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ABSTRACT   

The engineering properties of sedimentary rocks have recently become an 

important topic in rock engineering due to the further development of engineering 

related to sedimentary rocks, underground coal mining, underground tunnelling and 

geothermal resource recovery applications. Due to the extensive depth of these 

operations, more hazards are occurring during construction, with tunnel slab fractures, 

exploratory cavity explosions, and tunnel rock bursts. The main reason for these 

subsurface rock hazards is that the engineering properties of the rock are not sufficiently 

understood for the contemporary expected future purposes of engineering applications 

underground. In different environments, the physical, mechanical, and mineralogical 

properties of the rock will change due to the mineralogical nature of the rock, and the 

environment in which it is generated. Therefore, a research focus on the engineering 

properties of sedimentary rocks is important for the safety and maintenance of 

subsurface applications. 

To date, a great deal of research has been carried out on the engineering properties 

of sedimentary rocks. It has been found that engineering properties such as compressive 

strength, Young’s modulus, tensile strength, and cohesion have some correlation with 

each other.  Recent studies have found that the engineering properties of rocks are 

directly modified by their microstructural properties. Previous studies have highlighted 

that the same type of rock may have different engineering properties depending on the 

environment in which it was generated. Currently, the available literature on the rock 

properties of sedimentary rocks in Shanxi Province is limited to a few areas, mainly in 

the southwestern part of the mountain. This literature suggests that the mechanical 

properties of sedimentary rocks behave differently due to different geological and stress 
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conditions, for the same rock type. In addition, the thermal behaviour of common rocks 

(sandstone, siltstone and coal) in south-east Shanxi Province has not been determined. 

A number of studies have been carried out to present some correlation equations 

for different sedimentary rocks, sandstone, siltstone and coal. However, not many have 

been conducted to predict correlations for common rocks in south-east Shanxi Province. 

A research gap is identified regarding the mineralogical composition and underlying 

properties of the same rock type. In addition, research gaps exist regarding some 

microstructural properties of rocks. There are also limited studies on the differences 

between experimental and digital image analysis results regarding porosity studies in 

rocks. 

The aim of this study is to investigate the engineering properties of common 

sedimentary rocks in south-east Shanxi Province and to establish the correlation 

between them. The physical and mechanical properties of the rocks were investigated 

by conducting point load tests, uniaxial compressive strength tests, Brazilian rupture 

tests, and shear strength test. These results were further investigated in X-ray diffraction 

(XRD), Thermogravimetry analysis (TGA), differential thermogravimetric (DTG), 

Scanning electron microscope (SEM) and digital image analysis for mineral 

composition and microstructure properties. 

It was found that the engineering properties of the sedimentary rocks in south-east 

Shanxi Province are influenced by their mineral composition as a result of the 

geological conditions. The sandstones and siltstones have similar compressive strengths, 

but differ significantly in point load test index and tensile strength. The coal differs 

significantly in mechanical properties from the sandstone and siltstone due to its 

mineralogical composition. The pore size distribution and porosity of sedimentary 

rocks can be obtained by digital image analysis, which offers significant economic 
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advantages over traditional MIP experiments, with acceptable errors. The relationship 

between the engineering properties of the rocks is comprehensively estimated and 

multiple engineering properties of similar rocks can be predicted by predictive formulae, 

thus improving the safety of construction projects. 
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CHAPTER 1 INTRODUCTION 

1.1 Research background 

More than 70% of the Earth’s surface is composed of sedimentary rocks and 

sediment. Sedimentary rocks are where most of the world’s mineral and fossil riches 

are found (Stow, 2005). For instance, in the era of the globalised economy, the primary 

energy sources are coal, oil, and natural gas trapped in sedimentary rocks. More and 

more mining and construction projects involving sedimentary rocks have been initiated 

to support the global economy’s swift growth. These projects include deep mining, 

shale gas mining, oil and gas mining, geothermal energy recovery, underwater tunnels, 

and deeply-buried large-scale tunnel construction. These finished or ongoing activities 

are frequently undertaken in brittle, hard rock masses that must endure various 

geological conditions (stress, temperature, and penetrating pressure). As rock masses 

display different mechanical behaviours in multiple contexts and standard theories have 

difficulty explaining their strength characteristics, deformation mechanisms, and failure 

modes, there is a pressing need for research into these issues. 

