L�Y�L�G�X�D�O���S�K�D�V�H�V���D�Q�G���W�K�H���E�X�O�N���U�R�F�N�����U�H�V�S�H�F�W�L�Y�H�O�\�� 

 

4.3 Results and Discussion 

4.3.1 Mineralogical Composition 

Figure 4-5 compares the diffraction patterns of the wet-ground powder samples with 

and without prior ethanol-ethylene glycol treatment. As shown in the figure, the two patterns 

are visually identical, and no shift in the diffraction reflections takes place, indicating that the 

polishing liquid consisting of ethanol and ethylene glycol causes no changes in the d(00l) 

spacings of clay minerals or in the mineralogical composition. If the shale contained 

expandable clay minerals such as smectite or vermiculite, the swelling of these expandable 

minerals caused by the solvation of ethylene glycol into the interlayer space would alter their 

mechanical properties and hence the bulk shale. As such, comparison of the diffraction patterns 

further validate that the adopted water-free polishing method has no discernible effects on the 

�V�D�P�S�O�H�¶�V���P�L�Q�H�U�D�O�R�J�L�F�D�O���F�R�P�S�R�V�L�W�L�R�Q. 
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Figure 4-5 XRD patterns of the studied shale sample with and without treatment in polishing 

liquid. 

Table 4-1 summarizes the mineralogical composition of the shale obtained from 

quantitative XRD analyses. Relatively hard minerals, including quartz and albite (a plagioclase 

feldspar), are the major phases that make up 68.8 wt.% of the bulk rock. Due to the high 

fractions of hard minerals, especially quartz at a fraction of 43.4 wt.%, it can be inferred that 

the shale is expectedly relatively brittle with a high elastic modulus and hardness and can be 

easily fractured to create extensive fracture networks (Rickman et al. 2008; King 2010). On 

the other hand, calcite and clay minerals (i.e., chlorite, illite, and muscovite), which are 

considered as cementing or bonding materials that fill the natural pores and cracks in shale 

formations, are minor phases with a fraction of 2.3 and 27.2 wt.%, respectively. Also, a small 

amount of pyrite (2.0 wt.%), a common mineral found in shales, is also present. Due to the 

non-crystalline nature of organic matter (e.g., typically kerogen), the amorphous phase with a 

percentage of 1.7 wt.% is likely the organic matter. 
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Table 4-1 Composition of the studied shale sample. 

Mineral name 
Fraction 

(wt.%) 
Specific gravity 

Volumetric fraction 

(vol.%) 

Chlorite 5.2 2.6 5.3 

Illite  10.0 2.6-3.3  8.9 

Muscovite 12.0 2.8-3.0  10.9 

Quartz 43.4 2.6 43.8 

Albite 23.4 2.6 23.6 

Calcite 2.3 2.7 2.2 

Pyrite 2.0 5.0-5.1  1.3 

Organic matter 1.7 1.06 4.0 

 

 With the knowledge of the specific gravity of individual minerals, the volumetric 

fractions p of individual phases can be converted from their mass percentages M via the 

following equation: 
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where n is the total number of identified phases, M is the mass percentage of individual 

minerals derived from quantitative XRD analysis, and Gs is the specific gravity of individual 

minerals. Also shown in this table is the volumetric fraction of these minerals that are estimated 

based on their mass fractions and specific gravities from the literature (Speight 2005). The 

volumetric fractions obtained by XRD will be subsequently used to determine the number of 

mineral phases used in statistical deconvolution.  
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4.3.2 Nanoindentation Behavior 

Figure 4-6 shows some typical residual indents on the untreated and hydrothermally-

treated sample surfaces: while two are located at the interface between hard solid particles and 

clay matrix (Figure 4-6a and c), the other two are made on quartz particles (Figure 4-6b and 

d), which can also be verified by the corresponding indentation load-depth curves. For example, 

since quartz is a very hard and stiff mineral, the size or depth of the residual indents made on 

a quartz particle is much smaller than that on clay matrix or other softer phases (e.g., organic 

matter). Again, the use of the CSM method ensures that the �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V of the shale 

sample over the entire indentation depth is acquired continuously.  

 

 

Figure 4-6 Selected optical images of polished sample surfaces showing residual indents at: (a) 

pyrite-quartz interface; (b) a quartz particle; (c) pyrite-quartz interface; (d) a quartz particle. (a) 

and (b): untreated sample surface; (c) and (d): treated sample surface. 
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As mentioned earlier, a total of 21 matrices of indents were performed on each polished 

surface, and it would be infeasible to show all of these curves. As examples, Figure 4-7a and 

b �V�K�R�Z���V�R�P�H���W�\�S�L�F�D�O���U�H�V�X�O�W�V���R�I���W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�E�W�D�L�Q�H�G���I�U�R�P���R�Q�H��7���u 7 matrix of indents 

(i.e., 49 measurements) on the untreated and hydrothermally-treated surfaces respectively. 

Obviously, almost all the curves show a depth-�G�H�S�H�Q�G�H�Q�W�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �Z�L�W�K�� �U�H�O�D�W�L�Y�H�O�\��

larger variations at shallow depths and then gradually converge with increasing depth. Some 

curves �V�W�D�U�W���Z�L�W�K���D���V�P�D�O�O�H�U���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���D�W���V�K�D�O�O�R�Z���G�H�S�W�K�V�����Z�K�L�F�K���W�K�H�Q gradually increases 

with depth, while others show the opposite trend. Although the preset maximum indentation 

depth is 6000 nm, most of the E-h curves from the untreated surface (Figure 4-7a) end at h = 

~4000 to 5000 nm due to the limitation of maximum load capacity (i.e., set to 625 mN), which 

also affects the maximum achievable indentation depth (e.g., if the indent is made on a 

relatively hard particle such as quartz, then the maximum achievable indentation depth is 

smaller). In contrast, for the hydrothermally-treated surface (Figure 4-7b), most E-h curves 

reach the preset maximum depth of 6000 nm, indicating that the hydrothermal treatment even 

at ambient pressure can soften the shale, particularly at the shallow surface layer. Such 

softening can also be verified by a simple comparison of the arithmetically averaged E values 

for all 49 indents at a relatively large indentation depth (e.g., h = 3000 nm): the untreated 

surface has an average E of 50.8 GPa, while the treated surface has an average E of 29.2 GPa, 

a 42.5% reduction caused by the hydrothermal treatment. In fact, as discussed later, the 

�<�R�X�Q�J�¶�V moduli at lager indentation depths can be used to approximate the bulk property, and 

�W�K�H�� �U�H�G�X�F�W�L�R�Q�� �L�Q�� �W�K�H�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �R�I�� �W�K�H�� �E�X�O�N�� �U�R�F�N�� �L�V�� �D�� �F�O�H�D�U�� �L�Q�G�L�F�D�W�R�U�� �R�I�� �V�R�I�W�H�Q�L�Q�J. In 

summary, the two sets of E-h curves in Figure 4-7 demonstrate the representative features of 

the mechanical response over the entire indentation depth for all other indentation 
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measurements, and it can be concluded that the �V�K�D�O�H�¶�V �<�R�X�Q�J�¶�V���P�R�G�X�O�X�V is obviously altered 

by prolonged hydrothermal treatment (i.e., 30 days inundation in water at 95 �• ). 

 

Figure 4-7 Example CSM indentation results from a 7 �u 7 matrix of indents showing the 

dependence �R�I�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V��on indentation depth: (a) untreated sample; (b) 

hydrothermally treated sample. 

 

4.3.3 Statistical Deconvolution 

The CDF-based deconvolution requires the number of total phases in the rock as an 

input parameter. Based on the XRD analysis (Table 4-1), the shale contains 8 different minerals 

in total. However, since the platy clay particles are very small, usually with a typical planar 
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dimension of < 2���Pm and a thickness of < 0.2 �Pm (i.e., the thickness is 1/10 of the planar 

dimension or even smaller), it is impossible to detect and discern the independent mechanical 

response of individual clay particles even at indentation depth as small as h = 250 nm, which 

may induce an elastic zone of 10 �u h = 2.5 �Pm in size. Such an elastic zone size well exceeds 

the clay particle thickness (i.e., 0.2 �Pm). Moreover, as a sedimentary rock, secondary 

interparticle and pore-filling cementation such as calcite exists throughout the entire rock, and 

the cementation minerals may be very tiny owing to the size constraints of initial pores (i.e., 

voids prior to the precipitation of cementation minerals). As such, all clay minerals together 

with the inter-particle cementation minerals (e.g., calcite) are treated as a homogenized clay 

matrix. Finally, pyrite usually exists as spherical framboids consisting of numerous nano-sized 

crystals, and the studied shale only contains 1.3 vol.% pyrite. Statistical nanoindentation may 

not be able to detect pyrite separately due to either its too low volumetric fraction or its too 

small particle size. Therefore, pyrite is also included in the clay matrix. In summary, the clay 

matrix consists of two clay minerals (i.e., chlorite and illite), a cementation mineral (i.e., 

calcite), and a low-fraction and small-sized mineral (i.e., pyrite). From Table 4-1, the sample 

contains other four phases, muscovite, quartz, albite, and organic matter, at a significant 

volumetric fraction, which are expected to be discernable by nanoindentation. Finally, those 

indents with a finite, but not infinitesimal depth may coincidently be located at the interfaces 

of different minerals, particularly hard minerals such as quartz and the relatively softer clay 

matrix. Then the mechanical response to indentation loading is determined by the indenter-

induced elasto-plastic zone encompassing both the hard and soft minerals. With increasing 

indentation depth, such a virtual phase is easier to detect and becomes more pronounced. In 

conclusion, a total of 6 mechanically distinct yet indentation-discernible mineral phases are 
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used for the CDF-based deconvolution.  

 

Figure 4-8 Example results of deconvolution �R�I�� �<�R�X�Q�J�¶�V���P�Rdulus: (a) overall CDF and the 

deconvoluted CDF for individual phases; (b) PDF derived by taking the first-order derivative 

of CDF. 

As an example, Figure 4-8a shows typical CDF-based deconvolution results from 

~1029 indents at depth of h = 250 nm, made on the untreated sample. The six mechanically 

distinct phases are respectively assigned as organic matter (e.g., kerogen in voids), clay matrix, 

interface between hard and soft phases (e.g., clay matrix-quartz interface), albite, muscovite, 

�D�Q�G���T�X�D�U�W�]���L�Q���W�K�H���R�U�G�H�U���R�I���L�Q�F�U�H�D�V�L�Q�J���<�R�X�Q�J�¶�V���Podulus. Figure 4-8b shows the corresponding, 
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visually more intuitive PDF curves obtained by taking the first-order derivative of the CDF 

curves. Based on the deconvoluted CDF or PDF curves, the statistical mean and standard 

�G�H�Y�L�D�W�L�R�Q���R�I���H�D�F�K���S�K�D�V�H�¶�V���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���D�U�H���R�E�W�D�L�Q�H�G���� 

For the untreated sample surface, similar deconvolutions are performed at other 

selected indentation depths (e.g., h = ���������� ���������� ���������� �«���� ������������ ������������ �«���� ���������� �Q�P����Error! 

Reference source not found.). Such a series of �D�Q�D�O�\�V�H�V���\�L�H�O�G�V���D���G�D�W�D�V�H�W���O�L�Q�N�L�Q�J���W�K�H���<�R�X�Q�J�¶�V��

modulus of each individual mineral with indentation depth, which are plotted in Figure 4-9a. 

Clearly, these data points stay apart at shallow indentation depths, and then gradually converge 

with increasing depth. Such a relationship between �W�K�H���<�R�X�Q�J�¶�V modulus of individual phases 

and indentation depth is fitted by the surround effect model, and the results are shown in Figure 

4-9b where the indentation depth is plotted at a logarithmic scale to show clearly the trend at 

smaller depths and to ease the data-fitting of the surround effect model. The five fitting curves 

of the surround effect model for the 5 mineral phases (i.e., excluding the interface as a virtual 

phase) show some interesting features: (1) �W�K�H���<�R�X�Q�J�¶�V modulus of relatively hard minerals 

(e.g., quartz) gradually decreases with depth, while that of soft phases (e.g., clay matrix) shows 

the opposite trend; (2) all five fitting curves converge to a nearly constant value or a narrow 

band, ~45 GPa, at larger depths (e.g., h > 10 �Pm), which is regarded as �W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V��

of the bulk rock (i.e., as a composite), because the relatively large elasto-plastic zone beneath 

the indenter tip may encompass all major minerals that act together as a composite to resist the 

indentation loading; ���������W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�L���R�I���W�K�H�V�H���I�L�W�W�L�Q�J���F�X�U�Y�H�V���D�W���Y�H�U�\���V�P�D�O�O���L�Q�G�H�Q�W�D�W�L�R�Q��

depth (e.g., h = 0.1 �Pm) are the in-situ moduli of individual mineral phases, which are usually 

difficult to obtain due to the surface roughness and surface contamination. However, statistical 

indentation makes it possible to determine the in-situ mechanical properties of individual 
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mineral phases virtually at an infinitesimal depth; (4) Particularly noteworthy is �W�K�H���<�R�X�Q�J�¶�V 

modulus of a virtual phase, the interface between the soft and hard minerals, which has little 

variation over the entire indentation depth and is just slightly less than that of the bulk rock. 

As such, it might be feasible and practically attractive to conduct indentation measurements 

�S�D�U�W�L�F�X�O�D�U�O�\���R�Q���W�K�H���L�Q�W�H�U�I�D�F�H�V���R�I���K�D�U�G���D�Q�G���V�R�I�W���P�L�Q�H�U�D�O�V�����D�Q�G���W�K�H�Q���X�V�H���W�K�H���L�Q�W�H�U�I�D�F�H�¶�V���<�R�X�Q�J�¶�V��

�P�R�G�X�O�X�V���W�R���D�S�S�U�R�[�L�P�D�W�H���W�K�H���E�X�O�N���U�R�F�N�¶�V���H�O�D�V�W�L�F�L�W�\�� Finally, the You�Q�J�¶�V���P�R�G�X�O�L���R�I���L�Q�G�L�Y�L�G�X�D�O��

phases are derived from the fitted surround effect model at a theoretical indentation depth h = 

0, and results are shown in Table 4-2, �Z�K�L�F�K���D�U�H���L�Q���H�[�F�H�O�O�H�Q�W���D�F�F�R�U�G���Z�L�W�K���W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�L��

of these minerals found in the literature. In fact, such a good agreement can also validate the 

accuracy of the results as well as the pertinent CDF-based deconvolution method. 

 

Table 4-2 Summary of the �<�R�X�Q�J�¶�V�� �P�R�G�X�Oi of individual minerals determined by statistical 

deconvolution. 

Mineral This study (GPa) Reported value (GPa) 

Quartz 92.2  87.2-105.8 (Liu et al., 2016) 

Muscovite 77.5  79.3±6.9 (Zhang et al., 2009) 

Albite 62.0  62.0±6.0 (Zhu et al., 2007) 

Clay matrix 29.2  26.0±5.7 (Bennett et al., 2015) 

Organic matter 9.3  0.0-25.0 (Eliyahu et al., 2015) 

 

4.3.4 Characterization of Softening Behavior 

Results presented in the prior section yield the baseline elastic properties of the 

�X�Q�W�U�H�D�W�H�G�� �V�D�P�S�O�H���� �7�K�H�� �F�K�D�Q�J�H�V�� �L�Q�� �W�K�H�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �R�I�� �W�K�H�� �K�\�G�U�R�W�K�H�U�P�D�O�O�\ treated or 

softened sample were investigated by the LV-based statistical indentation, which are shown in 
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Figure 4-10. T�K�H�� �G�H�F�R�Q�Y�R�O�X�W�H�G�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�L�� �R�I�� �G�L�I�I�H�U�H�Q�W�� �P�L�Q�H�U�D�O�� �S�K�D�V�H�V�� �D�W�� �Y�D�U�\�L�Q�J��

indentation depth h as well as four different polished depths d (i.e., different from h) are 

compared and are fitted by the surround effect model in this figure. In general, the polished 

depths are much greater than the indentation depths. 

A simple comparison between Figure 4-9b and Figure 4-10a indicates that �W�K�H���<�R�X�Q�J�¶�V 

moduli of all minerals at the softened surface (i.e., at the polished depth d = 0) are significantly 

smaller than those of correspondingly respective phases in the untreated sample (i.e., the 

baseline data). For example, �W�K�H�� �<�R�X�Q�J�¶�V moduli of quartz, muscovite, and albite are all 

reduced, despite their chemically relatively stable nature. In fact, prior work also showed that 

�W�K�H���<�R�X�Q�J�¶�V moduli of all soft and hard minerals in different shale formations decreased after 

exposure to the 2 wt.% KCl slick water fracturing fluids (Akrad et al. 2011). This phenomenon 

�L�V���D�W�W�U�L�E�X�W�H�G���W�R���W�K�H���V�L�J�Q�L�I�L�F�D�Q�W���V�R�I�W�H�Q�L�Q�J�����L���H�������W�K�H���G�H�F�U�H�D�V�H���L�Q���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���I�U�R�P�������������W�R��

16.5 GPa) of the clay matrix that acts as a foundation supporting and enclosing those hard 

minerals. If the paritical sizes of these hard minerals are not sufficiently large, the indentation-

induced elastic zone can expand beyond these particles into the softened clay matrix. As such, 

the softening and weakening of the clay matrix can cause the whole hard mineral particles to 

sink into the clay matrix under indentation loading (Leisen et al. 2012). In general, this is also 

the so-�F�D�O�O�H�G���³�V�X�U�U�R�X�Q�G���H�I�I�H�F�W�´�����3�U�D�F�W�L�F�D�O�O�\�����X�S�R�Q���S�U�R�O�R�Q�J�H�G��exposure of the fractured surfaces 

to fluids, especially in a hydrothermal environment, proppants together with the hard minerals 

may easily embed into the softened clay matrix.  
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Figure 4-9 The dependence o�I���<�R�X�Q�J�¶�V���P�R�G�X�O�L���R�I���L�Q�G�L�Y�L�G�X�D�O���S�K�D�V�H�V���R�Q���L�Q�G�H�Q�W�D�W�L�R�Q���G�H�S�W�K�������D����

deconvoluted results plotted at the linear scale; (b) curve-fitting with the surround effect model. 

 

Particularly noteworthy is the reduction (i.e., from 9.3 to 3.8 GPa) in �W�K�H�� �<�R�X�Q�J�¶�V 

modulus of a soft phase, organic matter (i.e., typically kerogen), which  usually co-exists with 

clay minerals in the pores and cracks of shale (Salmon et al. 2000; Kuila et al. 2014) and is 

commonly considered as hydrophobic materials that rarely react or interact with water (Hu et 
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al. 2016b). In view of �W�K�L�V���� �U�H�G�X�F�W�L�R�Q�� �L�Q�� �W�K�H�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �R�I�� �R�U�J�D�Q�L�F�� �P�D�W�W�H�U�� �F�D�Q�� �E�H��

attributed to the decrease in the mechanical properties of the clay matrix, or interpreted by the 

�³�V�X�U�U�R�X�Q�G���H�I�I�H�F�W�´�� 

All fitting curves of the surround effect model for different phases converge at larger 

indentation depths (e.g., h > 10 �Pm) to a value also significantly smaller than that of the 

untreated sample. This converged value, regarded as the property of the bulk rock, further 

demonstrates the softening phenomenon caused by the prolonged hydrothermal treatment. In 

summary, after hydrothermal treatment, the �<�R�X�Q�J�¶�V���P�R�G�X�O�L��of both individual minerals and 

the bulk shale are significantly reduced.  

Similarly, Figure 4-10b to d summarize the results for the other three polished depths 

(i.e., d = ���������������������������D�Q�G�����������������P), measured from hydrothermally treated or softened surface. 

In Fig. 10b, �W�K�H���<�R�X�Q�J�¶�V modulus of the clay matrix is almost the same as that of the original 

softened surface (Figure 4-9b), suggesting that the clay matrix at this polished depth (i.e., d = 

15.0 ���P beneath the original surface) is still fully hydrated or completely softened, same as 

the original surface that is in direct contact with water. In Figure 4-10c, the Yo�X�Q�J�¶�V modulus 

of the clay matrix is significantly greater than that of the previous two polished depths (i.e., d 

= 0 and 15.0 ���P), indicating that the clay matrix at this polished depth (i.e., d = ���������������P����is 

likely just partially hydrated or softened after 30-�G�D�\�¶�V���K�\�G�U�R�W�K�H�U�P�D�O���W�U�H�D�W�P�H�Q�W�����,�Q���R�W�K�H�U���Z�R�U�G�V����

clay mineral hydration or water-shale interactions may take place at this depth, but not to the 

maximum extent, since the infiltration or permeation of water into tight formations such as 

shale takes time. Finally, in Figure 4-10d, �W�K�H���<�R�X�Q�J�¶�V moduli of each mineral are almost the 

same as the baseline reference data obtained from the untreated sample, indicating that the 

material at this polished depth has not yet been affected by the softening treatment. The small 
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differences may be caused by experimental errors, sample heterogeneity, and the statistical 

deconvolution technique. 