Shear failure, a prevalent method of fracturing in shallow rock, is typically brought 

on by human activity or natural calamities. For instance, as depicted in Fig. 1.1, 

earthquakes may result in large-area surface shear failure. 
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Figure 1.1�ÖLarge-scale shallow landslides induced by Wenchuan earthquake 

(Yang et al., 2018) 

The most significant type of failure in a deep rock mass is brittle failure. When the 

in-situ stress is high, excavation and release loads will release and redistribute pressure 

with great force at the excavation boundary, which can induce slab cracking (Fig. 1.2a) 

in the rock mass and even cause brittle failure, or explosion (Fig. 1.2b) (Andersson et 

al., 2009). Shear failure is a common failure type in shallow engineering structures and 

exhibits specific tensile failure characteristics. Slab cracks or thin slice fractures are 

frequently observed during the mining of deep, high in-situ stress, hard rock, and the 

crack surface nearly parallel to the excavation face. The excavation of the tunnel face 

and the pressure distribution in the surrounding rock are factors contributing to the 

formation of a V-shaped groove (Fig. 1.2c). The gradual creation of this V-shaped 

groove indicates the area where the tangential stress is most significant around the 

tunnel. This is where the plate crack failure surface initially and gradually forms. The 
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local occurrence of lamellae and slab cracks in the adjacent rock will develop a new 

slab failure surface, and eventually, a W-shaped groove will appear. 

Additionally, dynamic rockburst disasters (Fig. 1.2d) primarily happen in brittle 

and hard rock bodies like sandstone, granite, marble, limestone, gneiss, diorite, and 

quartzite. Rockbursts of differing degrees have occurred during excavation in deep 

water conservancy traffic tunnels and metal mines in China, Canada, Chile, South 

Africa, Australia, Sweden, Peru, and other nations. The development of deep rock mass 

engineering and its subsequent safe operation is severely constrained by the brittle 

collapse of these rocks, which may result in significant financial losses and even 

casualties.  

 

Figure 1.2: (a) The change of slab cracking, the top is the early stage, and the 

bottom is the last stage (Andersson et al., 2009) (b) Borehole explosion and a close-

up of the crack (Read, 2004) (c) Final shape of V-shaped groove and a close-up of 

the notch tip (Read, 2004)(d): Example rockburst in tunnels (Niu et al., 2022) 
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Understanding the brittle failure mechanism of hard and brittle rock in complicated 

stress environments is meaningful for maintaining the stability of deep rock mass 

engineering operations and construction safety. This understanding is needed for 

socially sustainable growth and development.  

Coal is a solid combustible material which has undergone intricate biological and 

physicochemical reactions over time. It is crucial to the growth of the globalised 

industrial and commercial sectors. Additionally, uranium, germanium, gallium, and 

other rare and radioactive minerals that are essential raw materials for the 

semiconductor and atomic energy sectors are frequently found in coal, in small 

concentrations. In many facets of modern industry, coal is critical. Every industrial 

sector uses coal to some extent, which is a necessary but non-renewable fuel in 

contemporary society. Sandstone is the most frequent component of shallow crust and 

the primary source of oil and gas. Another essential component of the shallow crust is 

siltstone, which is frequently slumped over natural coal seams. These sedimentary rock 

samples are in close contact with humans, offer exceptional mechanical qualities, and 

will always be important to human existence. Incomplete human understanding of 

sedimentary rocks hampers the development of productive forces and the advancement 

of society. A deeper understanding of sedimentary rocks could lead to increased 

resource development. 

This study includes laboratory tests using the Brazilian splitting test, uniaxial 

compression test, and variable angle shear test, among others, on typical and common 

sedimentary rocks, namely sandstone, claystone, and coal. The macro- and micro-

mechanisms of their strength and deformation failure under various stress situations are 

systematically and thoroughly studied using scanning electron microscopes, digital 

image distraction, and other tools. The purpose of these investigations is to enhance our 
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present understanding of the macro- and micro-mechanisms of these rocks’ strength and 

deformation failure under different kinds of stress. This will contribute to our larger 

understanding of such rocks’ potential failure behaviour in mining and construction 

projects. 

1.2 Research gaps 

After a thorough review of the literature, two major research gaps were identified 

as given below:  

�x There are insufficient studies on the engineering properties of common 

sedimentary rocks in South-East Shanxi Province.  

Previous studies have indicated that other mechanical properties can impact the 

failure mechanism of sedimentary rocks (Li et al., 2015; Poulsen & Adhikary, 2013). 