 

Figure 4-10 Deconvoluted results and fitting curves of the surround effect model at different 

polished depths: (a) d = 0, the initial water-rock contact surface; (b) d = 15 µm; (c) d =  142.5 

µm; (d) d = 314 µm.  

 

�7�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�L���R�I���L�Q�G�L�Y�L�G�X�D�O���S�K�D�V�H�V���R�E�W�D�L�Q�H�G���I�U�R�P���W�K�H���I�R�X�U���S�R�O�L�V�K�H�G���G�H�S�W�K�V���R�I���W�K�H��

hydrothermally treated sample as well as the untreated surface (i.e., the baseline reference) are 

collectively summarized and plotted in Table 4-3 and Figure 4-11, respectively. It can be seen 

�W�K�D�W���W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�L��of all phases decrease significantly, when compared with the baseline 

data, due to prolonged hydrothermal treatment at elevated temperatures leading to shale 

softening. For example, �W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I���F�O�D�\���P�D�W�U�L�[���G�H�F�U�H�D�V�H�V���I�U�R�P�������������W�R�������������*�3�D��

(i.e., a 43% reduction), while that of the bulk rock decreases from 47.3 to 30.6 GPa (i.e., a 35% 

reduction). Another striking feature is that the �<�R�X�Q�J�¶�V modulus of each mineral gradually 
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increases with increasing polished depths, indicating that the degree of softening is not uniform 

with depth, or the softening advancement takes time. In general, the deeper the tested surface, 

�W�K�H���V�P�D�O�O�H�U���W�K�H���U�H�G�X�F�W�L�R�Q���L�Q���W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V�����R�U���W�K�H���Z�H�D�N�H�U���W�K�H���K�\�G�U�D�W�L�R�Q���R�I���F�O�D�\���P�L�Q�H�U�D�O�V����

For instance, it is reported in the literature that the degree of softening is significantly 

influenced by extent of clay minerals swelling (Wong 1998). At the cumulative polished depth 

�R�I�� �a�������� ���P�����W�K�H�� �F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �R�I�� �H�D�F�K�� �L�Q�G�L�Y�L�G�X�D�O�� �P�L�Q�H�U�D�O�� �H�Y�H�Q�W�X�D�O�O�\��

recovers back to the baseline reference values of the untreated sample. It is then reasonable to 

postulate that the softening reaction has not advanced to this depth. Therefore, the average rate 

of softening advancement, defined by the ratio of total thickness of the softened layers to the 

�W�R�W�D�O���W�U�H�D�W�P�H�Q�W���W�L�P�H�����L�V���H�V�W�L�P�D�W�H�G���D�V���a�������������P���G�D�\�����6�X�F�K���D���Y�D�O�X�H���F�D�Q���R�Q�O�\���E�H���R�E�W�D�L�Q�H�G���Y�L�D���V�P�D�O�O��

scale measurements, such as the LV-based nanoindentation developed in this study, but not by 

macroscale measurements such as triaxial element testing.  
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Table 4-3 Comparison of the �<�R�X�Q�J�¶�V�� �P�R�G�X�Oi of different mineral phases and bulk rock at 

different polished depths. 

Polished depth 

(���P) 

Young's modulus (GPa)   

Quartz Muscovite Albite 
Clay 

matrix 
Organic 
matter 

Bulk 
rock 

 

Untreated surface 

(baseline data) 
92.2 77.5 62.0 29.2 9.3 47.0 

 

0 70.6 58.8 43.5 16.5 3.8 31.1  

15.0 79.4 61.3 48.0 16.2 3.0 32.8  

142.5 82.2 65.2 47.8 20.0 5.4 38.6  

314.0 89.3 75.7 60.5 27.7 9.1 48.0  
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Figure 4-11 �&�K�D�Q�J�H�V���L�Q���W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I���L�Q�G�L�Y�L�G�X�D�O���S�K�D�V�H�V���Z�L�W�K���G�H�S�W�K���F�D�X�V�H�G���E�\���W�K�H��

�K�\�G�U�R�W�K�H�U�P�D�O���W�U�H�D�W�P�H�Q�W�����V�K�R�Z�L�Q�J���W�K�D�W���W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�L���U�H�F�R�Y�H�U���E�D�F�N���W�R���W�K�H���L�Q�L�W�L�D�O���E�D�V�H�O�L�Q�H��

values. 

 

4.3.5 Discussion on Softening Mechanisms 

Based on the above results obtained from a relatively large volume (or at least a large 

depth) when compared with conventional nanoindentation testing (e.g., only a few 

micrometers in depth), �W�K�H�� �<�R�X�Q�J�¶�V moduli of the bulk shale as well as individual mineral 

phases significantly decrease after hydrothermal treatment, but such a reduction gradually 

diminishes at large depths inside the rock. Multiple factors may induce shale softening, 

including (but not limited to) clay mineral hydration and swelling, dissolution of certain solid 

phases (e.g., carbonates), unloading-induced rebounding/swelling, and oxidation of certain 

minerals (e.g., pyrite). Of these different mechanisms,  the hydration and swelling of clay 

minerals have been considered to be the most important one leading to the weakening and 

instability of the shale rock. From the quantitative mineralogy analysis (Table 4-1), the studied 

shale sample contains 10.0 wt.% illite and 5.2 wt.% chlorite, which can interact with water due 

to their physico-chemically active surfaces and the adsorbed cations therein. While no 

expandable layers (e.g., smectite, vermiculite) are present in this shale, osmotic swelling of 

clay minerals, but no interlayer swelling, still takes place, which usually results from the 

difference in cation concentrations of the pore fluid close to the clay surface and of the bulk 

pore fluid (Madsen and Müller-Vonmoos 1989). Prior studies have shown that the swelling of 

clay minerals induced by either interlayer expansion or osmotic swelling may force clay 

particles partially separate from each other (i.e., slaking) and hence reduce the contact areas 
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among particles when subjected to external loads, thereby reducing the mechanical properties 

of the rock (Amorim et al. 2007; Yuan et al. 2014).  

The electrical double layer (EDL) repulsion induced by the fracturing fluid-clay 

interactions is another factor contributing to shale softening. The EDL thickness of clays (e.g., 

Na-smectite in distilled water) can be quite significant compared to the size of pores and cracks 

in shale (Mojid and Cho 2006), which can give rise to unfavorable electrostatic repulsion 

between particles as well as increased pressure to the pores and cracks in shale (Du et al. 2018). 

Moreover, as a sedimentary rock, the mechanical properties of shale are also strongly 

influenced by surface forces (e.g., van der Waals forces, solid-solid bonds or cementations) 

between particle contacts, which can also be altered or broken by shale-fluid interactions 

(Boozer et al. 1963; Spencer 1981; Murphy III et al. 1986; Tutuncu and Sharma 2002; Tutuncu 

et al. 2002). In addition, the liquid infiltrated into shale is able to act as a lubricant and hence 

reduces the internal frictional resistance of mineral particles.  

A peculiar mineral, pyrite, is usually found in various shale formations. Upon exposure 

to air, pyrite can be easily oxidized (Lowson 1982; Nordstrom 1982), leading to the formation 

of sulfuric acid, which can in turn dissolve carbonates, a typical cementation agent. Such an 

oxidization reaction is also usually accompanied by the generation of significant heat, causing 

thermal expansion and hence cracking of the rock. Although the studied shale only has a 

limited fraction of pyrite (e.g., 2.0 wt.%), its oxidization can still cause calcite dissolution, and 

the thermal expansion may lead certain microcracking of the rock. Both processes can have 

negative impact on the mechanical performance of the rock.  

 



 137 

In summary, a variety of physical and chemical mechanisms contribute to the softening 

of shale rock. Under the combined effects of various factors discussed above, the mechanical 

properties of the clay matrix as well as the bulk shale are significantly reduced by prolonged 

hydrothermal treatment. All of these mechanisms require the presence of water (and air to a 

lesser extent). As such, the rate of softening advancement from the exterior surface to the 

interior of the rock is controlled by permeation of water through or inside the rock. Via the 

newly developed LV-based statistical nanoindentation, the softening rate is determined as 

10.5���Pm/day. Given that the coefficient of hydraulic conductivity of most shales ranges from 

0.09 to 86.4���Pm/day (Neuzil 1994; Pope et al. 2009), it can be concluded that water permeation 

or infiltration basically dominates the rate of softening. This finding is of key interest to the 

petroleum industry because of its practical significance for the design and operation of oil/gas 

recovery projects. 

 

4.4 Conclusions 

In this paper, a newly developed large volume (LV)-based statistical nanoindentation 

technique was successfully employed to quantitatively characterize the shale softening 

behavior. The mechanisms of softening, including the degree (i.e., as reflected by the change 

�L�Q���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V�����D�Q�G���U�D�W�H���R�I���V�R�I�W�H�Q�L�Q�J�� are determined and analyzed by statistical analysis 

of massive experimental data as well as a newly proposed surround effect model. The main 

conclusions can be drawn as follows: 

�x CDF-based statistical deconvolution of the massive indentation data over large 

indentation depths (e.g., 6000 nm) combined with the surround effect model yields the 
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determination of the mechanical properties of individual minerals at the nano- to micro-

scales and the bulk rock at the macroscale, i.e., the cross-scale characterization of the 

mechanical properties of the rock. 

�x LV-based indentation measurements, achieved by sacrificial removal of the prior 

indented layers, can uncover the extend of shale softening, as reflected by the 

�P�D�J�Q�L�W�X�G�H���R�I���U�H�G�X�F�W�L�R�Q���L�Q���W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I���W�K�H���L�Q�G�L�Y�L�G�X�D�O���S�K�D�V�H�V���D�Q�G���E�X�O�N���U�R�F�N����

as well as the rate of softening advancement, which is controlled by the intrinsic 

permeability of the rock. 

�x The LV-based indentation technique is of practical importance and can be implemented 

as a viable protocol for screening and optimizing various chemical stimulants and 

additives used in hydraulic fracturing and oil/gas production operations. 
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5 CHAPTER 5 CROSS-SCALE STRENGTHENING OF A 

SHALE BY NANOPARTICLES INFILTRATED INTO 

MICROFRACTURES AND MICROPORES  

5.1 Introduction 

As one type of common sedimentary rocks that frequently serves as hydrocarbon 

reservoirs, shale is frequently regarded as a problematic unconventional gas resource in 

petroleum industry when dealing with wellbore-related issues. In fact, wellbore instability, 

particularly in shales and fine-grained rocks, has been one of the long-standing issues 

confronted in wellbore drilling and hydrocarbon extraction processes due to the reactions 

between clay minerals and aqueous drilling fluids, which usually leads to severe economic 

losses ���$�E�D�V�V���H�W���D�O�����������������3�D�ã�L�ü���H�W���D�O�������������E�����1�J�X�\�H�Q���H�W���D�O�����������������*�R�P�H�]���D�Q�G���+�H���������������/�L�X���H�W��

al. 2016b; Yan et al. 2020). In recent years, the ever-increasing demand for cleaner energy and 

advanced oil and gas recovery technologies (e.g., horizontal drilling and multistage hydraulic 

fracturing) have become the key momentum for gaining in-depth understanding of the 

mechanical properties of shales, with targets such as maintaining or enhancing wellbore 

stability, minimizing reservoir deterioration, and improving oil and gas recovery. 

Shale is a kind of multiscale (i.e., from nano-sized clay minerals to macro-sized rock 

mass), multiphase (i.e., clay, silt, sand, cementation), heterogeneous composites mainly 

consisting of a nearly homogeneous clay matrix where clay particles are highly compacted and 

bonded by the post-depositionally precipitated cementing agents (e.g., calcite) as well as 

relatively coarser silt and sand particles as solid inclusions that are randomly embedded within 

the clay matrix (Ulm and Abousleiman 2006b; Bennett et al. 2015; Li et al. 2017). While 
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various factors (e.g., high pore pressure, fracturing/cracking, and hydration-induced softening) 

may contribute to the reduction or even loss of the mechanical strengths of the wellbore rocks, 

microfractures either naturally occurred or induced by drilling operations are among the 

dominant ones negatively affecting wellbore stability. On the other hand, nanoparticles, due to 

their tiny sizes, negligible weight, extremely high specific surface area, and chemically active 

surfaces with much enhanced mechanical and physicochemical properties, can be an ideal 

candidate that injected into the microfractures and micropores as solid fillers in the rock 

formation, even at the very deep sections of the wells, to improv�H���W�K�H���U�R�F�N�¶�V���V�W�U�H�Q�J�W�K���D�Q�G���R�W�K�H�U��

mechanical properties (Akhtarmanesh et al. 2013; Gao et al. 2016; Kang et al. 2016). However, 

most of the previous studies are conducted through an indirect way (e.g., pore plugging tests) 

to prove that the nanoparticle can actually be injected into the tight shale formation and thus 

strengthen the wellbore. To characterize the mechanical properties of such treated shale 

samples and further examine whether the microfracture/pore-fill ed nanoparticles can improve 

�R�U�� �H�Q�K�D�Q�F�H�� �W�K�H�� �V�K�D�O�H�¶�V�� �P�H�F�K�D�Q�L�F�D�O�� �S�U�R�S�H�U�W�L�H�V���� �E�R�W�K�� �D�Q�� �H�I�I�H�F�W�L�Y�H�� �Q�D�Q�R�S�D�U�Wicle injection 

technique and an accurate mechanical characterization method are essential to further promote 

the application of this technique in the petroleum industry. However, the constituent 

mineralogical phases in shale usually possess varying and dramatically dissimilar particle sizes 

and mechanical properties, and such inherent heterogeneities often make the measurements 

and interpretation of their mechanical properties difficult. 

Traditional macroscopic mechanical testing usually requires high-quality, minimally 

disturbed, representative core samples to acquire the elastic and strength parameters of the 

interested rock. However, recovery of reasonably-sized, undisturbed samples in deep shale 

formations (e.g., up to ~7000-8000 m in depth) is highly costly and challenging due to 
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sampling disturbance caused by the release of in-situ stresses and/or heat of the reservoirs. 

Even though the cylindrical core sample is available, as the ultralow permeability of shale, it 

may take forever for the nanoparticles to be fully injected into a cylindrical standard core 

sample, and thus the macroscopic mechanical tests may not be suitable for such kind of 

characterization. Moreover, these macroscopic measurements usually treat the rock mass as 

homogeneous continuous material and hence fail to differentiate the mechanical responses 

from various microscale individual constituents with different mechanical properties and 

inter/intra-constituent defects (e.g., pores, cracks). Therefore, new tools and techniques that 

can effectively facilitate nanoparticle infiltration tests and comprehensively characterize the 

mechanical properties of shales across different length scales, including individual constituent 

phases at the microscale and the bulk rock at the macroscale, are urgently needed. 

Nanoindentation, a non-destructive technique, has been successfully applied to 

characterize the mechanical properties (e.g., �K�D�U�G�Q�H�V�V�� �D�Q�G�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V���� �R�I�� �Y�D�U�L�R�X�V��

materials at the nano and micro scales (Oliver and Pharr 1992, 2004b). Assisted by means of 

statistical analyses, nanoindentation testing has been extended from the monolithic materials 

to multiphase composites and is capable of characterizing the in-situ mechanical properties of 

individual constituents of composites (Constantinides et al. 2006; Constantinides and Ulm 

2007; Zhu et al. 2007; Deirieh et al. 2012; Hou et al. 2016; Luo et al. 2018; Li et al. 2021a). In 

fact, typical nanoindentation testing only requires samples with a relatively smooth, flat surface 

that can be readily achieved by mechanical polishing, and samples with various geometries 

(e.g., irregular shapes, not necessarily standard cylinders or cubes) and sizes (e.g., as small as 

a few millimeters) can be used with easy or little sample preparation. Another significant 

advantage of nanoindentation testing is that a large number of measurements can be obtained 
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from even a small piece of rock fragments. For instance, it is virtually impossible to run a few 

hundreds of triaxial tests for a single project. However, obtaining a few thousands of 

indentation measurements is an easy and achievable task for indentation testing within a small 

piece of sample. Such a large quantity of data ensures the quality of the results and makes the 

statistical analysis feasible. Moreover, owing to the very small interacting volume between the 

indenter and sample (i.e., a small elastoplastic zone beneath the indenter tip), nanoindentation 

allows the in-situ determination of mechanical properties of individual phases or grains (e.g., 

crystal grains in metals, solid inclusions in shales and concretes) within the bulk material. Still, 

statistical nanoindentation technique is limited to the nano/micro-scale characterization of 

samples, and usually the macroscopic behaviors of the samples were acquired by some 

micromechanical homogenization methods. Until recently, big data statistical nanoindentation 

technique combined with pertinent data analytics for the processing of the massive 

measurement data obtained by continuous stiffness measurement (CSM) has been developed 

to profile continuously the mechanical properties of rocks, concretes, and other composites 

with solid inclusions over the entire indentation depth, accomplishing the cross-scale 

mechanical property characterization of both individual phases at the microscale and bulk 

material at the macroscale (Lu et al. 2020; Luo et al. 2020, 2021a; Wu et al. 2020b). Additional 

benefits of this special nanoindentation technique include the elimination of effects of 

heterogeneity (e.g., stratification, layering) between samples cored from different wellbore 

depths used in macroscopic mechanical testing on the accuracy of the experimental results (i.e., 

the homogeneity in a relatively small volume of rock is higher than that in a big volume likely 

consisting of bedding stratification and layering). 
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In this paper, the latest advancements in nano-instruments and nanometrology (e.g., big 

data nanoindentation technique) were used to eliminate the constraints of sample specifications 

(e.g., certain size, geometry) required by most conventional, macroscale mechanical 

measurement techniques (e.g., triaxial and direct shear testing), and to characterize the 

mechanical properties of shale samples infiltrated with nanoparticle suspensions by different 

carriers (e.g., water and oil), with an ultimate goal to understand whether injecting 

nanoparticles into shale fractures and pores can strengthen wellbore. To fulfill the infiltration 

testing and mechanical characterization, the microstructure and mineral composition of a shale 

rock, as well as its microfracture/pore network (e.g., caused by historical geological processes 

or engineering operations such as drilling), were characterized by microscopy, X-ray powder 

diffraction (XRPD), and computed tomography (CT). Then, an infiltration assembly was 

developed to facilitate the injection of nanoparticles into the sample for subsequent 

nanomechanical testing. Finally, the big data nanoindentation technique was used to measure 

the mechanical properties of shale samples with and without nanoparticle infiltration 

treatments, providing a quantitative evaluation of the impacts of infiltrated nanoparticles on 

�W�K�H���V�K�D�O�H�¶�V���P�H�F�K�D�Q�L�F�D�O���S�U�R�S�H�U�W�L�H�V�� 
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5.2 Materials and Methods 

5.2.1 Samples and Sample Preparation 

The studied shale sample was recovered from a vertical well in a caprock formation of 

an unconventional shale gas reservoir in Daqing, Northeastern China. Laboratory re-coring of 

the initial large intact core (~10 cm in diameter) was first performed to extract smaller cylinders 

of 3.5 cm in diameter for macroscopic stress-strain-strength measurements (e.g., triaxial 

testing). A large residual offcut from the re-coring was used in this study (Figure 5-1). Visually, 

the sample was light grey in color with left helical feed marks. 

 

Figure 5-1 The studied shale sample and sample preparation: (a) a small piece from an intact 

rock core; (b) an example of polished shale sample embedded in acrylic; (c) the instrumental 

setup facilitating the infiltration of nanoparticle suspension inside a flexible-wall permeameter.  

 

At first, seven thin cuboidal samples (i.e., I1 to M2) as detailed in Table 5-1 with 

dimensions of ~10 × 10 × 4 mm3 were trimmed in an IsoMet 1000 precision saw (Buehler Inc., 

IL, USA) from the large sample block for subsequent mechanical testing and microstructure 

characterization. These thin samples have the same orientation with their upper surfaces 

parallel to the bedding plane of the rock. The top surfaces of Samples I1 to I3 were selected 
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and polished for nanoindentation testing to acquire baseline data and the changes of mechanical 

properties after different treatments (e.g., water-based and oil-based nanoparticle suspension 

infiltration). Samples M1 and M2 were prepared for microstructure characterization (e.g., 

microscopy and elemental mapping) of shale before and after nanoparticle infiltration 

treatment, respectively. 

 

Table 5-1 Summary of the subdivided samples used in different characterization and testing. 