Additionally, the engineering properties of rocks exhibit different characteristics under 

different experimental conditions (Barton, 2013). In several studies, researchers have 

utilised unconfirmed compressive strength testing to determine the compressive 

strength of rocks (Brace et al., 1968; Hawkes & Mellor, 1970). Substantial research has 

been conducted on rocks’ direct and indirect tensile strength (Cai & Kaiser, 2004; Liu 

et al., 2014; Markides et al., 2012). Rocks’ shear strength has also been investigated 

(Du et al., 2021; MacDonald, 2022). In addition, various researchers have investigated 

a range of engineering properties of a single type of sedimentary rock, including 

sandstone (Swanson et al., 2002a, 2002b; Tavallali & Vervoort, 2010b), siltstone 

(Haimson & Rudnicki, 2010; Zhang et al., 2020), and coal (Li et al., 2016; Song et al., 

2020; Wang et al., 2014).  

However, the extant literature demonstrates that, even for the same rock type, 

various surroundings (geological environment, stress conditions, microstructural 
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defects, and mineral composition) can cause changes to the engineering properties of 

rocks. There exist study gaps concerning the physical, mechanical, and mineralogical 

properties and failure mechanisms of sedimentary rocks in south-east Shanxi due to a 

lack of information. 

�x The existing correlations between engineering properties do not include all 

engineering characteristics of rocks (in general), and there are no identified 

relationships among the engineering properties of common sedimentary rocks 

from south-east Shanxi Province. 

Utilising the relationship between each engineering property of rock to infer 

unknown engineering properties of rock is an essential and cost-effective engineering 

technique (Singh et al., 2012). Numerous experiments and studies have demonstrated 

that the conclusions drawn from the correlation between rock engineering properties 

and experimental findings are in good agreement (Chang et al., 2006). Some researchers 

have utilised PLI to estimate rocks’ tensile (Karaman et al., 2015; Reichmuth, 1967) 

and compressive strengths (Kahraman, 2014; Kohno & Maeda, 2018). Even so, there 

has only been limited research on the relationship between cohesion and other rock 

qualities and rock shear strength; however, the relationship between tensile strength and 

the cohesiveness of rock has some predictability (Qi et al., 2020). Extensive research 

has been carried out to propose correlations between the engineering properties of 

various rocks, such as sandstone (Ulusay et al., 1994; Vallejo et al., 1989), siltstone 

(Haimson & Rudnicki, 2010), and coal (Rusnak & Mark, 2000). However, a limited 

number of studies has been conducted to predict a relationship between the engineering 

properties of common sedimentary rocks in south-east Shanxi. 

In addition, recent research on the effect of engineering properties on the failure 

mechanism is limited. In the current study, failure modes and related data were recorded 
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from several types of sedimentary rocks, and its results can be used to predict rock 

failure under natural conditions. Establishing the engineering properties of typical 

sedimentary rocks in south-east Shanxi and then fitting these to a numerical model have 

provided a significant benefit to industry in this location since it allows for the 

prediction of a wide range of rock engineering properties with a minimal number of 

experiments, which can save both money and time. 

1.3 Research objectives 

The aim of this study is to use experimental and empirical methodologies to 

investigate the engineering properties of common sedimentary rocks in south-east 

Shanxi. The purpose of this is to establish the correlation between the engineering 

properties of the material. In this study, the correlation of engineering properties of 

sedimentary rocks was established by fitting a range of experimental results to a 

numerical model, and the model's accuracy was confirmed by comparing predicted 

results to actual experimental results. Additionally, sedimentary rock failure 

mechanisms were investigated. 

The principal objectives of this research are: 

1. Understand the engineering, mineralogical, microstructural properties, and 

failure mechanism of sedimentary rocks from south-east Shanxi Province, China. 

2. Establish the correlation between empirically and numerically derived 

engineering properties of sedimentary rocks from south-east Shanxi Province, China 

and check its overall accuracy. 
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1.4 Research methodology 

Numerous laboratory tests and numerical simulations were conducted to accomplish 

the study’s goals and objectives. This procedure is explained in the following steps: 

1 Identify the research question after initially examining the relevant literature. 

Following a thorough literature analysis, the outcomes of previous research 

were summarised to establish the present study's goals and objectives. 

2 Inspect the rock samples (siltstone, sandstone, and coal) taken from several 

locations in south-east Shanxi Province. Prepare rock samples in accordance 

with appropriate standards. For each sample, take precise measurements taken 

and perform density tests. 

3 To exhaustively examine the rock’s mechanical characteristics, analyse the 

samples' engineering properties, using an exhaustive set of experiments 

including but not limited to the point load index test, uniaxial compressive 

strength test, and Brazilian splitting test. 

4 To determine the rocks’ microscopic and mineral characteristics, utilise the 

results of XRD, MIP, and SEM tests. 