Sample 
identification Sample preparation Testing and 

characterization 

I1 Surface polishing Indentation 

I2a Surface polishing; water-based nanoparticle injection Indentation 

I2b Surface polishing; oil -based nanoparticle injection Indentation 

I3a Surface polishing; pure water injection Indentation 

I3b Surface polishing; pure oil injection Indentation 

M1 Surface polishing Microscopy; elemental 
mapping 

M2 Surface polishing; water-based nanoparticle injection Microscopy 

M3 Trimming X-ray computed 
tomography 

X1 Crushing and grinding X-ray diffraction 

 

Nanoindentation testing and elemental mapping require samples to possess highly 

smooth surfaces with minimized disturbance (Lucas et al. 1998; Miller et al. 2008), and hence 

surface grinding and polishing were performed on the cuboidal samples (i.e., I1 to I3, M1, and 

M2). First, samples were cured in the quick-setting acrylic (Buehler Inc., IL, USA) and 

hardened into a cylindrical acrylic-shale assembly (Figure 5-1), followed by preparatory 

grinding to remove excess acrylic on the top and bottom surfaces that may hinder the injection 
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of nanoparticles (see details in Section 5.2.3). Then, the top surface for nanoindentation testing 

and microstructure characterization were further finely polished in a MetaServ 250 polishing 

machine (Buehler Inc., IL, USA) using �%�X�H�K�O�H�U�¶�V�� �&�D�U�E�L�0�H�W�� �D�Q�G�� �0�L�F�U�R�&�X�W�� �V�L�O�L�F�R�Q�� �F�D�U�E�L�G�H��

grinding papers with grit size decreasing successively from P180 to P4000 (i.e., P180, P280, 

P400, P800, P1000, P1200, P1500, P2500, and P4000 with the equivalent grit sizes of 78, 52, 

35, 22, 18, 15, 13, 8, �D�Q�G���������P�����U�H�V�S�H�F�W�L�Y�H�O�\�������7�R���D�Y�R�L�G���F�O�D�\���P�L�Q�H�U�D�O���K�\�G�U�D�W�L�R�Q���D�Q�G���S�H�U�W�L�Q�H�Q�W��

disturbance to the sample surface, all samples were polished without using any aqueous 

polishing liquids. In addition, during polishing, the slowest rotation speed was always used, 

accompanied by frequent, intermittent prolonged pauses to help prevent samples from 

overheating. Furthermore, at the end of each polishing step, the sample surface was cleaned 

with pressurized filtered air to remove any debris caused by sample preparation process. 

Next, one more piece of shale sample (i.e., M3) was trimmed off from the sample block 

for three-dimensional (3D) microfracture characterization via computed tomography. The 

residual cuttings from the above trimming process were collected as Sample X1 that was used 

for compositional analyses. Sample X1 was further crushed in a percussion mortar to have the 

entire material pass through a 0.4 mm sieve, which were then wet ground with propan-2-ol 

(C3H7OH) in a McCrone micronizing mill (The McCrone Group, Westmont, IL, USA) for 10 

�P�L�Q���W�R���S�X�O�Y�H�U�L�]�H���W�K�H���V�D�P�S�O�H���L�Q�W�R���D���S�R�Z�G�H�U�\���V�O�X�U�U�\���Z�L�W�K���S�D�U�W�L�F�O�H���V�L�]�H�V���R�I�������������P��(Locock et al. 

2012). The powdery slurry was then oven-dr�L�H�G���D�W�����������•���I�R�U���������K�����U�H�V�X�O�W�L�Q�J���L�Q���D��uniform dry 

powder for X-ray powder diffraction (XRPD) analysis. 

 A commercially available nanoparticle, carbon black, frequently used as reinforcing 

filler in rubber industries, with a median diameter of 0.677 �Pm, was prepared with different 

solvents (e.g., distilled water and vegetable oil) to facilitate subsequent infiltration tests. To 
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prepare the nanoparticle suspensions, a constant weight of 2 to 4 g carbon black was 

mechanically blended, mixed, and diluted in the 350 mL liquid, and then vibrated in an 

ultrasonic vibrator (Thermo Fisher Scientific, Waltham, Ma, USA) to achieve a uniformly 

dispersed suspension. The detailed infiltration setup was described later. 

5.2.2 Compositional Analyses 

Both qualitative and quantitative mineralogical analyses of the shale sample were 

achieved by XRPD. For quantitative analysis, an internal standard, zincite (ZnO) powder, due 

to its rare existence in natural rocks, was added to the dry sample powder at 10 wt.% via 

thorough mixing to achieve a homogeneous mixture. Due to the presence of platy clay minerals 

that tends to present preferred orientation in the mixture, the razor-tamped surface (RTS) 

method (Zhang et al. 2003) was adopted to prepare the dry powder mounted onto the sample 

holder, which promotes better random orientation of platy particles and hence more accurate 

�T�X�D�Q�W�L�I�L�F�D�W�L�R�Q���� �7�K�H�� �G�L�I�I�U�D�F�W�L�R�Q�� �V�F�D�Q�� �Z�D�V�� �S�H�U�I�R�U�P�H�G�� �L�Q�� �D�� �3�$�1�D�O�\�W�L�F�D�O�� �;�¶�3�H�U�W�� �3�5�2�� �;-ray 

diffractometer (Almelo, Netherlands) equipped with a Ni filter, using Cu-�.�.�� �U�D�G�L�D�W�L�R�Q�� ������ � ��

1.5418 Å) generated at 45 kV and 40 mA, a continuous scan range of 2°�±64° 2��, and a scan 

speed of 1° 2��/min. Profex, an open-source program with the Rietveld refinement method 

(Doebelin and Kleeberg 2015), was used to perform both qualitative and quantitative analyses 

of the acquired diffraction pattern. 

 

5.2.3 Nanoparticle Infiltration 

To reveal the influence of nanoparticles on the mechanical properties of shale after being 

injected into the microfractures and pores, the highly polished samples (i.e., I2a, I2b, I3a, and 

I3b), except for Sample I1 that was us�H�G�� �W�R�� �R�E�W�D�L�Q�� �W�K�H�� �E�D�V�H�O�L�Q�H�� �G�D�W�D�� �R�I�� �V�K�D�O�H�¶�V�� �P�H�F�K�D�Q�L�F�D�O��
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properties, were then subjected to further treatments prior to subsequent nanoindentation 

testing (Table 5-1). Sample I2a was injected with a water-based nanoparticle suspension, and 

Sample I2b was injected with a nonaqueous oil-based nanoparticle suspension. It is well 

recognized that, the aqueous solvent, especially water, will have a negative impact on the 

mechanical performance of the clay-rich shale. Moreover, to estimate the influence of water 

�D�Q�G�� �R�L�O�� �W�K�D�W�� �Z�H�U�H�� �X�V�H�G�� �I�R�U�� �S�U�H�S�D�U�L�Q�J�� �Q�D�Q�R�S�D�U�W�L�F�O�H�� �V�X�V�S�H�Q�V�L�R�Q�V�� �R�Q�� �W�K�H�� �V�K�D�O�H�¶�V�� �P�H�F�K�D�Q�L�F�D�O��

properties, Samples I3a and I3b were treated with pure water and oil infiltration, respectively. 

Nanoparticle infiltration (e.g., Samples I2a, I2b, and M2) was achieved by flowing 

nanoparticle suspension through the acrylic-shale assembly (Figure 5-1b) under an appropriate 

hydraulic gradient. Theoretically, the acrylic is not permeable, and hence the nanoparticle 

suspension can only flow through the shale sample embedded in the middle of acrylic, 

preferably and most likely through those networks consisting of major microfractures and 

pores. The infiltration tests were completed in a flexible wall permeameter with necessary 

modifications that can control the inward and outward flow pressures and hydraulic gradient 

through the sample. Figure 5-1(c) shows the experimental arrangement of a highly polished 

shale sample in the permeability cell, where a porous stone, the sample, and a small cap were 

sequentially placed on the bottom cap of the cell. Then, they were wrapped and sealed by a 

latex membrane to isolate the shale sample from the chamber liquid that was used to impose 

the confining pressure. A curved lower surface was manufactured to the small-cap to ensure 

that the sample surface can be fully in contact with the nanoparticle suspension while 

infiltrating. During experiments, the nanoparticle suspension was injected from the upper 

surface of the sample under an appropriate hydraulic gradient, and the exit flow was vented 

through the porous stone and bottom cap and collected into a glass flask through the pipe. As 
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such, a customized top-down flow channel was formed, as indicated by the green arrows in 

Figure 1c. In the nanoparticle infiltration tests of this study, a hydraulic pressure of 850 kPa 

was applied to the upper side of the sample, and the lower side was connected to the atmosphere, 

resulting in a pressure difference of 850 kPa. To ensure a good seal between the membrane 

and the acrylic, a matching cell pressure of 1000 kPa was used. The above configuration 

specifically designed for the injection of nanoparticle suspensions was also used in the 

infiltration tests of pure water and pure oil (i.e., Samples I3a and I3b). 

 

5.2.4 Nanoindentation Testing 

A cross-scale, statistical nanoindentation technique (Luo et al. 2020) was used to probe 

the multiscale mechanical properties of the above-prepared samples, with an objective to 

�X�Q�F�R�Y�H�U�� �F�K�D�Q�J�H�V�� �L�Q�� �W�K�H�� �U�R�F�N�¶�V�� �P�H�F�K�D�Q�L�F�D�O�� �S�U�R�S�H�U�W�L�H�V�� �Z�L�W�K�� �Q�D�Q�R�S�D�U�W�L�F�O�H�V�� �L�Q�M�H�F�W�H�G�� �L�Q�W�R�� �W�K�H��

microfractures and pores. Nanoindentation typically involves pushing a small and sharp 

indenter made of very hard materials (e.g., diamond) into a relatively softer sample. The 

recorded load F versus indentation depth h curves are then analyzed to extract the mechanical 

�S�U�R�S�H�U�W�L�H�V�����L���H�������<�R�X�Q�J�¶�V���P�R�G�X�O�X�V��E and hardness H) of the tested material by, for example, the 

Oliver and Pharr (1992) method. 

In this study, all nanoindentation measurements were conducted in a Keysight G200 

nanoindenter (Keysight Technologies, Inc., Santa Rosa, CA, USA) equipped with a 

customized Berkovich diamond tip with a radius of < 20 nm and an effective depth of >25�����P����

Load was applied at a constant indentation strain rate �È/h of 0.05 s-1 to a preset maximum 

indentation depth of 8000 nm (which was also constrained by the maximum load capacity of 

620 mN) under the continuous stiffness measurement (CSM) mode, which imposed a small 
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displacement-controlled harmonic oscillation (e.g., 2.0 nm and 45 Hz respectively) on the 

primary monotonic loading signal and thus allowed the harmonic contact stiffness to be 

continuously determined, leading to the continuous extraction of depth-dependent data (e.g., 

�<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �D�Q�G�� �K�D�U�G�Q�H�V�V���� �W�K�D�W�� �F�D�Q�� �E�H�� �D�Q�D�O�\�]�H�G�� �W�R�� �W�U�D�F�N�� �W�K�H�� �S�U�R�S�H�U�W�\�� �Y�D�U�L�D�W�L�R�Q�V�� �Z�L�W�K��

depth. In addition, all indentation tests were run with an allowed thermal drift rate of < 0.05 

nm/s and a 60-second holding time at the maximum load prior to unloading.  

Sample I1 was first tested to obtain the baseline data of shale without nanoparticles being 

infiltrated into the microfractures and pores, followed by the other four samples (i.e., I2a, I2b, 

I3a, and I3b) with different treatments. Indentation loading direction was always perpendicular 

to the sample surface. For each sample, a total of 12 indent matrices, each of which consisted 

of a 10 �u ������ �J�U�L�G�� �Z�L�W�K�� �D�� �V�S�D�F�L�Q�J�� �R�I�� �������� ���P�� �E�H�W�Z�H�H�Q��neighboring indents to avoid negative 

interference and meet the statistical independence of indents (Sudharshan Phani and Oliver 

2019), was conducted on different, randomly selected zones of the polished sample surface, 

resulting in a total of 1200 indentation measurements on each sample. As such, a total of 6,000 

indents was obtained for subsequent statistical analyses. Moreover, upon the completion of 

each matrix of indents, 4 additional indents were made on fused silica, a standard calibration 

material, to re-check and validate the tip condition. If the calibration results showed tip 

contamination or other incorrect measurements, data from the previous matrix of 10 �u 10 

indents were discarded, and tip cleaning and recalibrating were conducted. As such, highly 

reliable, quality-ensured, and unprocessed indentation data were obtained by the grid 

indentation technique, allowing accurate interpretation of the results. 
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5.2.5 Microstructure Imaging 

Optical microscopy was used to examine and observe the polished surface of Sample 

M1 using the FT-UMS1002 Universal Measurement Stand system (FemtoTools, Zurich, 

Switzerland) with the purpose of validating the surface smoothness of the polished sample and 

observing the mineral distributions. Then, electron microscopy was used to explore further the 

microstructure details of the nanoparticle (i.e., carbon black) and shale samples. High-

resolution microstructure observations were conducted in an FEI Magellan 400 XHR-Scanning 

Electron Microscope (SEM) system (FEI company, Hillsboro, OR, USA) using secondary 

electron (SE) signals. To characterize the morphology of carbon black, the nanoparticle was 

air-dried under ambient laboratory environment (e.g., 20�• ) and then observed directly under 

the SE mode due to its excellent electrical conductivity. Next, the polished surface of Sample 

M1 without conductive coating was examined in the same instrument with a focus on the 

microfractures and pores existing in the shale before nanoparticle infiltration treatments. 

Finally, microstructure observation was conducted on Sample M2 to check the distribution of 

nanoparticles injected into the sample. For particular, both the polished top surface and the 

freshly fractured surface (a vertical plane) that was not affected by polishing or cutting-induced 

smearing were observed. 

In addition, further examination of the microstructure of Sample M1 was performed in a 

Carl Zeiss EVO50 SEM (Carl Zeiss AG, Oberkochen, Germany) equipped with a Bruker 

energy-dispersive X-ray spectrometer (EDS) (Bruker Corporation, MA, USA). Both 

backscattered electron (BSE) images and chemical mapping of Sample M1 were acquired to 

examine the microstructure features of the surface. Prior to SEM imaging, the surface of the 

sample was sputter-coated with a thin (~20 nm thick) layer of carbon in an Edwards AUTO 
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306 vacuum coater (Edwards company, Burgess Hill, UK). BSE imaging provides quick 

identification among different contrasting phases in the rock and hence can be used to 

characterize their distribution and morphology, while EDS mapping can be used in conjunction 

with XRPD results to identify specific constituents that cannot be distinguished by BSE images 

alone. 

The above optical or electron microscopy allows visualizing two-dimensional (2D) 

images of the sample surfaces. To characterize the 3D spatial microstructure with a specific 

focus on the microfracture network, Sample M3 was analyzed by X-ray computed tomography 

(CT), a non-destructive technique widely used for microstructure characterization, especially 

for porous materials such as rocks and concretes. This technique requires little or no sample 

preparation and hence can minimize disturbance to the structure (e.g., causing additional 

fracturing) and pore morphology/network of the rock. In this study, the CT scans were 

performed in a Bruker SkyScan 1276 Micro-CT (Bruker Corporation, MA, USA) equipped 

with a 1 mm aluminum filter, using X-rays generated at a voltage of 85 kV and a current of 47 

���$�����7�K�H���U�D�Z���S�U�R�M�H�F�W�L�R�Q���L�P�D�J�H�V���L�Q������-bit TIFF format were acquired at a voxel resolution of 

�����������P���Z�L�W�K���D���������ƒ���U�R�W�D�W�L�R�Q, a rotation step of 0.4°, and two images taken at each rotation step 

for noise cancellation, resulting in a total of 1800 images, followed by 3D reconstruction using 

the SkyScan NRecon package based on the Feldkamp back-projection algorithm (Feldkamp et 

al. 1984) that utilizes the graphical processing unit (GPU) through the GPU ReconServer 

kernel. 

 



 153 

5.2.6 Statistical Deconvolution and Data Analytics 

The CSM-based �L�Q�G�H�Q�W�D�W�L�R�Q�� �S�U�R�Y�L�G�H�G�� �W�K�H�� �F�R�Q�W�L�Q�X�R�X�V�� �P�H�D�V�X�U�H�P�H�Q�W�V�� �R�I�� �W�K�H�� �V�D�P�S�O�H�¶�V��

�<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �D�Q�G�� �K�D�U�G�Q�H�V�V�� �R�Y�H�U�� �W�K�H�� �H�Q�W�L�U�H�� �L�Q�G�H�Q�W�D�W�L�R�Q�� �G�H�S�W�K�� With the massive grid-

indentation data (e.g., ~1000 curves for each tested sample) available, a recently developed big 

data nanoindentation analytics (Luo et al. 2021a) was then performed to extract the meaningful, 

reliable results that reflect the true properties of the shale with/without nanoparticles 

infiltration.  

For a heterogeneous composite (e.g., shale) consisting of multiple mechanically distinct 

phases, the experimentally obtained mechanical properties (e.g., Young�¶�V���P�R�G�X�O�X�V���R�U���K�D�U�G�Q�H�V�V����

of each constituent phase can be reasonably assumed to obey the Gaussian distribution (Ulm 

et al. 2007). Hence, the overall statistical distribution of mechanical properties of such a 

�F�R�P�S�R�V�L�W�H�� �F�D�Q�� �E�H�� �F�R�Q�V�L�G�H�U�H�G�� �D�V�� �D�� �P�L�[�W�X�U�H�� �R�U�� �V�X�P�P�D�W�L�R�Q�� �R�I�� �L�Q�G�L�Y�L�G�X�D�O�� �S�K�D�V�H�V�¶�� �*�D�X�V�V�L�D�Q��

distributions. Determination of the mechanical property of individual phases requires the 

deconvolution of the overall statistical distribution of experimental data. In this case, bivariate 

Gaussian mixture modeling (GMM) was used to perform the statistical deconvolution of the 

���'���V�X�E�G�D�W�D�V�H�W�V�����L�Q�F�O�X�G�L�Q�J���W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���D�Q�G���K�D�U�G�Q�H�V�V�����R�E�W�D�L�Q�Hd by nanoindentation. 

The probability density function (PDF) of a k-phase Gaussian mixture is as follows: 

  (5.1) 

where x represents a p-dimensional dataset (in this study, it is a 2D dataset consisting of the E 

and H measurements); �Œi (i � ���������������������«����k) is the nonnegative mixing proportions of each phase, 

and the sum of all �Œi equals to one; �� i represents the 2D mean vector of the i th Gaussian 

distribution; �� i represents the unrestricted variance-covariance matrix of the i th Gaussian 
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distribution; ��  is the set of parameters ����= (�Œ1, ... , �Œk�±1, ��1
T, ... , ��k

T, ... , vech(�� 1)T, ... , 

vech(�� k)T)T. The function g is a bivariate Gaussian distribution with a PDF as follows: 

  (5.2) 

The unknown parameters ��  was obtained by the maximum likelihood estimation (MLE), 

which searches for an appropriate root to the likelihood equations that maximize the log-

likelihood function log(L(�� )): 

  (5.3) 

where n is the size or number of data entries in the subdataset. Instead of directly solving the 

above equation, an iterative method called expectation-maximization (EM) algorithm is more 

common and computationally efficient to find the estimates of parameters (Dempster et al. 

1977). In this study, the implementation of the EM algorithm for analyzing the indentation 

results was accomplished using EMMIX, an R package developed for the fitting of the 

Gaussian mixture models (McLachlan et al. 1999b; Wang et al. 2009a). Noteworthy is that the 

number of mechanically distinct phases k is usually unknown in the statistical analysis of 

indentation data from composite materials such as rocks, and the EM algorithm can also end 

up converging to different solutions depending on how the parameters of the model in Eq. (1) 

are initialized.  

The data analytics (Luo et al. 2021a) developed to process the enormous volume of 

depth-dependent, erratic, and chaotic nanoindentation data from shales was adopted in this 

study to analyze even larger size of datasets obtained from the shale samples injected 
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with/without nanoparticles. This data analytics consisted of the following sequential steps of 

data processing and analyses: 

�x Data segmentation and extraction; 

�x Statistical deconvolution; 

�x Data re-assembly; 

�x Property determination. 

 

This specific data analytic have been well-described in previous publications, and only 

data segmentation was detailed as follows: for h �”��2.5 ���P, the depth interval �ûh = 100 nm, 

while for h > 2.5 ���P, �ûh = 200 nm. As such, a total of 43 2-D subdatasets with each consisting 

of ~1200 corresponding E and H values at each segmented depth was extracted for subsequent 

deconvolution analysis. The similar segmentation and extraction process were performed for 

all five samples (i.e., I1, I2a, I2b, I3a, and I3b), resulting in a total of 215 subdatasets 

deconvoluted and analyzed in this study.  
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5.3 Analyses of Results 

5.3.1 Mineralogical Composition 

Table 5-2 summarizes the qualitative and quantitative results of XRPD analyses. The 

caprock shale is composed of nine mineral phases, which can be further categorized into two 

main groups: the group of relatively hard minerals and the group of relatively soft layered 

hydrous aluminosilicates. The former includes quartz and feldspar (i.e., albite and microcline), 

which are the major phases that make up 74.4 wt.% of the bulk rock; and the latter includes 

clay minerals (i.e., illite, chlorite, and kaolinite) and muscovite, which are present with a total 

fraction of 24.0 wt.%. In addition to the above two mineral groups are a minor phase rutile at 

0.7 wt.% and a minor amorphous phase at 0.9 wt.%. Titanium oxides (including rutile and 

anatase) are abundant in the soil environment (Raman and Jackson 1965), and hence can also 

be expected in sedimentary rocks such as shales. The amorphous phase is probably attributed 

to the organic matter in shale. Also, this phase may contain trace amorphous carbonates, 

amorphous silica, or even secondary micro-crystalline quartz (Peltonen et al. 2009) that act as 

the cementing agents of the rock. 
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Table 5-2 Qualitative and quantitative mineralogical composition of the studied shale sample. 

Mineral name Chemical formula Weight fraction (wt.%) 

Quartz SiO2 39.0 

Albite NaAlSi3O8 29.9 

Microcline KAlSi 3O8 5.5 

Illite  KAl 2(AlSi3)O10(OH)2 11.0 

Chlorite Mg5Al(AlSi 3)O10(OH)8 5.6 

Kaolinite Al 2Si2O5(OH)4 3.1 

Muscovite KAl 2(AlSi3)O10(OH)2 4.3 

Rutile TiO2 0.7 

Amorphous phase N/A 0.9 

 

5.3.2 Microscopic Imaging 

Figure 5-2(a) and (b) show the SE SEM images of the carbon black nanoparticles used 

in this study under two different magnifications. The individual carbon black particles possess 

a particulate shape with diameter ~ 50 nm, while they are fused with each other and form a 

branched 3-D structure as aggregates, which also explains a much larger particle size (e.g., 

0.677 �Pm) perceived in particle size analyses by light scattering. As previously mentioned, the 

carbon black nanoparticles were air-dried in the laboratory environment, but a better-dispersed 

state of the suspension was achieved with mechanical energy (e.g., ultrasonic vibration) prior 

to nanoparticle infiltration testing.  
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Figure 5-2 Micrographs of the nanoparticles and polished shale samples: (a) and (b) are SE 

SEM images of the nanoparticles; (c) to (e) are the optical microscope, SE SEM, and BSE 

SEM images of Sample M1, respectively; (f) is the elemental mapping of the area shown in 

(e). 

 

As an example, Figure 5-2(c) shows the optical micrographs for the highly smooth, 

polished surface of Sample M1. Visually, the shale contains a wide range of coarse-grained 
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�S�D�U�W�L�F�O�H�V�����V�R�P�H���R�I���Z�K�L�F�K���F�D�Q���E�H���X�S���W�R���a������������m. Moreover, these relatively large particles tend 

to distribute closer to each other as concentrated groups in the left part of the observed area. 

Besides these large particles, much finer particles are fill ed into the residual space. Overall, no 

large pores (e.g., hundreds of microns) or cracks are observed under the optical microscope 

due to the limited resolutions, indicating that the shale is highly compacted with relatively low 

porosity. To further �U�H�Y�H�D�O���W�K�H���V�K�D�O�H���V�D�P�S�O�H�¶�V���P�L�F�U�R�V�W�U�X�F�W�X�U�H���D�W���D���K�L�J�K�H�U resolution, the sample 

(e.g., M1) was observed under the SE SEM, as shown in Figure 5-2(d). The microstructure of 

the relatively large particles (most likely quartz and feldspar) and the clay matrix were 

displayed more clearly. In addition to the micropores, microfractures (as indicated by the 

yellow arrows) can also be observed in the clay matrix, with a width of ~ 250 nm. In fact, this 

kind of microfractures is quite common in the tested shale samples, which is probably induced 

by stress relief or unloading, fracturing and failure (especially during drilling), and temperature 

reduction experienced by the shale cores recovered from drilling operations. 

Figure 5-2(e) and (f) show typical BSE SEM micrograph and the corresponding 

elemental mapping obtained from the polished surface of the shale sample. Again, the shale 

contains two contrasting phases with significant differences in particle size. The coarse 

particles, with particle size �X�S���W�R���a�����������P����are consistent with the optical micrograph in Figure 

5-2(c). Among the coarse particles is the fine-grained clay matrix that completely surrounds 

�W�K�H���F�R�D�U�V�H���S�D�U�W�L�F�O�H�V���D�Q�G���P�D�N�H�V���W�K�H�P���³�I�O�R�D�W�L�Q�J�´�� �Z�L�W�K�L�Q���W�K�H���P�D�W�U�L�[�����0�R�U�H���L�P�S�R�U�W�D�Q�W�O�\�����T�X�L�W�H���D��

few inter/intra micropores were observed in the clay matrix. In Figure 5-2(f), the major 

constituent elements of the minerals (e.g., sodium, magnesium, silicon, potassium, and iron) 

were shown in different colors. In conjunction with the XRPD results (Table 5-2), the BSE 

micrograph and elemental mapping make it possible to characterize the heterogeneity and 
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identify the constituent phases in the shale. For instance, the green (Si) particles are quartz, the 

magenta (Na) particles are albite, and the turquoise (K) particles are microcline. 

Then, 3D reconstruction of Sample M3 was performed based on raw projection images 

�I�U�R�P�� �W�K�H�� ��-CT scans with a particular purpose of microfracture network characterization. 

Figure 5-3 shows the 3D view of the reconstructed shale sample and typical cross-sections 

along three mutually orthogonal directions. Typically, the voids and fractures with the lowest 

X-ray attenuation present dark color, and the minerals with higher X-ray attenuation present 

brighter color. Combined with XRPD analyses, the white particles randomly distributed in the 

sample are probably rutile, the quartz and feldspar present light grey color, and the fractures 

indicated by yellow arrow (Figure 5-3b) are in black color. Basically, these fractures extend 

tortuously in the sample, resulting in the instability of the formation but forming flow channels 

that facilitate the infiltration of nanoparticles. However, the sub-micro fractures shown in the 

SEM image (i.e., Figure 5-2d�����Z�H�U�H���X�Q�D�E�O�H���W�R���E�H���R�E�V�H�U�Y�H�G���L�Q���W�K�H�V�H����-CT images due to the 

�O�L�P�L�W�D�W�L�R�Q���R�I���W�K�H���L�Q�V�W�U�X�P�H�Q�W���U�H�V�R�O�X�W�L�R�Q�����L���H�����������������P���Y�R�[�H�O���U�H�V�R�O�X�W�L�R�Q������ 
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Figure 5-3 The reconstructed (a) 3D model of Sample M3 and (b) the typical cross-sections 

along three mutually orthogonal directions. 

 

In summary, microscopic imaging and XCT reveal that the shale is a highly 

heterogeneous composite material with multi-levels of microstructures. At the microscale, the 

shale possesses a complex microstructure and preferred orientation, particularly for the fine-

grained clay matrix. Both micropores and microfractures were observed in the shale samples. 

The micropores are extensively present in the clay matrix, while the microfractures extend 

irregularly in the shale with a width ranging from hundreds of nanometers to tens of microns. 
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These interconnected micropores and fractures made the injection of nanoparticle suspension 

possible and were considered the sites that are preferentially filled by the nanoparticle in the 

subsequent suspension injection processes.  

 

5.3.3 Nanoparticle Infiltration 

Nanoparticle infiltration tests were conducted using the ultrasonic vibrated nanoparticle 

suspensions and polished shale-acrylic assembly. As an example, Figure 5-4 shows the 

infiltration process of water-based nanoparticle suspension into Sample M2, in which the blue 

curve indicates the time course of the injected suspension volume, and the red curve records 

the ambient temperature vibrations in the laboratory. Obviously, the volume of injected 

nanoparticles fluctuates periodically with a negative correlation to the temperature data log. In 

fact, the fluctuations of the experimental curve were caused by minor changes in temperature 

during the test. Despite the constant laboratory temperature control, the small thermal 

fluctuations can still alter the recorded volumes of the suspensions in tubes, pumps, and cell, 

resulting in the oscillated measurement. This influence was particularly significant for the 

volume measurements while testing low-permeability shales. However, it is still possible to 

�H�V�W�L�P�D�W�H���W�K�H���V�D�P�S�O�H�¶�V���S�H�U�P�H�D�E�L�O�L�W�\���E�D�V�H�G���R�Q���W�K�H���W�H�Q�G�H�Q�F�\���R�I���W�K�H���L�Q�I�L�O�W�U�D�W�L�R�Q���F�X�U�Y�H���E�\���L�J�Q�R�U�L�Q�J��

the fluctuations. As shown in Figure 5-4, the test was held for a period of 33 days, with a final 

injected suspension volume of ~ 1.2 mL. The black dashed curve was used to indicate the trend 

line of the infiltration curve. Then, based on the slope of the trend line, the sample size, and 

the applied pressure difference, the hydraulic conductivity of this sample was determined as 

1.3 × 10-11 cm/s. 
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Figure 5-4 The injected volume of suspension versus time for Sample M2. 

 

SE SEM was used to check whether the nanoparticles were successfully injected into the 

shale samples through the particular setup described in Section 5.3.2. Figure 5-5(a) and (b) are 

typical SE SEM images obtained from the polished top surface of Sample M2 after 

nanoparticle infiltration treatment. Figure 5-5a shows the interfacial zones of clay and 

quartz/feldspar, and the silt particle and phyllosilicates are featured with distinct morphology, 

relatively: the smooth surface of silt particles was perceived, while the phyllosilicates (e.g., 

micas, kaolinite, illite, chlorite) present a much complex structure with abundant pores and 

oriented particles. With further zoom-in, the particulate nanoparticles were identified by the 

identical morphology with Figure 5-2b. These nanoparticles (i.e., the carbon black 

nanoparticles) are abundantly present on the top of the platy clay particles, as well as in the 

contacts and pores among clay particles, as indicated by the arrows in Figure 5-5(b). Then, the 

shale sample was broken vertically to further observe the spatial distribution of nanoparticles 

along the sectional planes. Figure 5-5(c) and (d) show selected SE SEM micrographs from the 

fractured surface Figure 5-5(c) (i.e., vertical cross-sectional surface) that experienced no 
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cutting or smearing. The top edge in corresponds to the polished top surface of the sample. As 

expected, nanoparticles were injected into the shale sample successfully and accumulated in 

the pores of the clay matrix as aggregates. Microscopic observations at multiple different 

locations indicate that the injection depth of nanoparticles at these microfracture-free locations 

is abou�W�������W�R���������P for a period of 33 days. On the other hand, the injection of nanoparticles at 

the microfracture was also observed by further breaking the sample into smaller pieces along 

a pre-existing fracture. Figure 5-5(e) and (f) show typical SEM micrographs of the fractured 

surface, in which a large number of nanoparticles were injected into the microfracture and 

blocked it. The nanoparticles can travel along the microfractures to the depth of ~ 600 �Pm, 

which is almost 120 times greater than the non-fractured areas. 
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Figure 5-5 SE SEM images of Sample M2 after nanoparticle infiltration showing the 

microstructural features: (a) and (b) are the top surface; (c) to (f) are the fractured surface (i.e., 

vertical cross-sectional surface). Images (b) and (d) are the magnified areas indicated by 

rectangles in (a) and (c), respectively. 

 

As formulated above, despite the low permeability of the shale sample, the nanoparticle 

suspension was successfully flowed into the non-fractured and fractured area of the shale 
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sample using the newly established experimental setup, with a relatively slow process under 

the pressure difference of 850 kPa. Microscopic observations show that the tiny-sized carbon 

�E�O�D�F�N���Q�D�Q�R�S�D�U�W�L�F�O�H�V���Z�H�U�H���V�X�F�F�H�V�V�I�X�O�O�\���L�Q�M�H�F�W�H�G���L�Q�W�R���W�K�H���V�K�D�O�H���U�R�F�N�¶�V���S�R�U�H�V���D�Q�G���P�L�F�U�R�I�U�D�F�W�X�U�H�V��

as solid fillers. In addition, the infiltration depth of nanoparticles at the fracture-free pores is 

�D�E�R�X�W�������W�R���������P�����Z�K�L�O�H���W�K�L�V���G�H�S�W�K���F�D�Q���E�H���F�R�Q�V�L�G�H�U�D�E�O�H�����H���J������up to hundreds of microns) at a 

fracture due to the spatial extension and connectivity of the fracture. 

 

5.3.4 Nanoindentation Measurements 

In this study, a total of five samples were tested using big data nanoindentation technique. 

In general, the nanoindentation experimental results obtained from different samples show 

similar features. As an example, Figure 5-6 shows typical nanoindentation results of Sample 

I2b, where Figure 5-6(a), (b), and (c) show the directly recorded load-depth (F-h) curves and 

�W�K�H�� �F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �G�H�U�L�Y�H�G�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V-depth (E-h) curves and hardness-depth (H-h) 

curves continuously obtained under the CSM mode over the entire indentation depth, each of 

which accounts for ~1200 indentation measurements. Because of the massive and chaotic 

indentation measurements, it is not feasible to identify each individual curve or individual 

measurement and compare them directly. For all the F-h curves, the maximum loads recorded 

in the measurements are a constant at 620 mN, which is constrained by the maximum load 

capacity of the instrument. However, depending upon the indented locations on individual 

constituents (e.g., hard mineral phases such as quartz vs. soft clay matrix), the resulted 

maximum indentation depths can range from 2500 to 8000 nm, which actually reflects the 

minerals�¶���U�H�V�L�V�W�D�Q�F�H���W�R���S�H�Q�H�W�U�D�W�L�R�Q����Due to the constraint of the maximum load capacity, some 

of the F-h curves corresponding to the indents located on the relative harder phases (e.g., quartz) 
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terminate at shallow indentation depths (e.g., 2500 nm to 4000 nm) before the preset 

indentation depth of 8000 nm is reached. For all the E-h and H-h curves, the depth-dependent 

�<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �D�Q�G�� �K�D�U�G�Q�H�V�V��vary significantly at shallow depths and then gradually 

converge to a narrow band at large depths, which may represent the macroscale properties of 

the bulk rock (Bennett et al. 2015; Lu et al. 2020). For example, some curves start with greater 

�<�R�X�Q�J�¶�V�� �P�R�G�X�O�L�� �R�U�� �K�D�U�G�Q�H�V�V�� �D�W�� �V�K�D�O�O�R�Z�� �G�H�S�W�K�V���� �W�K�H�Q�� �J�U�D�G�X�D�O�O�\�� �G�H�F�U�H�D�V�H�� �Z�L�W�K�� �G�H�S�W�K���� �Z�K�L�O�H��

others show the opposite trend. When the indentation depths are sufficiently large, the 

elastoplastic zone induced by the indenter may be large enough to encompass all mechanically 

different phases of the rock and result in a homogeneous bulk property. Hence, the 

measurement �D�W���J�U�H�D�W�H�U���L�Q�G�H�Q�W�D�W�L�R�Q���G�H�S�W�K�����H���J�������������P����actually reflects the averaged mechanical 

properties of individual phases in the shale, rather than the properties of individual phases.  
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Figure 5-6 CSM indentation results showing the ~1000 depth-dependent curves of Sample I2a: 

(a) indentation load-depth (F-h) curves; (b) �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V-depth (E-h) curves; and (c) 

hardness-depth (H-h) curves. 
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In summary, these three sets of F-h, E-h, and H-h curves in Figure 6 illustrate the 

representative features of indentation response of the shale samples over the entire depth. The 

large dispersion and scattering of the F-h and E-h curves are actually the manifestations of the 

multiscale, multiphase, and heterogeneous nature of shales, because indentation measurements 

depend upon the indented locations (i.e., the minerals or phases subjected to loading) and 

surrounding materials within the indentation-induced elastoplastic zone that expands with 

increasing depth or load. 

 

5.3.5 Statistical Analysis 

GMM-based statistical deconvolution technique was then performed on each subdatasets 

extracted at different segmented indentation depths of all five samples (i.e., I1 to I3). Figure 

5-7(a) shows selected representative deconvolution results for the subdataset consisting of 

~1200 data entries extracted at an indentation depth of 500 nm for Sample I2a. At this specific 

depth, five mechanically distinct phases were differentiated by the BIC criteria that correspond 

to the different constituent minerals in the shale. Based on the XRPD-based compositional 

analysis, the shale contains nine different mineral phases, including the coarse-grained 

minerals, quartz and feldspar (i.e., albite and microcline), and fine-grained phyllosilicates (i.e., 

muscovite and three clay minerals, kaolinite, illite, and chlorite) and rutile. The particle size of 

the latter is usually very small, and thus it is impossible to detect the intrinsic mechanical 

responses of individual particles even though massive indentation measurements were 

performed. Moreover, statistical significance also requires that a certain mineral phase must 

possess a critical fraction in order to be detectable by nanoindentation. As such, kaolinite, illite, 

chlorite, and muscovite, as well as rutile and amorphous phase, are grouped together and 
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�W�U�H�D�W�H�G���D�V���D���X�Q�L�I�L�H�G�����K�R�P�R�J�H�Q�H�R�X�V���S�K�D�V�H�����W�H�U�P�H�G���³�F�O�D�\���P�D�W�U�L�[�´�����+�H�Q�F�H�����W�K�H���I�L�Y�H���P�H�F�K�D�Q�L�F�D�O�Oy 

meaningful phases with different properties identified by GMM-based deconvolution at the 

indentation depth of 500 nm were accordingly assigned to five major types of minerals or 

groups (i.e., quartz, feldspar, interface, clay matrix, and compliant phase) in the order of 

�G�H�F�U�H�D�V�L�Q�J���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���D�Q�G���K�D�U�G�Q�H�V�V����Also, a virtual phase called �³�F�R�P�S�O�L�D�Q�W���S�K�D�V�H�´���Z�L�W�K��

�W�K�H�� �O�R�Z�H�V�W�� �K�D�U�G�Q�H�V�V�� �D�Q�G�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �L�V�� �Q�R�W�� �D�Q�� �D�F�W�X�D�O�� �F�R�Q�V�W�L�W�X�H�Q�W�� �P�L�Q�H�U�D�O that can be 

identified by mineralogical composition analyses and only occurs at very small indentation 

depths, which may represent the mechanical properties measured by a small group of indents 

made on pores with limited sizes or small asperities on the sample surface (Luo et al. 2021a). 

Further noteworthy is that �W�K�H���³�L�Q�W�H�U�I�D�F�H�´���L�G�H�Q�W�L�I�L�H�G���I�U�R�P���V�W�D�W�L�V�W�L�F�D�O���G�H�F�R�Q�Y�R�O�X�W�L�R�Q���L�V���D�F�W�X�D�O�O�\��

another virtual phase that mirrors the mechanical behavior of the indents located in the 

boundaries of relatively hard minerals and softer phases. In addition, Figure 5-7(b) shows 

selected representative deconvolution results at another indentation depth of 5 ���P���� �$�W�� �W�K�L�V��

indentation depth, only one phase was identified from statistical deconvolution, which reflects 

the bulk mechanical properties of the shale sample. 
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Figure 5-7 �6�H�O�H�F�W�H�G���U�H�S�U�H�V�H�Q�W�D�W�L�Y�H���*�0�0���G�H�F�R�Q�Y�R�O�X�W�L�R�Q���U�H�V�X�O�W�V���I�R�U���6�D�P�S�O�H���,���D�¶�V���V�X�E�G�D�W�D�V�H�W�V��

extracted at (a) h = 500 nm and (b) h = 5 ��m. 

 

Then, all the subdatasets extracted at other segmentation depths of the shale samples 

after different treatment (i.e., injected with/without nanoparticles in different solutions) were 

also processed by the GMM-based deconvolution technique, followed by data re-assembly via 

re-�S�O�R�W�W�L�Q�J���W�K�H���<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V��E and hardness H against the indentation depth h for each 

identified individual phases, respectively. As examples, Figure 5-8 shows the deconvoluted 

and reassembled results for Sample I2a from data re-assembly from the indentation depths 

from 400 nm to 6 ���P���� �2�Y�H�U�D�O�O���� �W�K�H�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �D�Q�G�� �K�D�U�G�Q�H�V�V�� �R�I�� �D�O�O�� �S�K�D�V�H�V�� �Y�D�U�\�� �Z�L�W�K��

depth, and the changes of �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� ���R�U�� �K�D�U�G�Q�H�V�V���� �R�I�� �H�D�F�K�� �S�K�D�V�H��over different 

indentation depth show similar phenomena with the non-deconvoluted results but with much 

more meaningful and representative results�����)�R�U���H�[�D�P�S�O�H�����W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�L���R�I���W�K�H���V�R�I�W���S�K�D�V�H��

(i.e., clay matrix) increase with increasing indentation depth, while those of hard phases (e.g., 

quartz, feldspar) decrease with indentation depth. Such depth-dependent behavior actually 

�U�H�Y�H�D�O�V�� �W�K�H�� �³�L�Q�G�H�Q�W�D�W�L�R�Q�� �V�X�U�U�R�X�Q�G�� �H�I�I�H�F�W�´��(Wei et al. 2009; Lu et al. 2020) that depicts the 

influence of neighboring materials within the load-induced elastoplastic zone on the 

mechanical response of the indented spots. As the indentation depths increase, the elastoplastic 

zone expands gradually, which leads to the response of individual phases to indentation loading 

gradually merges to a unified value at large depth (e.g., 6 ���P). At this point, the loading-

induced elastoplastic zone has expanded to a sufficiently large volume that encompasses all 

constituents of the rock. Surrounding phases with different elastoplasticity are included and 

contribute together as a composite to the integrated mechanical response that manifests the 
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macroscale mechanical properties of the bulk rock. As such, the depth-dependent behavior is 

a mechanistic reflection of the expanding elastoplastic zone beneath the indenter tip as the 

indentation depth increases, as well as the heterogeneous, multiphase, and multiscale nature of 

shales.  

Again, the initially unique, distinct mechanical property of individual phases (Figure 5-8) 

converges to a single value at larger depths (e.g., h �!���������P), which manifest the multi-staged, 

progressively-homogenized, and depth-dependent mechanical properties of the tested shale 

samples at different scales. On the other hand, the deconvoluted mechanical properties at very 

shallow indentation depths were taken as the in-situ property of individual phases, which were 

considered as estimations of indentation measurements at a theoretically zero indentation depth. 

As such, the statistical indentation technique yields the cross-scale mechanical properties of 

both individual phases virtually at an infinitesimal depth and the bulk rock at very large depths. 

Following the same procedure, the nanoindentation results from the other four shale samples 

were processed, and the corresponding cross-scale properties were summarized in Table 5-2. 

Then, based on these results, the impact of infiltrated nanoparticles on the mechanical 

properties of shale can be further quantitatively characterized, as discussed in the following 

section. 
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Figure 5-8 Re-assembly of deconvolution results from all subdatasets for Sample I1: (a) 

�<�R�X�Q�J�¶�V���P�R�G�X�O�L���R�I���*�0�0���G�H�F�R�Q�Y�R�O�X�W�L�R�Q�������E�����K�D�U�G�Q�H�V�V���R�I���*�0�0���G�H�F�R�Q�Y�R�O�X�W�L�R�Q�� 

 

5.4 Discussion 

Using nanoparticles in drilling fluids to strengthen the wellbore is still a relatively new 

technology in the petroleum industry, and there are mainly two theories about the mechanisms 

of nanoparticles in strengthening the wellbore: plugging pores/fractures and increasing 

fracturing pressure. The former one can be simplified as the pores in the shale formation were 

blocked by the nanoparticles and aqueous drilling fluid is not able to further penetrate the 
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formation and weaken the clay-rich shale, which can be readily characterized by pressure 

transmission test. The latter one involves more mechanical alterations to the samples with 

potential physico-chemical reactions and requires more advanced characterization technique. 

Both mechanisms of wellbore strengthening were characterized in this study and further 

elaborated as follows. 

 

5.4.1 Infiltration of Nanoparticles 

As mentioned above, nanoparticles were successfully injected into the microfractures 

and pores of shale via different carriers (i.e., water and oil) using the newly developed 

infiltration setup. The existence of massive microfractures and pores in the shale constitutes 

an interconnected pore system that allows the penetration of nanoparticle suspension under 

appropriate hydraulic pressure. However, as an unconventional formation, shale typically has 

extremely low porosity and permeability, resulting in a relatively slow nanoparticle infiltration 

process. For example, the infiltration tests of Samples I2a, I2b, and M2 lasted for up to one 

month to allow the adequate entry of nanoparticles. Although a greater hydraulic pressure 

difference can effectively accelerate this process, it is not recommended due to that it may 

aggravate the existing fractures and hence negatively weaken the mechanical properties of the 

shale. 

Microscopic imaging reveals that the studied shale sample is composed of two 

contrasting phases with significant differences in particle size, i.e., the fine-grained clay matrix 

and the coarse-grained particles floating within the matrix. The coarse particles are isolated 

from each other, and no fractures or pores have been found on them, while the fractures and 

pores in shale mainly exist in the clay matrix phase that consists of mostly platy aluminosilicate 
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minerals, and possibly minor organic matters and other tiny minerals (e.g., rutile for the studied 

shale). During the geological process of shale formation, the primary mineral particles undergo 

deposition, compaction, consolidation, and diagenesis successively and eventually turn into a 

highly compacted and hard rock bonded by the cementing agents. Although a decreasing 

porosity is obtained in this process, massive micro-scale to nano-scale pores were formed.  

However, the microfractures in the shale core samples were most likely formed while 

drilling and sampling as a result of stress relief and temperature reduction. Compared with the 

micropores, the size (i.e., width) of the fractures typically ranges from hundreds of nanometers 

to tens of microns, with significantly greater openings and higher connectivity, making the 

injection of suspensions and nanoparticles much easier. On the contrary, the micropores 

usually have relatively small sizes and poorer connectivity. Hence, according to the pore 

plugging theory, the precedently entered nanoparticles may block the micropores and hinder 

the further injection of subsequent nanoparticles and thus the permeability of the shale is 

gradually decreasing as the infiltration testing continues. Therefore, at the fracture-free 

loca�W�L�R�Q�V�����W�K�H���L�Q�M�H�F�W�L�R�Q���G�H�S�W�K���R�I���W�K�H���Q�D�Q�R�S�D�U�W�L�F�O�H�V���L�V���X�V�X�D�O�O�\���V�K�D�O�O�R�Z�����H���J�����������W�R���������P���I�R�U���W�K�H��

studied shale sample). 

 

5.4.2 Mechanical Enhancement of Shale by Injected Nanoparticles 

The above analyses enable the extraction of Y�R�X�Q�J�¶�V�� �P�R�G�X�O�L��and hardness of 

mechanically distinct individual phases at small indentation depths as well as the bulk rock as 

a composite at greater indentation depth. As such, the mechanical properties of the rock across 

different scales can be obtained. Table 5-3 compares the mechanical properties of the bulk rock 

as well as individual phases obtained from the five different shale samples, and Figure 5-9 
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plots the corresponding results. In the figure, the points connected by solid lines correspond to 

the samples (i.e., I2b and I3b) treated with pure oil (or oil-based nanoparticle suspension) 

infiltration, while the points connected by dashed lines are the results for samples (i.e., I2a and 

I3a) with pure water (or water-based nanoparticle suspension) infiltration treatments. 

 

Table 5-3 Mechanical properties of individual phases and the bulk rock obtained from five 

different shale samples. 

Properties Sample identification Quartz Feldspar Clay matrix Bulk 

Young's modulus 

E (GPa) 

I1 without nanoparticle 59.65 57.18 18.11 27.17 

I2a water-based nanoparticle 65.64 54.47 19.73 30.86 

I2b oil-based nanoparticle 70.18 65.55 24.31 38.12 

I3a pure water 58.17 52.84 16.03 25.40 

I3b pure oil 63.93 58.00 19.40 31.50 

Hardness 

H (GPa) 

I1 without nanoparticle 6.38 4.13 0.46 0.79 

I2a water-based nanoparticle 6.77 3.77 0.46 0.79 

I2b oil-based nanoparticle 6.23 3.45 0.55 0.79 

I3a pure water 5.68 3.75 0.37 0.78 

 I3b pure oil 6.20 3.41 0.37 0.78 

 



 177 

 

Figure 5-9 Mechanical properties of individual phases and the bulk rock obtained from the five 

�G�L�I�I�H�U�H�Q�W���V�D�P�S�O�H�V���� ���D���� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V���� ���E���� �K�D�U�G�Q�H�V�V�� Points with solid lines correspond to 

samples treated with pure oil (or oil-based nanoparticle suspension) infiltration; points with 

dashed lines correspond to samples with pure water (or water-based nanoparticle suspension) 

infiltration treatments. 
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First, a direct comparison of the experimental results between Samples I1 and I3 

indicates that the mechanical properties of individual phases and the bulk rock undergo a 

certain degree of changes after being infiltrated with pure water (or oil), even without any 

nanoparticles injected. These changes are mainly caused by two reasons. On the one hand, the 

conveyors (i.e., water or oil) may interact with the minerals in the shale, thereby affecting the 

mechanical properties of the rock. For example, water-based drilling fluid will hydrate the clay 

minerals or chemically react with certain types of mineral (e.g., pyrite) in the shale formation, 

leading to the dissolution and reaction of constituent minerals (e.g., carbonates), and thus 

reducing the measured elastic modulus and hardness, which is known as the softening effect 

of aqueous drilling fluid (Lu et al. 2020; Luo et al. 2021b). On the other hand, the high-pressure 

difference (i.e., 850 KPa) used in the pure water or oil injection process will inevitably change 

the microstructure of the highly polished sample surface, especially the clay matrix with 

complex microstructures. Since all samples (including I1) were dry polished, although the 

sample surface was cleaned with pressurized filtered air at the end of each polishing step, it is 

possible that a small amount of powder ground from the sample was blocked in the voids on 

the sample surface. However, after the polished samples were injected with pure oil or water, 

these powders can be washed away by the flows, causing small changes in the surface structure, 

which in turn affects the measured mechanical properties. 

The differences in experimental results between Samples I3 and I2 reflect the net effects 

�R�I���W�K�H���L�Q�M�H�F�W�H�G���Q�D�Q�R�S�D�U�W�L�F�O�H�V���R�Q���W�K�H���V�K�D�O�H�¶�V���P�H�F�K�D�Q�L�F�D�O���S�U�R�S�H�U�W�L�H�V�����H�[�F�O�X�G�L�Q�J���W�K�H���L�Q�I�O�X�H�Q�F�H���R�I��

the water and oil in the nanoparticle suspensions. Generally, for the two types of nanoparticle 

suspensions (i.e., water-based and oil-based), the injected nanoparticles significantly increase 

�W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�L���D�Q�G���K�D�U�G�Q�H�V�V���R�I���W�K�H��mechanically distinct individual phases as well as the 
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bulk samples. Particularly, the strengthening effect of nanoparticles is more pronounced for 

clay matrix than the silt particles (e.g., quartz and feldspar). For example, for the water-based 

�Q�D�Q�R�S�D�U�W�L�F�O�H���L�Q�M�H�F�W�L�R�Q���W�H�V�W�����W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I���F�O�D�\���P�D�W�U�L�[���Z�D�V���L�Q�F�U�H�D�V�H�G���I�U�R�P��16.03 to 

19.73 GPa (i.e., 23�����R�I���L�Q�F�U�H�P�H�Q�W�������Z�K�L�O�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I���T�X�D�U�W�]���L�V���U�R�X�J�K�O�\���W�K�H���V�D�P�H�����L���H������

65.64 GPa versus 58.17 GPa). Similar phenomena also happened for the oil-based nanoparticle 

injection test. Clearly, based on the microstructure observations after nanoparticle infiltration 

tests, the injected nanoparticles preferentially crowded into microfractures and pores of the 

clay matrix, resulting in a more significant strengthening effect on its mechanical properties. 

In addition, Sample I2b shows the strongest mechanical performance among all five samples 

(Figure 5-9) as the inert solution (i.e., oil) used as nanoparticle carrier. However, as for 

hardness, the nanoparticle does not obviously prompt mechanical alterations to the individual 

phases as well as bulk, as indicated in Figure 5-9(b). �&�R�P�S�D�U�H�G���Z�L�W�K���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���W�K�D�W��

reflects the ma�W�H�U�L�D�O�¶�V�� �H�O�D�V�W�L�F�� �S�U�R�S�H�U�W�L�H�V���� �K�D�U�G�Q�H�V�V�� �L�V�� �D�� �P�R�U�H�� �F�R�P�S�O�L�F�D�W�H�G parameter that 

depends on such as the plasticity, elasticity, strength, and toughness of the material. As such, 

the bulk rock hardness shows significantly different features. Moreover, due to that the injected 

nanoparticles mainly present near the sample surface at relatively shallow depths (e.g., 2 to 5 

��m), the hardness of the bulk rock that was obtained at a large indentation depth is hardly 

affected by the nanoparticles. 

In summary, the mechanical properties ���H���J������ �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V) of the shale were 

significantly improved by the nanoparticles injected into the shale as solid fillers that plug or 

close the pre-existing defects (e.g., pores and fractures), and consequently, the fracturing 

threshold is increased. Among the five tested shale samples, the one infiltrated with oil-based 

�Q�D�Q�R�S�D�U�W�L�F�O�H�� �V�X�V�S�H�Q�V�L�R�Q�� �V�K�R�Z�V�� �W�K�H�� �E�H�V�W�� �H�Q�J�L�Q�H�H�U�L�Q�J�� �S�H�U�I�R�U�P�D�Q�F�H�� ���L���H������ �K�L�J�K�H�V�W�� �<�R�X�Q�J�¶�V��
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modulus). In addition, the mechanical enhancement of nanoparticles to the clay matrix is 

stronger than that of the quartz and feldspar phases. 
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5.5 Conclusions 

In this paper, the mechanical alterations of a shale sample by nanoparticle infiltration 

treatments were probed by a cross-scale, big data nanoindentation technique, accompanied by 

microstructural analyses such as optical and scanning electron microscopies and X-ray 

computed tomography and compositional analysis such as XRPD. Based on the above analyses 

and discussion, the following conclusions can be drawn: 

(1) The studied shale is a highly heterogeneous, multiphase, multiscale composite 

material that contains pores and fractures either naturally occurred or drilling-

induced at multiple scales. The micropores are extensively concentrated in the clay 

matrix, while the microfractures are distributed irregularly in the shale with widths 

ranging from 100s nm up to 10s ���P�� 

(2) Despite the low permeability and porosity of the shale, nanoparticles were 

successfully injected into the sample as pore/fracture fillers using the newly 

developed experimental setup. The nanoparticle infiltration depth at fracture-free 

pores usually ranges from �a�����W�R���������P�����Z�K�L�O�H���W�K�L�V���G�H�S�W�K���F�D�Q���E�H���F�R�Q�V�L�G�H�U�D�E�Oy deep 

(e.g., up to hundreds of microns) at a microfracture due to the spatial extension and 

connectivity of the fracture. 

(3) The �P�H�F�K�D�Q�L�F�D�O���S�U�R�S�H�U�W�L�H�V�����H���J�������<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���D�Q�G���K�D�U�G�Q�H�V�V�����R�I���W�K�H���V�K�D�O�H were 

significantly improved by the nanoparticles infiltrated into the microfracture and 

pores. In general, the oil-based nanoparticles have a better enhancement effect of 

the mechanical properties than the water-based nanoparticles. 

(4) A viable assessment and screening technique was developed, which sheds light on 

the practical application of nanoparticles to strengthen the wellbore in shale 
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formations and can be further used effectively in the selection, evaluation, and 

optimization of nanoparticles for microfracture infiltration.  
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6 CHAPTER 6 ROLE OF EMULSIFIED AND 

PARTICULATE ELASTOMERS AS INCLUSIONS IN 

FINELY TUNING THE C ROSS-SCALE MECHANICAL 

PROPERTIES OF AN OILWELL CEMENT  

6.1 Introduction 

Ordinary Portland cement and other similar cementitious binders are the most widely 

used and successfully manufactured materials for infrastructure construction, such as roads and 

highways, land reclamation, buildings, and oil/gas exploration (Taylor 1997; Le Saout et al. 

2006; Wu et al. 2018; Liu et al. 2019). Continuous interest in studying cementitious binders 

has been lasting for more than a century, and significant effort is still made at present to decode 

the mechanisms of strength development at the much smaller scales, finely tailor and tune their 

mechanical properties (e.g., high acid resistance, low permeability, high flexure strength, and 

high toughness) with additives, and find and develop other alternatives (e.g., geopolymers) to 

meet various new and unique requirements in certain specialized applications (Ghabezloo et 

al. 2009; Chatveera and Lertwattanaruk 2014). For example, in oil/gas recovery, well 

cementing, an important procedure to ensure the integrity of the well for safety and 

environmental protection, involves the use of specialized Portland cement to seal the annulus 

gap between the steel casing and surrounding rock strata. The main purposes of well cementing 

are to restrict the movement of pore fluids (including hydraulic fracturing fluids and 

hydrocarbons) across different rock strata and aquifers, support the stability of the casing and 

well wall, protect the casing from corrosive pore fluids/gas, and warrant the overall integrity 

of the oilwell (Le Saout et al. 2006; Zhang et al. 2010). However, the complex and 
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unpredictable underground environment presents many challenges for the expected and 

sustained functions of the oilwell cement. For example, the high-temperature and high-pressure 

(HTHP) conditions in the deep oilwell can degrade the calcium silicate hydrates (CSH), the 

major hydration products of cement clinkers dictating the adhesive and compressive strengths, 

�D�Q�G���F�R�Q�V�H�T�X�H�Q�W�O�\���U�H�G�X�F�H���W�K�H���F�H�P�H�Q�W�V�¶���L�Q�W�H�J�U�L�W�\���D�Q�G���L�Q�F�U�H�D�V�H���W�K�H���S�H�U�P�H�D�E�L�O�L�W�\��(Le Saout et al. 

2006; DeJong and Ulm 2007). 

Although remarkable success has been achieved in cementing conventional oil/gas 

wells with ordinary or specialized Portland cement, recent developments in recovering 

hydrocarbons from unconventional formations such as low-permeability shales and tight 

sandstones have spurred new demands for improved performance of the oilwell cements. In 

this case, multi-staged hydraulic fracturing achieved by highly pressurized fracturing fluid 

inside the casing is usually required to induce complex fracture networks within the 

unconventional formations and hence increase the fracture permeability. At this stage, the 

hardened cement outside the steel casing experiences repeated loading-unloading cycles of 

tensile circumferential or hoop stress. On the other hand, the long-standing, brittle behavior 

and low tensile strength of Portland cement have been well recognized. Consequently, tensile 

cracks tend to occur and propagate in the brittle cement sheath, which may eventually lead to 

the failure of the entire zonal isolation (Lu et al. 2016; Guo et al. 2018; Song et al. 2018; 

Mahmoud and Elkatatny 2020; Zhang et al. 2020), unless appropriate measures are adopted, 

such as the use of more ductile cement composites enhanced by additives.  

To tailor the mechanical properties of oilwell cements so as to better fulfill their 

functions and applications in hydrocarbon recovery, polymeric elastomers, such as styrene-

butadiene rubber (SBR), polyethylene-vinyl acetate (PEVA), and epoxy resin, among others, 
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are usually introduced into the cement slurry as emulsified or particulate additives to increase 

the flexure strength but decrease the permeability of the cement sheath of an oilwell (Ohama 

1998; Dugonji�©oÀBili �© and Plank 2011). In fact, compared with other counterparts, SBR has 

been one of the most widely used elastomers in oilwell cementing, due to its excellent 

performance, such as highly elastic deformability, toughness, energy absorption, 

waterproofness, and durability (Fan et al. 2018; Ramalho et al. 2019). Yassene et al. (Yassene 

et al. 2020) investigated the influence of the SBR to cement weight ratio on the mechanical 

properties of the resulting cement-SBR composites and concluded that increasing the fractions 

of the SBR results in a decreased compressive strength, total porosity, and bulk density, but 

increased flexural and tensile strengths. Xiao and Hua (Yao and Hua 2007) reported that, by 

���������U�H�G�X�F�W�L�R�Q���L�Q���W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I���R�L�O�Z�H�O�O���F�H�P�H�Q�W�����W�K�H���W�K�U�H�V�K�R�O�G���S�U�H�V�V�X�U�H���S�U�L�R�U���W�R���W�K�H��

breakthrough of cross flow is doubled, which further ensures the integrity of the cement sheath. 

Additionally, the highly viscous, emulsified styrene-butadiene latex (SBL) often acts as a pore 

clogging or permeability plugging additive to reduce the flow rate of water that is forced into 

a permeable formation due to the differential pressure between the formation and cement slurry 

(Broni-Bediako 2016).  

Another common technique that is widely used to increase the toughening strength or 

toughness of the oilwell cement is to add certain types of particulate elastomers as additional 

additives to the regular or conventional cement design mix, obviously owing to their high 

energy absorption capacity and toughness. In addition, elastomers, such as natural rubber, 

polypropylene (PP) and nitrile rubber (NR), typically exhibit excellent viscous, hyper-elastic, 

reversible strain in response to large stresses and hence frequently function as hydraulic seals 

and O-rings in petroleum engineering. As such, these particulate elastomers can also be an 
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excellent additive alternative to finely tune the strength and deformation properties of the 

oilwell cement (Han et al. 2020)���� �Z�K�L�F�K�� �L�V�� �H�[�S�H�F�W�H�G�� �W�R�� �S�R�V�V�H�V�V�� �D�� �U�H�O�D�W�L�Y�H�O�\�� �O�R�Z�H�U�� �<�R�X�Q�J�¶�V��

modulus, higher tensile strength, higher toughness, and even lower permeability. In summary, 

the application of polymeric materials, particularly elastomers, in oilwell cementing is 

expected to have a huge potential to meet the special, challenging requirements in the 

petroleum engineering, which warrants further investigations. 

Previous studies, however, mainly focused on the macroscopic performance and 

properties of the bulk SBR-cement composites, usually obtained via uniaxial or triaxial tests, 

but were incapable of probing the alterations to the mechanical properties of the micro/nano-

scale functional constituents of the hybrid composites, such as the elastomer additive itself and 

the cement hydration products (CHPs) and linking these mechanical changes to the intrinsic 

microstructure of CHPs perturbed by the added elastomers, most likely due to the 

unavailability and limitation of small-scale instruments or some particular techniques. As a 

multiphase, multiscale, heterogeneous porous composite, the CHPs of ordinary Portland 

cement generally consist of low-density CSH (LD-CSH), high-density CSH (HD-CSH), 

portlandite (Ca(OH)2, calcium hydroxide or CH), and unhydrated clinkers with different 

characteristic length scales (Constantinides and Ulm 2004). In fact, the micromechanical 

properties and microstructure features of these individual functioning constituents are crucial 

for the strength development of the hardened cement, which has been the interests of both 

academic and industrial researchers. Until the last decades, the rapid advancements in the 

micromechanical characterization techniques such as nanoindentation have led to 

unprecedented understanding of small-scale mechanical properties of CHPs. Initially, 

�Q�D�Q�R�L�Q�G�H�Q�W�D�W�L�R�Q�� �W�H�V�W�L�Q�J�� �Z�D�V�� �L�Q�Y�H�Q�W�H�G�� �W�R�� �S�U�R�E�H�� �W�K�H�� �P�H�F�K�D�Q�L�F�D�O�� �S�U�R�S�H�U�W�L�H�V�� ���H���J������ �<�R�X�Q�J�¶�V��
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modulus and hardness) for monolithic or homogeneous materials (e.g., metals, crystals, and 

ceramics). Later on, Constantinides and Ulm (Constantinides et al. 2003) pioneeringly 

developed a grid indentation technique to distinguish and extract the intrinsic mechanical 

properties of individual constituents in the hardened cement pastes as well as other composites. 

Such an approach requires performing a large number of indents randomly located on the well-

polished specimens, followed by statistical deconvolution of the obtained dataset, which is 

usually assumed to consist of multi-mode Gaussian distributions. In fact, by using the 

probability density function (PDF)-based deconvolution method, Constantinides and Ulm 

(Constantinides et al. 2003) confirmed that two types of CSH, LD-CSH and HD-CSH with a 

�<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �R�I�� �a���������� �D�Q�G�� �a���������� �*�3�D���� �U�H�V�S�H�F�W�L�Y�H�O�\�� exist in the hardened cement. The 

successful detection of the two types of CSH as the main functioning constituents for the 

�F�H�P�H�Q�W�¶�V���V�W�U�H�Q�J�W�K���J�H�Q�H�U�D�W�L�R�Q�����D�Q�G���W�K�H���T�X�D�Q�W�L�W�D�W�L�Y�H���G�H�W�H�U�P�L�Q�D�W�L�R�Q���R�I���W�K�H�L�U���U�H�V�S�H�F�W�L�Y�H���P�H�F�K�D�Q�L�F�D�O��

�S�U�R�S�H�U�W�L�H�V�� �H�Q�D�E�O�H�� �D�Q�� �H�Q�K�D�Q�F�H�G�� �X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �R�I�� �W�K�H�� �F�H�P�H�Q�W�¶�V�� �V�W�U�H�Q�J�W�K�� �G�H�Y�H�O�R�S�P�H�Q�W��

mechanisms at the microscale. Since this pilot work, grid indentation has evolved as a routine 

technique extensively used to characterize the mechanical properties of cementitious materials 

and other multiphasic composites. 

Nevertheless, the grid indentation technique still has limitations, especially when it is 

performed on heterogenous materials consisting of multiphasic constituents of varying sizes. 

For example, the nanoindentation measurement is actually an average response of the 

elastoplastic zone induced by the indentation load, which may include different constituents as 

well as nano-pores and cracks. Such a zone manifests that the actual indentation depth, but not 

the load, is more critical for accurately determining the mechanical properties of different 

phases in the composites (Luo et al. 2020), although the depth is highly dependent upon the 
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load. However, the characteristic length scale (i.e., appropriate indentation depths to detect the 

�L�Q�G�L�Y�L�G�X�D�O�� �S�K�D�V�H�V�¶�� �³�W�U�X�H�´�� �P�H�F�K�D�Q�L�F�D�O�� �S�U�R�S�H�U�W�L�H�V���� �I�R�U�� �G�L�I�I�H�U�H�Q�W�� �F�R�Q�V�W�L�W�X�H�Q�W�V�� �L�V�� �Q�R�W�� �D�O�Z�D�\�V�� �W�K�H��

same. The traditional nanoindentation testing is generally performed in two different modes: 

fixed maximal indentation depth or load, which only yields discrete measurements at a given 

load or depth. Until recently, Luo et al. (Luo et al. 2021a) developed a big data nanoindentation 

technique to characterize the cross-scale mechanical properties of sedimentary rocks (e.g., 

shales) at different scales using a single instrument, nanoindentation, accomplished by the 

continuous stiffness measurements (CSM) method, which enables the continuous but not 

discrete profiling of the mechanical properties along the entire indentation process. The 

accuracy and effectiveness of this cross-scale mechanical characterization technique were 

further verified by microindentation testing performed on shales (Du et al. 2021). 

As elaborated above, the micromechanical characterization of the hardened cements is 

already a sophisticated challenge. Adding additional organic polymetric elastomers, such as 

particulate SBR and emulsified SBL, makes the task even more complex and challenging. In 

this study, the newly developed cross-scale big data nanoindentation technique was applied to 

characterize the mechanical properties of organic-inorganic hybrid elastomer-cement 

composites at different length scales. The unique, unprecedented objective is to probe how the 

elastomers finely tune the mechanical properties of the CHPs and hence unravel the role of 

both emulsified and particulate elastomers. Combined with the microstructure characterization 

via scanning electron microscopy (SEM) and mercury intrusion porosimetry (MIP), a thorough 

understanding of the roles of elastomers in changing the microstructure and porosity, dictating 

the cross-scale mechanical properties and toughening mechanisms in the hybrid cement-

elastomer composites is expectedly achieved.  
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6.2 Materials and Methods 

6.2.1 Materials 

A Class G oilwell Portland cement (Jiahua Cement Production Co., China), hereafter 

referred to as cement, was selected as the base matrix material. Additives selected to tailor the 

mechanical properties of the hardened cement consisted of three types of organic elastomers, 

namely styrene-butadiene latex (SBL), polypropylene (PP), and nitrile rubber (NR), and one 

inorganic oxide, hematite. While the SBL was a stabilized emulsion consisting of both 

hydrophilic and hydrophobic moieties, the other two elastomers were particulate sieved 

through a 150���Pm-opening mesh. Hematite is a fine powder with particle sizes of < 48 �Pm, and 

it has a high specific gravity (e.g., 4.90). As such, it was used in this study as a weighting agent 

to compensate for the reduced densities of the cement slurry due to the added, relatively light-

weight organic elastomers. Their basic physical and chemical properties are summarized in 

Table 6-1.  
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Table 6-1 Basic properties of the elastomer and hematite additives. 

 
Density 

(g/cm3) 

Melting 

point 

(�• ) 

Structure WCA (p=) 
Particle 

size (�Pm) 

SBL 1.04 -5-0 

 

80.9 / 

NR 1.00 108 
 

103.6 ~150 

PP 0.94 130-171 
 

102.1 ~150 

Fe2O3 4.90 1565 
 

0-50 < 48 

 

The two particulate elastomers, PP and NR, are both hydrophobic but have different 

molecular structures. The former is a thermoplastic, partially crystalline, and non-polar 

�³�D�G�G�L�W�L�R�Q���S�R�O�\�P�H�U�´�����D�Q�G���K�H�Q�F�H���K�\�G�U�R�S�K�R�E�L�F�������D�Q�G���F�R�Q�W�D�L�Q�V���Q�R���H�[�R�W�L�F���F�U�R�V�V-linkers, but rather 

the relatively hard, crystalline isotactic blocks acting as physical crosslinkers connected to the 

soft atactic PP segments, while the NR has real intermolecular chemical crosslinkers (e.g., 

induced via vulcanization, or carboxylation and zinc additives) and a true elastomer. Compared 

with the SBL emulsion, the solid elastomers possess relatively weak intermolecular forces but 

relatively strong cross-linkers, rendering them unique viscoelasticity with a generally low 

�<�R�X�Q�J�¶�V���P�R�G�X�O�X�V��but high failure strain and high toughness. 
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6.2.2 Sample Preparation 

A total of five different cement-elastomer composite samples, designated as Samples 

C1 to C5 respectively, were prepared using a fixed water to cement weight ratio of 0.44, but 

different pre-designed contents (i.e., wt.% based on the dry cement) of the aforementioned 

organic elastomers and inorganic hematite, as summarized in Table 6-2. While every sample 

contained the SBL emulsion at 6, 12, or 14 wt.%, PP, NR, and hematite were added only to 

different pairs of the five samples at different fractions (Table 6-2). The mixing started with 

adding water to the cement, followed by sequentially adding the SBL emulsion, particulate PP 

or NR, and finally hematite. The admixture was then thoroughly and vigorously stirred and 

blended in a kitchen-type mixer to produce a homogeneous cement slurry, which was 

immediately cast into a cubic mold of 50.8 
H 50.8 
H��50.8 mm in dimension, which were then 

immediately cured for 28 days in a pressure vessel (i.e., an autoclave) set at 160 �•  and 21 

MPa to simulate the HTHP environment of the deep oilwell. Noteworthy is that Samples C3 

and C5 contained the inorganic hematite additive at 50 wt.% of the dry cement. 
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Table 6-2 The five cement-elastomer composite samples C1 to C5 and the pre-designed 

fractions of the different elastomers, including SBL emulsion, PP, NR, and hematite (all units: 

wt.%) 

 

 

Sample ID SBL emulsion Polypropylene, % Nitrile rubber, % Hematite, % 

C1 6 / / / 

C2 6 / 6 / 

C3 12 / 6 50 

C4 12 12 / / 

C5 14 12 / 50 
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Figure 6-1 Oilwell cement samples: (a-e) cylindrical oilwell cement sample after coring from 

molds; and (f-g) corresponding trimmed block samples for nanoindentation tests after 

polishing.  

 



 194 

Upon completion of the HTHP curing, the samples were retrieved from the autoclave 

and allowed to cool down to the room temperature. Then coring with a laboratory-scale drilling 

bit was performed to extract multiple standard cylindrical core specimens of ~50 �u 25 mm with 

a height to diameter ratio of 2.0 (Figure 6-1), some of which exhibited visible cracks (Figure 

6-1a to 1e). From each specimen, a relatively smaller cuboid of ~20 �u 10 mm was trimmed off 

from the carefully selected sections with no visible cracks. Each cuboid was then glued onto 

an aluminum puck by a mounting adhesive, Crystalbond 509 amber resin (Aremco Products 

Inc., NY, USA) that melts at 130�qC and hardens on cooling. The cuboid specimen was 

successively polished in a MetaServ 250 polisher (Buehler Inc., IL, USA) by firstly abrasive 

SiC polishing papers with grit sizes from #P400 to #P4000 and secondly alumina lapping films 

with grit sizes of 3.0, 1.0, and 0.3 �Pm to acquire a smooth surface for subsequent 

nanoindentation testing. In fact, the root mean square roughness (Rrms) of all polished 

specimens measured by atomic force microscopy is < 150 nm. 

 

6.2.3 Microstructure Characterization 

To characterize the microstructure of the hybrid, HTHP-cured cement-elastomer 

composites, scanning electron microscopy (SEM) was conducted to examine the fresh surfaces 

of fractured pieces as well as the polished specimens after nanoindentation testing, which were 

all coated with a thin layer of gold prior to observation in a Nova NanoSEM 450 (FEI, 

Hillsboro, OR, USA) and Zeiss EVO50 XVP (Carl Zeiss Microscopy GmbH, Jena, Germany) 

microscopes, respectively. In addition, mercury intrusion porosimetry (MIP) was also 

performed in an AutoPore IV 9500 (Micromeritics Instrument Corporation, GA, USA) 

porosimeter with injection pressures of up to 60,000 psia to characterize the pore size 
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distributions (PSD) and total porosity of all five samples. A small cube of ~1.0 
H 1.0 
H 1.0 cm 

was trimmed from each of the five cored samples for the MIP measurements. 

 

6.2.4 Big Data Nanoindentation 

The grid indentation technique was employed to obtain the two-dimensional (2-D) 

datasets on the mechanical properties (i.e., both E and H) of the cement-elastomer composites. 

A total of 1000 indents, divided into 10 randomly located 10 × 10 matrices with a spacing of 

200 �Pm between two adjacent indents, were made on each specimen in a G200 nanoindenter 

(Keysight Technologies, Inc., Santa Rosa, CA, USA). Upon completion of each matrix, 4 

additional indents were made on fused silica, a calibration standard with known mechanical 

properties (e.g., E = 72.0 GPa), to re-calibrate and validate the indenter tip conditions (e.g., 

whether the tip was contaminated or damaged) for data quality control. To facilitate subsequent 

big data analytics (as discussed later), each indent was loaded to a pre-designed indentation 

depth (h) of ~10 to 12 ���P��under a continuous stiffness measurement (CSM) mode using a 

harmonic oscillation of 2 nm and 45 Hz in amplitude and frequency, respectively, a customized 

Berkovich diamond tip �Z�L�W�K���D�Q���H�I�I�H�F�W�L�Y�H���G�H�S�W�K���R�I���!���������P, and a constant indentation strain 

rate (�È/h) of 0.05 1/s. The widely accepted Oliver-Pharr method was used for data processing, 

and a �F�R�Q�V�W�D�Q�W���3�R�L�V�V�R�Q�¶�V���U�D�W�L�R���R�I������18 was assumed i�Q���W�K�H���F�D�O�F�X�O�D�W�L�R�Q���R�I���W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V��

of all tested specimens. 

 

6.2.5 Big Data Analytics 

The big data nanoindentation technique was originally developed to characterize the 

cross-scale mechanical properties of multiphase sedimentary rocks (e.g., shales and 
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sandstones), including the nano/micro-scale individual constituent phases and meso/macro-

scale bulk rocks or composites (Wu et al. 2020b; Li et al. 2021b; Luo et al. 2021a), but was 

extended to heterogeneous cementitious composites in this study. This technique involves 

three major steps to process the massive depth-dependent mechanical property data obtained 

by the CSM nanoindentation: (1) data segmentation and extraction from the massive (i.e., 

~1000) E-h and H-h curves at different segmentation depths, resulting in multiple 2-D 

subdatasets; 2) statistical deconvolution of each subdataset by the bivariate Gaussian Mixture 

Modeling (GMM) and Bayesian Information Criterion (BIC); and 3) data re-assembly of the 

deconvoluted results from all subdatasets at different segmentation depths. Since the details of 

this technique have been well described in previous publications (Luo et al. 2020, 2021a; Wu 

et al. 2020b), only is the process of data segmentation presented here. 

The ~1000 continuous E-h and H-h curves obtained from each specimen via CSM-

based grid nanoindentation were segmented at different indentation depths with varying 

intervals: for h �”���������P, the depth interval �ûh = 100 nm, while for h = 1-���������P, �ûh = 200 nm. 

As such, a total of 55 2-D subdatasets with each consisting of ~1000 corresponding E and H 

values at a given segmentation depth (e.g., h � ���������������������������������«�����������������������������������������«��������������

nm) were extracted for subsequent GMM analysis. Details of the statistical deconvolution can 

be found in prior publications (Luo et al. 2020, 2021a, b; Wu et al. 2020a; Li et al. 2021a). 

This segmentation and deconvolution process was repeated for all five specimens, resulting in 

a total of 275 subdatasets deconvoluted and analyzed in this study. 
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6.3 Analyses of Results 

6.3.1 Microstructure 

6.3.1.1 MIP Porosity 

Figure 6-2a compares the measured total porosity of all five different composites. 

Clearly, Specimen C3 possesses the highest porosity, while C4 has the lowest one. First it 

seems that the fraction of the SBL emulsion elastomer does not necessarily dictate the porosity, 

since Specimen C5 has the highest emulsion additive but a modest porosity. Actually, these 

five elastomer-modified cements can be further divided into two subgroups: one subgroup with, 

and the other without weighting agent, hematite. For Specimens C1, C2, and C4, adding the 

emulsified and particulate elastomers gradually reduces the porosity, and the higher the added 

elastomer fraction, the smaller the overall porosity. However, the porosity of Specimens C3 

and C5 increases after hematite was added into the cement slurry. 

Moreover, Figure 6-2b shows the pore size distributions (PSDs) of the five specimens 

by plotting the cumulative pore volume versus pore diameter obtained by MIP. Most pores are 

within the range of ~3 to 300 nm, except for Specimen C5, which shows a wider range of pore 

sizes (i.e., from ~3 to 2000 nm). To better present the PSDs and certain characteristic pore 

sizes, the differential PSD curves were obtained by taking the derivative of the cumulative pore 

volume against the pore diameter (Figure 6-2c). As such, Specimens C1 to C3 have a single-

mode differential PSDs, while C4 and C5 multi-mode differential PSDs with higher fractions 

of larger pores. The majority of pores in Specimen C1 with emulsion only as additives are ~10 

nm in size, which serves as the reference for other specimens that contain particulate 

elastomers or hematite. The differential PSDs of Specimens C2 and C3 that contain NR have 

a sharp single peak, similar to C1. However, both Specimens C4 and C5 have relatively flat, 
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multimode differential PSDs that are totally different from those of the other three specimens. 

Overall, with increasing the particulate elastomers�¶�� �I�U�D�F�W�L�R�Q�� ���L���H������ �3�3�� �D�Q�G�� �0�5������ �W�K�H��

characteristic pore sizes increase, and the differential PSDs move toward the right (Figure 6-2c). 

In fact, the major pores of C5 are around ~600 nm, when compared with the ~100 nm for 

Specimen C1 without particulate elastomers. When Specimens C2 and C4 are compared with 

C3 and C5 that contain hematite, both the total porosity (Figure 6-2a) and characteristic pore 

size (i.e., the pore size corresponding to the highest peak in the differential PSDs) increase, 

indicating that adding hematite can increase the porosity or offset to some extent the reduction 

in the porosity effected by the elastomer additives. More importantly, adding the PP elastomer 

to the cement matrix can result in large pores and totally different pore structure. The reason 

for such changes is to be discussed later.  
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Figure 6-2 MIP characterization of all five samples: (a) comparison of the total porosity of all 

five samples; (b) cumulative pore size distribution curves; (c) logarithmic differential pore size 

distribution curves. 
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6.3.1.2 SEM Imaging 

Error! Reference source not found. consists of selected secondary-electron (SE) 

SEM micrographs showing the typical microstructure features observed on the freshly 

fractured surfaces of Specimen C4 with SBL and PP as additives. In Figure 6-3a to 3c, some 

typical CHPs can be clearly observed, such as the needle-shaped, CSH (Figure 6-3a), the platy 

rosette-like CH aggregates (Figure 6-3b), and the honeycomb-shaped, CSH surrounded by 

lath-shaped ettringite (Figure 6-3c), and similar observations have been well documented in 

the literature. On the other hand, no evidence shows that these CHPs and their growth or 

precipitation are chemically altered by the SBL emulsion or particulate PP, most likely due to 

their inert and hydrophobic nature (Table 6-2). Furthermore, Figure 6-3d to 3f present the 

occurrence and morphology of the SBL and PP elastomers within the cement matrix as well as 

pertinent, typical microstructural and morphological alterations to the composite caused by the 

elastomer additives. Figure 6-3d clearly shows that the coarse-grained, dark-colored PP 

particles of 100-200 �Pm in size are randomly embedded in the cement paste, resulting in the 

formation of a matrix-inclusion composite. While the former (i.e., cement paste) is relatively 

stiffer the latter softer, viscoelastic coarse inclusions. However, in Error! Reference source 

not found.e and 3f, the SBL emulsion either forms a thin layer of discontinuous coating 

covering the CHPs or fills the interparticle and intraparticle pores of the CHPs, resulting in a 

complex compound morphology.  
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Figure 6-3 Selected secondary electron SEM micrographs showing the microstructure features 

of the cement-elastomer composites: (a) needle-like CSH; (b) rosette-like CH crystals; (c) thin 

film-like CSH; (d) PP particles (indicated by the red arrows) embedded in the cement matrix 

of Sample C4; (e) SBL emulsion acting as coating covering the surface of cement matrix; (f) 

SBL emulsion filling the pores of cement hydration products. 

 

Additional microstructure features, particularly the morphology of the elastomers and 

their association and embedment with the hardened cement paste, can also be observed on the 

highly polished specimens prepared for nanoindentation testing. Figure 6-4a to 4e show the SE 

SEM micrographs of the three specimens without hematite (i.e., C1, C2, and C4), respectively, 

while Figure 6-4f to 4j are the corresponding backscattered-electron (BSE) SEM micrographs. 

Under the SE mode (Figure 6-4a and e), all observed surfaces appear relatively smooth and 

homogeneous, except some randomly distributed pores and elastomer particles, and the latter 

all have a relatively low contrast against the cement matrix. On the contrary, under the BSE 

mode (Figure 6-4f and j), the elastomer particles, elastomer emulsion, and even the hydrated 

clinker particles become clearly and contrastingly visible, obviously because of their different 
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backscatter coefficients, defined as the fraction of beam electrons that escape the sample as 

BSEs (e.g., organic elastomers have lower a backscatter coefficient and hence appear darker 

in the BSE images, while the unhydrated cement clinker has an even lighter color due to its 

higher backscatter coefficient) (Todd and Beyer 2015). As such, the distribution and geometry 

of different constituent phases can be clearly observed in Figure 6-4f to 4j: the dark black 

particles are the emulsified and particulate elastomers, while the light grey particles are the 

unhydrated cement clinkers, and the general, more or less continuous zone covering nearly the 

entire surface is the cement hydration products, including CSH and CH. In particular, the SBL 

emulsion is a colloidal, gel-like liquid, and hence can be disintegrated and dispersed as smaller 

droplets and then better blended with the cement slurry. As such, the emulsified SBL elastomer 

is presented as much smaller black particles in the BSE images (Figure 6-4f). Also, since the 

emulsion may also form a thin coating covering CHPs, the high-energy (i.e., 15 keV) electron 

may penetrate through the emulsion coating and interact with the underlying CHP particles. 

As such, some SBL emulsion may also appear as darker grey (but not pure black), smaller 

particles embedded with the cement paste. This can be demonstrated by Figure 6-4f, the BSE 

image obtained from Specimen C1 that only contains SBL as the sole additive. To this end, in 

�W�K�L�V���S�D�S�H�U�����W�K�H���W�H�U�P�����³�F�H�P�H�Q�W���P�D�W�U�L�[�´�����V�K�R�X�O�G���K�H�U�H�D�I�W�H�U���E�H���H�[�W�H�Q�G�H�G���W�R���L�Q�F�O�X�G�H���W�K�H���X�Q�K�\�G�U�D�W�H�G��

clinker, CHPs (i.e., CSH and CH), the SBL emulsion, and pores therein as a fine-grained, 

relatively homogenized, continuous composite. All these observations suggest that the SBL 

generally fill the pores or coats on the CHPs, rather than chemically take part in the cement 

hydration reactions or alter the CHPs. In fact, according to its molecular structure (Table 6-2), 

the SBL is quite stable and inert, and should not be expected to be actively involved in the 
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cement hydration reactions, despite the hydrophilic constituent other than the SBL used to form 

the emulsion.  

Further noteworthy is that the elastomers, including SBL, NR, and PP, are organic 

materials that may undergo melting and thermal degradation at elevated HTHP conditions. 

Their melting points are also summarized in Table 6-1. As shown in Figure 6-4c and 4h, the 

black NR and grey cement paste form an interpenetrating morphology with mottled black and 

grey colors, especially near the outer boundary of the NR particle, indicating that, during the 

HTHP (i.e., 160�qC and 20 MPa) curing, this NR particle has undergone melting and behaved 

as a fluid permeating and mixing with the surrounding cement paste. Prior work points out that 

the unsaturated sites in the NR backbone chain make it more susceptible to thermal melting 

and degradation (Zhao et al. 2013; Haroonabadi et al. 2018) (Error! Reference source not 

found.). In contrast, the other particulate elastomer, PP, with a methyl group as its side chain, 

shows excellent thermal resistance and stability in the HTHP environment (Madhavi et al. 2015; 

Patel et al. 2015; Elkatatny et al. 2020). As indicated in Figure 6-4d, 4e, 4i, and 4j, no signs of 

pyrolysis or melting are observed in Specimens C4 and C5. 
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Figure 6-4 SEM micrographs showing the microstructure of the cement-elastomer composites 

obtained on the polished surface after nanoindentation testing: (a-e) SE images for the well-

polished surfaces of Samples C1, C2, C2, C4, and C4, respectively; (f to j) corresponding BSE 

images for the same observed zone shown in the left column. 

 

Another microstructure feature is the occurrence of some cracks along the surfaces of 

elastomer particles (Figure 6-3d, 3e, 4c and 4h) and sometimes even across the cement matrix 

(Figure 6-4h). The former, as expected, results from the lack of interfacial adhesion between 

the hydrophobic elastomer and hydrophilic CHPs, which is in turn due to the no-polar, 

hydrophobic surfaces of the elastomers, as indicated by their molecular structures (Table 6-1). 

The dissimilar thermal expansion coefficients between the elastomers and CHPs may be 

another reason for the interfacial cracks, since the cement-elastomer composites were cured at 

HTHP conditions. The latter may be shrinkage cracks (Figure 6-4h), similar to those observed 

in hardened pure cement pastes and even concretes. In fact, some cylindrical specimens cored 

from the large cubic samples even contain the macroscale cut-through cracks that already failed 

the specimens (Figure 6-1a and 1b). Although the elastomers are in general highly resistant to 

cracking by absorbing impact energy, their hydrophobic surfaces that repel hydrophilic cement 

particles and pertinent CHPs as well as water can result in very weak or no interfacial adhesion 

and hence cracking around the elastomer particles.     

 

6.3.2 Nanoindentation Results 

Owing to the presence of elastomer additives in the cement matrix, it is interesting to 

first compare the residual impressions of indents. Figure 6-5a and 5b show a typical but 
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randomly selected batch (i.e., a 10 �u 10 matrix) of residual indents on Specimen C3 obtained 

by SE and BSE SEM, respectively, while Figure 6-5c and 5d are SE and BSE images with a 

higher magnification of some typical indents on Specimen C4. Although the maximum 

indentation depth was set to ~10 ���P, the residual indents on the heterogeneous composites 

show varied sizes, since the elastic recovery of mechanically distinct phases varies upon 

complete unloading. As seen in Figure 6-5c, the elastic recovery of the two indents made on 

the elastomer particle only is much greater than that on the relatively harder cement matrix 

consisting of CHPs and SBL as well as pores, as indicated by their much larger planar 

dimensions but much shallower depths. Figure 6-5e �F�R�P�S�D�U�H�V���V�R�P�H���W�\�S�L�F�D�O���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V-

depth (E-h) and hardness-indentation depth (H-h) curves for the cement matrix and particulate 

elastomers obtained from Specimen C5. Clearly, the cement matrix and particulate elastomers 

�H�[�K�L�E�L�W���G�L�V�W�L�Q�F�W���S�U�R�S�H�U�W�L�H�V�����W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���D�Q�G���K�D�U�G�Q�H�V�V���R�I���W�K�H���F�H�P�H�Q�W���P�D�W�U�L�[���L�V���D�U�R�X�Q�G��

20.0 GPa and 0.7 GPa at h = 500 nm respectively, while the particular elastomer features a 

�P�X�F�K���O�R�Z�H�U���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V�����H���J���������������*�3�D�����D�Q�G���K�D�U�G�Q�H�V�V�����H���J���������������*�3�D�����D�W���W�K�H���V�D�P�H���G�H�S�W�K����

These observations also agree well with subsequent statistical deconvolution results (as 

detailed later). Further noteworthy is that some indents were inevitably located on the large 

�S�R�U�H�V���R�U���F�U�D�F�N�V���R�I���W�K�H���V�S�H�F�L�P�H�Q�V�����D�Q�G���W�K�H���P�H�D�V�X�U�H�G���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���D�Q�G���K�D�U�G�Q�H�V�V���I�U�R�P���W�K�H�V�H��

indents make no sense due to the poorly defined contacts, which were manually inspected and 

removed from the datasets at the end of each batch of nanoindentation tests. 
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Figure 6-5 Different responses from different indented phases as identified by residual indents: 

(a) a 10 �u 10 matrix observed under SE mode on Sample C3; (b) corresponding surface features 

of (a) under BSE; (c) different indents on different constituents in Sample C4; (d) 
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corresponding surface features of (c) under BSE; and (e) typical indentation results (e.g., E and 

H versus h) of cement hydration products and elastomers obtained from Sample C4. 

 

The obtained E-h and H-h curves (e.g., ~1000 curves for each specimen) are compared 

in Figure 6-6. Without paying attention to the details, each set of curves from a particular 

specimen appear the same as each other, but statistical deconvolution and analysis can discern 

the difference. As stated earlier, the CSM method yields the continuously measured 

mechanical properties along the entire indentation depth. The features of these curves indeed 

reflect the nature of the heterogeneous cement-elastomer composites: 1) Each set of  curves 

from the same specimen are highly separated and scattered at relatively shallow depths (e.g., 

< 4000 nm), obviously due to the distinctly different mechanical properties of individual 

constituent phases making up the composites; 2) With increasing depth (e.g., > 6000 nm), all 

curves (except those terminating early at much shallow depths) gradually converge to a much 

narrower range or even a unified value, reflecting the progressively homogenized bulk 

properties �R�I���W�K�H���F�R�P�S�R�V�L�W�H�V�����7�K�L�V���S�K�H�Q�R�P�H�Q�R�Q���K�D�V���E�H�H�Q���Z�H�O�O���H�[�S�O�D�L�Q�H�G���E�\���W�K�H���³�L�Q�G�H�Q�W�D�W�L�R�Q��

�V�X�U�U�R�X�Q�G�� �H�I�I�H�F�W�´���� �Z�K�L�F�K�� �U�H�I�H�U�V�� �W�R�� �W�K�H�� �K�R�P�R�J�H�Q�L�]�D�W�L�R�Q�� �D�Q�G�� �X�S�V�F�D�O�L�Q�J�� �R�I�� �W�K�H�� �P�H�F�K�D�Q�L�F�D�O��

properties of different constituents within the composites that are encompassed inside the 

indentation loading-induced elastoplastic zone (i.e., this zone expands to include more 

constituents and hence a larger volume of the specimen with increasing indentation depth).  

Figure 6-7a and 7b present a typical, randomly-selected batch of load-displacement 

curves (e.g., ~100 curves) for Specimens C1 (with SBL emulsion additive) and C5 (with SBL 

emulsion, PP, and hematite), respectively. Since the maximum load capacity of the instrument 

is ~625 mN, an individual indent made on a heterogeneous composite composed of multiple 
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mechanically distinct phases may terminate prematurely (i.e., prior to reaching the pre-set 

maximum indentation depth (hmax) of ~10 �Pm) if the applied load reaches the maximum load 

capacity first. Otherwise, if the applied load does not reach the maximum load capacity of the 

instrument, then the indent can reach the pre-set target indentation depth. Also, upon complete 

unloading, the elastic deformation is totally recovered, and a permeant impression is the plastic 

counterpart, the depth of which (hf) is related to the pertinent localized elasto-plastic zone 

induced by the indenter. As such, the averages of the elastic recovery (i.e., the difference 

between hmax and hf normalized by hmax) for all ~1000 load-displacement curves are calculated 

for each specimen, and the results are plotted in Figure 6-7c. Clearly, with increasing the 

concentration of elastomers, the averaged elastic recovery of all indents made to the target 

depth increases to ~22% (Specimen C5) from ~17% (Specimen C1), which also manifests the 

functionality and contribution of elastomers to improving the toughness of the cement-

elastomer composites. 
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Figure 6-6 Nanoindentation results showing ~1000 depth-dependent continuous curves: (a to 

e) �<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���I�R�U���6�D�P�S�O�H�V���&�����W�R���&���������I���W�R���M�����F�R�U�U�H�V�S�R�Q�G�L�Q�J���K�D�U�G�Q�H�V�V�� 
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As mentioned earlier, data segmentation performed at different depths on five sets of 

continuous property-depth curves with each consisting of ~1,000 E-h and H-h curves (Figure 

6-6) yields 275 subdatasets. Due to the early pre-termination of some curves (e.g., for indents 

made on a hard constituent) or the misconducted indents (e.g., those located on voids or cracks), 

the total number of effective data entries is usually slightly less than the total number of indents 

conducted on each specimen, Therefore, Figure 6-7d compares the normalized sizes (i.e., 

defined as the ratio of the number of valid data entries to that of all indentation measurements 

at a given segmentation depth) of different subdatasets at all segmentation depths. It clearly 

�V�K�R�Z�V���W�K�D�W���W�K�H�U�H���H�[�L�V�W�V���D���V�K�D�U�S���³�I�D�O�O�L�Q�J���S�R�L�Q�W�´�����L���H�������D���V�X�G�G�H�Q�����I�D�V�W���G�H�F�U�H�D�V�H���L�Q���W�K�H���Q�R�U�P�D�O�L�]�H�G��

size of subdatasets) for each specimen due to the limitation of the maximum load capacity (e.g., 

625 mN) of the instrument. As expected, the falling points of Specimens C1 and C2 are at 

similar, smaller indentation depths, ~6 �Pm, while the other three specimens, C3, C4, and C5, 

have their falling points at greater depths (e.g., ~8 �Pm), owing to their higher fractions of SBL 

emulsions (i.e., 6 vs. 12-14 wt.%, Table 6-2). In general, the SBL emulsion can be easily 

broken apart and better dispersed into the pure cement paste, resulting in a softer cement-SBL 

composite matrix. When the SBL fraction increases, this composite matrix becomes even 

softer, and hence the total number of indents, which were made on a softer material and hence 

achieved a larger indentation depth without exceeding the maximum load capacity of the 

indenter, increases (Figure 6-7d).  
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Figure 6-7 Typical results of nanoindentation testing: (a) ~100 load versus indentation depth 

curves from Specimen C1; (b) ~100 load versus indentation depth curves for Specimen C2; (c) 

relationship between the average elastic recovery versus concentration of elastomers for all 5 

specimens; and (d) relationship between the normalized size of subdataset versus indentation 

depth for all 5 specimens. 

 

6.3.3 Deconvolution Results 

As an example, Figure 6-8a and 8b show selected typical GMM deconvolution results 

for Specimen C2 at the indentation depths of 500 and 9000 nm respectively, where the discrete 

points represent the 2-D individual indentation measurements (i.e., E and H) at different 

indentation depths, while the ellipses of different colors signify the subdivision of these 

measurements into only a few mechanically distinct phases via the GMM deconvolution. 

Specifically, 5 phases are identified at the depth of 500 nm (Figure 6-8a), while only 2 phases 

were determined at 9000 nm (Figure 6-8b), because the elastoplastic zone beneath the indenter 

tip keeps on expanding with increasing the indentation depth, a process of upscaling and 

homogenization that results in a smaller number of mixture phases or eventually only one phase 
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�± the bulk composite for the entire specimen. Further noteworthy is that 5 different phases are 

consistently determined at the depth of 500 nm for other 3 specimens (i.e., C3, C4, C5) except 

C1 that contains no particulate but emulsified elastomer additive. Based on the knowledge of 

the widely accepted CHPs and aforementioned microstructure observations, these 5 phases are 

accordingly assigned as particulate elastomer, LD-CSH, HD-CSH, portlandite (CH), and 

�X�Q�K�\�G�U�D�W�H�G���F�H�P�H�Q�W���F�O�L�Q�N�H�U�����L�Q���W�K�H���R�U�G�H�U���R�I���L�Q�F�U�H�D�V�L�Q�J���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���D�Q�G���K�D�U�G�Q�H�V�V���� 

 

Figure 6-8 Example GMM deconvolution results for Specimen C2: (a) subdataset at the depth 

of 500 nm; (b) subdataset at the depth of 9000 nm. 

 

Figure 6-9 shows the deconvolution results for all subdatasets of all five specimens. 

While Specimen C1 consists of four mechanically distinct phases at shallow depths, the other 

four specimens have five different phases, as detailed in Figure 6-8. One may wonder why the 

SBL emulsion is not detected by the deconvolution. The reason is that the SBL exists in the 

composite as finely dispersed droplets or as thin coatings on the CHPs particles, and hence 
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finite-depth (but not infinitesimal) indentation measurements may not be sensitive enough to 

probe and detect the very thin or small-volumed SBL as a separate phase, but rather a cement-

SBL matrix as a composite phase. As stated earlier, this is also the reason why the cement 

matrix defined in this paper actually contains the finely-divided SBL emulsion. 
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Figure 6-9 Re-assembled deconvolution results from all subdatasets: (a-�†�������‘�—�•�‰�ï�•���•�‘�†�—�Ž�—�•��

of the deconvoluted phases for Specimen C1 to C5, respectively; (e-f) hardness of the 

deconvoluted phases for Specimen C1 to C5, respectively. 

 

When compared with the non-deconvoluted, massive, and chaotic E-h and H-h curves 

(Figure 6-6), the deconvoluted counterparts (Figure 6-9) provide clearer, more meaningful, and 

straightforward mechanical properties of individual constituents at different indentation depths, 

and further manifest the progressive homogenization process starting from the nano/micro-

scale, truly individual phases (e.g., elastomer, LD-CSH, HD-CSH, CH, and unhydrated clinker) 

to the meso-scale, intermediate composite phases (e.g., LD-CSH and HD-CSH as one phase), 

and eventually to the bulk composite as a macroscale unified phase. As such, the mechanical 

properties (i.e., E and H) of each individual phase can be directly determined from these plots 

in Figure 6-9: the values corresponding to the plateau (i.e., relatively constant values) or, if no 

plateau presents, to the first point or highest value at h > 3hrms (Luo et al. 2021a). In the 

meanwhile, the macroscale hardnes�V���D�Q�G���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I���W�K�H���E�X�O�N���F�R�P�S�R�V�L�W�H�V���W�K�D�W���H�[�F�O�X�G�H��

the particulate elastomers (i.e., the influence of particulate elastomers on the bulk composites 

is not considered at this stage) are computed by averaging all the data points beyond the falling 

points (e.g., h �• 6 �Pm for C1 and C2; h �• 8 �Pm for C3, C4, and C5) shown in Figure 6-7d. 

 

Another interesting phenomenon, unique to the study, is that the particulate elastomers 

exhibit nearly perfectly constant E and H along the indentation depth, but no indentation size 

effect or indentation surround effect (Figure 6-8). As shown in the Figure 6-5a and 5b as well 

as Table 6-1 the average size of the PP and NR particles is ~150 �Pm, which is large enough to 
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encompass the even largest elastoplastic zone induced by largest indentation depth of 10 �Pm. 

As such, the majority of indentation measurements (i.e., except those located on the edge) 

made on the elastomer particles mainly probe the intrinsic mechanical properties of the 

elastomer itself, but not so much affected by the surrounding CHPs. Therefore, in order to 

incorporate the functionality and contribution of the relatively large elastomer particles, a 

further step of homogenization was conducted involving one of the widely used and effective 

upscaling approaches, the Mori-Tanaki scheme (Mori and Tanaka 1973b). In this process, the 

macroscale homogenized matrix phase (i.e., the cement-SBL composite, but without large-

sized particulate elastomers) was treated as the new matrix, while the PP or NR elastomer 

particles acted as the softer inclusions. As indicated by Constantinides and Ulm 

(Constantinides and Ulm 2004), the application of a homogenization scheme requires the 

length scale separability at different levels (e.g., from microscale to macroscale) that must be 

at least one order of magnitude greater than each other. In this study, the mechanical properties 

of the cement-SBL matrix are acquired at ~10 �Pm and the size of the elastomer particles is 

~150���Pm, which meets the length scale separability principle. 

The mechanical properties of the homogenized macroscale bulk composite, cement-SBL 

matrix, and other individual constituents are summarized in Table 6-3�����&�O�H�D�U�O�\�����W�K�H���<�R�X�Q�J�¶�V��

modulus and hardness of individual CHPs (e.g., LD-CSH, HD-CSH, and CH) as well as the 

cement-SBL matrix and bulk composites all decrease with increasing the SBL fraction for 

Specimens C1, C2, and C4. Comparing Specimens C2 with C4, which both contains no 

�K�H�P�D�W�L�W�H���� �W�K�H�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �R�I�� �W�K�H�� �F�H�P�H�Q�W-SBL matrix decreases by 31% due to an 

additional 6 wt.% SBL. For Specimens C3 and C5, which both contains hematite, when 

compared with C4, even though their SBL fractions of these three specimens are roughly the 
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same, the mechanical properties of the individual constituent phases increase. Since abundant 

(i.e., 50 wt.%, Table 6-2) fine-�J�U�D�L�Q�H�G���K�H�P�D�W�L�W�H���Z�L�W�K���D���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���D�Q�G���K�D�U�G�Q�H�V�V���R�I���X�S���W�R��

~200 and 8 GPa respectively (Chicot et al. 2011), was added to C3 and C5, and the fine, 

hydrophilic hematite particles can be well dispersed into the cement slurry and hence cannot 

be detected as a separate individual phase by the finite-depth indentation measurements and 

pertinent deconvolution-based data analytics, it is not surprising that the mechanical properties 

of individual CHPs, as well as the bulk composites, increase for these two specimens. Such 

results and observation are also in accordance with prior macroscopic testing results (Cao et 

al. 2017; Ahmed et al. 2019, 2020). 

 

 

 

 

 

 

 

 

 

Table 6-3 Summary of deconvolution results for both individual constituents and bulk 

composites 
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Sample ID 
Constituent 

name 

Young's modulus E (GPa) Hardness (GPa) 

Individu
al 

Cement 
matrix* 

Bulk Individual Bul
k 

C1 

LD-CSH 20.9 

17.3 / 

0.9 

0.5 
HD-CSH 25.7 1.2 

CH 37.5 2.1 
Unhydrated 

clinker 
76.8 6 

C2 

NR 2.2 

15.5 13.8 

0.1 

0.3 

LD-CSH 20.1 0.7 
HD-CSH 24.7 1.1 

CH 39.5 1.9 
Unhydrated 

clinker 
69.2 5.9 

C3 

NR 2.2 

12.5 11.2 

0.1 

0.2 

LD-CSH 16.1 0.6 
HD-CSH 24.7 0.9 

CH 44.9 2.5 
Unhydrated 

clinker 
88.2 6.2 

C4 

PP 2.1 

10.7 9.7 

0.1 

0.2 

LD-CSH 11.3 0.4 
HD-CSH 18.5 0.7 

CH 28.8 1.3 
Unhydrated 

clinker 
66 4.1 

C5 

PP 2.1 

12.6 10.8 

0.1 

0.2 

LD-CSH 16.9 0.7 
HD-CSH 28.4 1.3 

CH 59.9 3.9 
Unhydrated 

clinker 
81.3 6.1 

Reference 
[8,22,42-47] 

LD-CSH 23.0-
30.1 

22.8-
31.2 / 

0.6-1.3 

/ 

HD-CSH 31.4-
36.2 

0.8-1.6 

CH 35.2-
48.0 

1.4-4.2 

Unhydrated 
clinker 

>50.0 >6.7 
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Theoretically, the properties of individual phases and the cement-SBL matrix of 

Specimen C1 without the NR should be the same as the counterparts of C2 with 6 wt.% NR, if 

the influence of NR elastomer can be excluded in the consideration. However, these parameters 

are slightly smaller for C2 than for C1. Two possible reasons may account for the small 

reduction: (1) as indicated by the microstructure SEM images (Figure 6-4g), some tiny-sized 

(i.e., too small to be detected by finite-depth indentation) NR elastomer particles that are 

embedded in the CHPs are included in the cement-SBL matrix; (2) the NR has a low melting 

point and hence curing at 160�qC and 20 MPa can melt the NR that then can flow and inter-

penetrate into the pores of the CHPs. Therefore, a significant part of the particulate NR can be 

finely dispersed into the cement-SBL matrix, further decreasing the mechanical properties of 

both the individual CHPs and cement-SBL matrix. For Specimen C2, adding 6 wt.% NR 

�H�O�D�V�W�R�P�H�U���L�Q�G�X�F�H�V���D�����������U�H�G�X�F�W�L�R�Q���L�Q���W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I���W�K�H���P�D�F�U�R�V�F�D�O�H���E�X�O�N���F�R�P�S�R�V�L�W�H�� 

 

With respect to the hardness, similar behavior can be observed: adding the SBL emulsion 

to the cement paste can reduce the hardness of both individual CHPs as well as the macroscopic 

bulk composites, while adding fine-grained, hydrophilic hematite can slightly increase these 

parameters. Since there is not such a model that can homogenize and upscale the hardness of 

individual phases to the bulk composite, no special effort was made to determine the hardness 

of the cement-SBL matrix as well as the macroscopic bulk composite, but the hardness of the 

latter can be determined from the deconvoluted results (Figure 6-9). Finally, it is well known 

that the mechanical properties of the hardened pure cement paste are influenced by many 

factors, such as the water to cement ratio, curing conditions, curing time, and even other 

additives. However, effort was made to collect the E and H of individual CHPs and the 
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hardened bulk composites from published work (Constantinides and Ulm 2004; DeJong and 

Ulm 2007; Sorelli et al. 2008; Hu and Li 2015; Sebastiani et al. 2016; Brown et al. 2018; 

�:�L�O�V�R�Q���H�W���D�O�����������������1���P�H�þ�H�N���D�Q�G���/�X�N�H�ã������������, which are also summarized in Table 6-3. For 

all of the five specimens, the softer, highly viscoelastic SBL, NR, and PP additives obviously 

result in lower mechanical properties than the hardened pure cement paste, although the 

reduction for certain individual phases is not so significant.  

 

6.4 Discussion 

6.4.1 Microstructure Alterations 

Based on the MIP results, the introduction of softer, viscoelastic, and/or hyperelastic 

emulsified and particulate elastomers reduces the overall porosity of the pure cement paste, in 

spite of the possible increase due to the microscopic interfacial separation as microcracks 

between the hydrophobic elastomer particles and hydrophilic CHPs. The particulate elastomers, 

PP and NR, are hydrophobic, as indicated by their water contact angles of > 90�q (Table 6-1), 

unreactive particles, and hence unlikely form strong bonds with the hydrophilic CHPs that rely 

on access to water to crystalize and develop the cementitious bond. As such, no strong chemical 

bonds but very weak van der Waals forces develop during the process. Based on the interfacial 

transition zone theory developed for the ordinary Portland cement-based concretes (Ollivier et 

al. 1995), hydrophobic, non-reactive elastomer particles do not readily solvate in polar water 

or the hydrophilic CHPs. Upon the completion of hardening and drying, the CHPs may have 

little adhesion with the elastomer particles, and hence drying and cooling-induced shrinkage 

cracks preferentially develop at the interface, due to the higher shrinkage of CHPs but no or 

less shrinkage of elastomer particles. Therefore, a different pore structure form around the 
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elastomer particles as shown in Figure 6-2b, 2c, 5b, and 5d. In this regard, due to the lower 

melting point of the NR, despite its hydrophobicity, HTHP-curing causes the NR particles to 

melt, which can then flow and penetrate into the cement slurry. As such, the NR-cement 

composites have much smaller and uniform-sized pores than the PP, which does not melt at 

the HTHP curing. Furthermore, as suggested by the surface characterization, the hydrophobic 

SBL emulsion, in spite of its liquid consistency, is not able to uniformly or entirely cover all 

CHPs, at least for the 14 wt.% fraction used in this study. Instead, it may thoroughly disperse 

(e.g., as small droplets) in the entire cement matrix and discretely cover certain CHPs in a 

random manner. In summary, such synergistic filling effects of the dispersed SBL emulsion 

and particulate NR elastomers contribute to the reduction in both smaller and larger open pores 

in the cement paste, respectively (Ramli et al. 2013), and the NR functions better than the PP 

in reducing the porosity under the HTHP curing conditions.   

However, the weighting agent, hematite, increases the porosity and pore size of the 

composites. Cao et al. (Cao et al. 2017) investigated the influence of hematite at different 

concentrations (i.e., 0, 1, 3, and 5 wt.% of the dry cement) on the properties of resulting 

cementitious composites using Fourier transform infrared spectroscopy, X-ray diffraction, and 

MIP, and found that the addition of hematite did not alter chemically the CHPs and the lowest 

porosity was obtained from the sample with 1 wt.% added hematite, indicating that an 

overdosed hematite concentration can lead to even higher porosity of the cementitious 

composites. As an inert, hydrophilic, micro/nano-sized particulate material, hematite 

inevitably retards the hydration process of cement clinkers and thus increases the porosity, 

which well explains the phenomena observed in this study. Nevertheless, the use of hematite 
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as the weighting agent is to improve the injection performance of the cement slurry, but not 

the reduced stiffness, crack resistance, or toughness, which is not the utmost focus of this study. 

 

6.4.2 Underlying Mechanisms for Property Alterations  

 In the materials research community, it is well known that the hybrid organic-inorganic 

materials such as nacre, bones, teeth, and clay-polymer nanocomposites possess a much 

improved toughness superior to the purely inorganic counterparts, owing to the softer, highly 

deformable organic molecules (e.g., polymers, proteins) (Tang et al. 2003; Podsiadlo et al. 

2007; Bitinis et al. 2011; Finnemore et al. 2012; Gao et al. 2017). The tuning of the mechanical 

properties of the cement-elastomer composites follows the same principles: by infusing highly 

deformable, viscoelastic, and tough elastomers into the purely inorganic cement paste, the 

resulting composites, even if it is not of nanocomposites in nature, are expected to possess the 

advantageous characteristics of both the organic and inorganic constituents, such as elastomers 

and CHPs, respectively. The above section discusses the elastomer-induced alterations to the 

microstructure, particularly the porosity, of the resulting hybrid composites, while this section 

focuses on the underlying mechanisms for the mechanical property alterations. 

A limited number of prior studies have proven that the addition of SBL emulsions to 

cement can successfully increase its flexural strength and the ductility, while the compressive 

strength unsurprisingly decreases due to the significantly lower strength of the latex emulsions 

(Barluenga and Hernández-Olivares 2004; Kapil Soni and Joshi 2014; Xu et al. 2014; Victor 

et al. 2019). Furthermore, microstructure characterization of the latex-modified cement  has 

also been conducted (Sakai, Etsuo 1995; Ollitrault-Fichet et al. 1998), and one of the important 

findings is that the liquid polymer emulsion forms thin films as coatings on the CHPs and 
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hence provide extra adhesion and bending strength to the resulting cement composites. 

Unfortunately, the effort to link the microstructure alterations to the micromechanical 

characteristics of the elastomer-modified CHPs and thus the macroscale bulk composite 

properties remain scarce. Until recently, Göbel et al. (Göbel et al. 2018) attempted to study the 

micromechanical behavior of the SBL-modified cement at two different concentrations (i.e., 

at two polymer to cement weight ratio of 0.05 and 0.2) via the statistical nanoindentation 

technique, and three mechanically distinct phases were artificially assigned after the 

cumulative distribution function (CDF)-based deconvolution of the 1-D dataset obtained at a 

fixed but not continuous indentation depth. Yet, this arbitrary determination of the number of 

phases in the SBL-modified cement inevitably leads to a query on the different 

micromechanical properties resulting from different CHPs. It can also raise the concern with 

the underlying mechanisms for the toughening effects of the SBL additive. In this study, as 

illustrated in Figure 6-8, by taking advantage of the 2-D GMM deconvolution technique and 

objective model selection criteria (e.g., BIC), a rational number of phases were determined to 

�U�H�I�O�H�F�W���W�K�H���³�W�U�X�H�´���P�H�F�K�D�Q�L�F�D�O���S�U�R�S�H�U�W�L�H�V�����H���J�������E�R�W�K��E and H) of the individual constituents as 

well as bulk composites. As indicated by the microstructure alterations, the SBL and CHPs can 

form an intervened compound morphology, and the mechanical properties of individual 

constituents (e.g., LD-CSH, HD-CSH, and CH) determined by the GMM deconvolution reflect 

the pertinent composite phases consisting of the SBL and pure CHPSs. With increasing the 

SBL concentration in the pure cement paste, more and more CHPs can be coated and covered 

�E�\���W�K�H���6�%�/���I�L�O�P���D�Q�G���W�K�X�V���W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���D�Q�G���K�D�U�G�Q�H�V�V���R�I���W�K�H���E�X�Ok composites decrease, 

despite the decrease in the total porosity (Figure 6-2). 
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Besides the SBL emulsion, the particulate elastomers (e.g., NR and PP) also have the 

ability to improve the toughness of the cement. As shown in Table 6-3�����W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V��

and hardness of these two pure elastomers are almost identical and the addition of the 

particulate PP and NR to the SBL-modified cement can further toughen the composites. 

Moreover, during the HTHP curing, the PP particles possess higher thermal resistance (Table 

6-1) than the NR (Figure 6-4), since partially melt NR particles are observed in the SEM 

imaging. From the perspective of micromechanical properties and microstructure observation, 

the NR and PP particles also play a role as soft inclusions embedded in the pure cement paste 

to further reduce the brittleness of the oilwell cement. 

As formulated above, based on the microstructure observation and cross-scale 

mechanical characterization, the roles of emulsified and particulate elastomers in reducing the 

�<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �R�I�� �W�K�H�� �U�H�V�X�O�W�L�Q�J�� �K�\�E�U�L�G�� �F�R�P�S�R�V�L�W�H�V�� �F�D�Q�� �E�H�� �F�O�D�V�V�L�I�L�H�G�� �L�Q�W�R�� �W�Z�R�� �G�L�I�I�H�U�H�Q�W��

categories: (1) the SBL emulsion is able to fill the pores within the CHPs and cover as coatings 

�R�U�� �I�L�O�P�V�� �R�Q�� �W�K�H�� �&�+�3�V�¶�� �V�X�U�I�D�F�H�V�� �W�R�� �S�U�R�Y�L�G�H�� �H�[�W�U�D�� �D�G�K�H�V�L�R�Q�� �D�Q�G�� �K�H�Q�F�H�� �L�Q�F�U�H�D�V�H�� �W�K�H�� �G�X�F�W�L�O�L�W�\����

flexure strength, and toughness; and 2) the elastomer particles are embedded in the cement 

�P�D�W�U�L�[�� �D�V�� �V�R�I�W���� �Y�L�V�F�R�H�O�D�V�W�L�F�� �S�D�U�W�L�F�X�O�D�W�H�� �L�Q�F�O�X�V�L�R�Q�V���� �Z�K�L�F�K�� �F�D�Q�� �U�H�G�X�F�H�� �W�K�H�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V����

absorb energy, and hence increase the toughness. When subject to loading, the SBL and CHPs 

can deform simultaneously and conformably as a unified composite phase and hence exhibit 

larger recoverable deformation when compared to the pure cement paste. In contrast, as a weak, 

soft constituent in the composites, the particulate elastomers tend to deform more (at the same 

stress) and hence absorb a major part of the mechanical energy, followed by the CHPs to take 

over the major load subsequently. Further noteworthy is that the different deformability, 

�D�S�S�D�U�H�Q�W�O�\�� �G�X�H�� �W�R�� �W�K�H�� �P�L�V�P�D�W�F�K�� �R�I�� �G�L�I�I�H�U�H�Q�W�� �<�R�X�Q�J�¶�V�� �P�R�G�X�Ous or stiffness between the 
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hardened CHPs and particulate elastomers, inevitably initiate and promote interfacial 

separation and hence cracking at their interface, which can progressively absorb much energy 

over an extended deformation (i.e., increased toughness), but lead to a lower compressive 

strength of the resulting composites.  

 

6.5 Conclusions 

Extensive, big data nanoindentation testing coupled with microstructure 

characterization involving porosimetry and electron microscopy was conducted to unravel the 

role of one emulsified (i.e., SBL) and two particulate (i.e., PP and NR) elastomers in finely 

tuning the cross-scale mechanical properties of a Class G oilwell cement cured in the HTHP 

conditions, with an objective to increase the ductility and cracking-resistance, reduce the 

stiffness, and enhance the toughness. The underlying, synergistic deformation and toughening 

mechanisms of the SBL emulsion and PP and NR particles on the cement-elastomer 

composites are identified and discussed, and the alterations to the mechanical properties of 

both the nano/micro-scale constituents and the macroscale bulk composites are evaluated. The 

major findings of this study are concluded as follows: 

1) The big data nanoindentation technique coupled with GMM deconvolution is capable 

of probing the subtle changes in the cross-scale mechanical properties of the cement-

elastomer composites caused by the variation in the added elastomer fractions; 

2) The addition of hematite powder as a common weighting agent to compensate the 

density reduction by the low-�G�H�Q�V�L�W�\�� �H�O�D�V�W�R�P�H�U�V�� �F�D�Q�� �V�O�L�J�K�W�O�\�� �L�Q�F�U�H�D�V�H�� �W�K�H�� �<�R�X�Q�J�¶�V��
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modulus and hardness as well as the porosity of the cement-elastomer composites, and 

hence can offset the changes induced by the elastomers; 

3) The emulsified elastomer (i.e., SBL) can be dispersed as small droplets filling the pores 

of the cement paste and as thin coatings covering and linking the CHPs, leading to a 

much reduced porosity and increased ductility and toughness, and the degree of 

changes increases with the fraction of the added elastomer emulsion; 

4) The hydrophobic particulate elastomers only act as inert, soft, viscoelastic inclusions 

within the cement pastes, which fill large pores but have very weak or little adhesion 

to the cement paste; 

5) The NR with a low-melting point, when cured at HTHP conditions, can form a complex, 

intervening morphology with the CHPs, leading to much smaller interfacial cracks or 

smaller pores in the cement-elastomer composites, while the thermally more stable PP 

particles remain as inert, hydrophobic inclusions, resulting in larger interfacial cracks 

and hence porosity and permeability. 

6) Although both the emulsified and particulate elastomers can improve the ductility and 

reduce the porosity of the cement paste, the former is more effective, owing to its soft 

consistency and hence easy dispersion into the cement slurry.  
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7 CHAPTER 7 CONCLUSIONS AND 

RECOMMENDATIONS  

7.1 Conclusions 

The overall objective of this dissertation was to understand chemo-mechanical 

mechanisms causing the wellbore instability in the petroleum engineering and propose new 

technologies and methods to stabilize or strengthen the wellbore: 

�x The cross-scale mechanical properties of two distinct sandstones were successfully 

characterized by big data nanoindentation technique, and the results show that the 

microstructure of the sedimentary rocks plays a more important role in determining the 

mechanical properties than mineralogy. 

�x The softening behaviors of shale caused by water-based drilling fluid were characterized 

by the large volume scheme to overcome the limitations of nanoindentation testing by 

successively polishing the softened layers and the softened layers up to ~314 �Pm can be 

estimated by the scheme. 

�x As the mechanical properties of sedimentary rocks can vary significantly and the water-

based drilling fluid can even soften the mechanical performance, a novel technique to 

strengthen the softened or fractured shale formations is injecting nanoparticles into the 

formations through the pores/fractures under appropriate hydraulic pressure.   

�x The feasibility of nanoparticle strengthening was investigated through a novel design of 

infiltrating the carbon black nanoparticle into the shale sample in a flexible wall 

permeability cell under appropriate hydraulic gradient 
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�x Nanoparticles were successfully injected into the shale to a depth up to ~420 �Pm through 

the fractures and ~5 �Pm for the fracture-free locations. 

�x Oilwell cementing is an important step to make sure the integrality of the wellbore and 

successful extraction of oil/gas in the longer term. The emulsified and particulate 

elastomers can both effectively improve the toughness of the brittle oilwell cement to 

stand cyclic loading and tensile stress in the deep oilwell. 

�x The emulsified elastomer can better be dispersed in the cement paste and thus improve 

the toughness of the cement hydration products, while the particulate elastomers act as 

soft inclusion in the cement. 

�x As such, the emulsified elastomer is more effective than particulate elastomer in 

improving the toughness of oilwell cement. 

7.2 Recommendations 

Even though big data nanoindentation technique can successfully characterize the cross-

scale properties of sedimentary rocks, there are still limitations in applying it in large scale 

(e.g., hundreds of meters) wellbore characterizations due to the relatively small interactive 

volume. Some potential studies could be further explored to expand the applicability of big 

data nanoindentation technique: 

�x In practical deep rock formations, naturally occurred or drilling-induced cracks with 

length up to ~ tens of meters are often encountered and affect the mechanical behaviors 

of the sedimentary rocks. The influence of these defects is even not able to be 

incorporated when performing traditional macroscopic testing (e.g., unconfined 

compressive test, triaxial test). To accurately incorporate the influence of these defects, a 
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further step of homogenization method will be required to combine the influence of the 

cracks and worthy for further exploring. 

�x The rock will exhibit diverse mechanical performance when buried under varying depth 

of the ground, and such kind of behaviors can be well simulated by applying different 

confining stresses by triaxial tests. However, such kind of confining stress was not able 

to be applied in the current nanoindentation instrument. Appropriate modifications to the 

instrument can promote the understandings of the mechanical behaviors of individual 

constituents of the sedimentary rocks at microscale. 
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