5 Use the findings of the most recent tests to determine the relationships among 

the samples' engineering properties and to verify the outcome. 

6 Review the outcomes with previous research to evaluate the accuracy of the 

correlations among these samples’ engineering properties. 

1.5 Research outline 

This thesis consists of eight chapters. Chapters 4 and 5 are comprised of papers.  

A brief introduction is given in Chapter 1. Various laboratory test techniques and 
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behaviours for measuring rock strength and their correlations, as well as other topics 

directly related to this subject, are described in Chapter 2 which comprises a thorough 

review of the literature. 

The methods used in this study are briefly described in Chapter 3. The results of 

point load tests, Brazilian splitting, uniaxial compressive strength, and variable angle 

shear testing, together with the relationships between each engineering property, are 

shown in Chapter 4. 

The digital approach used to establish the relationship between the rocks’ porosities 

obtained via the Mercury Intrusion Porosimetry (MIP) and digital analysis are discussed 

in Chapter 5. Chapter 6 concludes the thesis, with a summary of all major points, a 

discussion of its limitations, and recommendations for additional research. 
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CHAPTER 2 LITERATURE REVIEW  

Hawkes and Mellor (1970) highlighted that the majority of experiments could only 

demonstrate the physical qualities of rocks in their theoretical state, and that both theory 

and experiments are required for a deeper understanding of rock properties. Several 

typical tests have been investigated and improved over time with the development of 

science and technology. Notwithstanding this, extensive investigation and critical 

reviews are necessary to expand the frontiers of our understanding. These include 

investigations into material composition, rock generation principles, preparation 

methods, theoretical foundations, and detailed experimental mechanics. To process 

precise experiments, the conditions (temperature, humidity, and water content) under 

which experiments are conducted are also considered. 

This chapter presents an in-depth overview and analysis of the experiments and 

theories utilised in the thesis. It concludes with a summary of the common properties 

and formulas of the samples used. 

2.1 Geology 

Three brittle rocks, sandstone, siltstone, and raw coal were chosen for this test after 

carefully weighing up the experiment’s goals and engineering applications in various 

lithologies. Sandstone and siltstone collected from mining areas are terrigenous fine-

grained clastic sedimentary rocks. The grain size of sandstone is fine to medium, and 

kaolinite, quartz, and calcite are its three primary ingredients. Kaolinite and quartz are 

the two primary ingredients of siltstone. Sandstone and siltstone have good isotropic 

characteristics and a generally homogeneous texture. The specimens’ mechanical 

characteristics are fairly similar, which can accommodate the demands of various 
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laboratory investigations. Raw coal, which has a high carbon content, a firm texture, 

and strong coal integrity, was obtained from coal mines in the mining area in south-east 

Shanxi. 

2.1.1 Location 

The mining area is located in the south-east of Shanxi Province in China (Fig. 2.1a), 

which is bordered to the north by the Xichuan fault, to the east by the Wuxia mining 

area, and to the south by the Changzhi and Jincheng administrative boundaries (Shanxi 

Design and Research Institute of Building Materials Industry Co., 2022). The boundary 

measures 63.1 km in width from east to west and 74.6 km in length from north to south. 

The mining area covers around 3068 km2 (Fig. 2.1b). The central region is located at 

36.26 degrees north latitude and 113 degrees east longitude. 

 

 

Figure 2.1: (a) Location of the sampling sites in south-east Shanxi Province, China 

(b) Schematic diagram of the sampling sites 
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2.1.2 Stratum 

This mining region is mainly covered by quaternary sediments, with only a few 

exposed bedrocks on the northern and eastern edges. The Late Ordovician, Silurian, 

Devonian, Early Carboniferous, Jurassic, Cretaceous periods, and some tertiary layers 

are missing from the layers in the region from the Archaean Aeon to the Quaternary 

Period. The strata are categorised from oldest to newest, based on the data obtained 

from boreholes, outcrops, geological maps (Fig. 2.2), and production mines (Cao et al., 

1995; Dong, 2017; Guo et al., 2012; Lei et al., 2020; Qiao et al., 2016; Zhang, 2013; 

Zhou, 2011) as follows: 

 

Figure 2.2: Geological map of the sampling sites(CAGS, 2004) 

 

�x Ordovician (O) 

The Middle Ordovician Fengfeng Formation (O�6�d) is the basement of the coal seam 

stratum with a thickness of 171-209m. It is composed of dolomitic marl, limestone, 
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marl, and argillaceous limestone. 

�x Carboniferous (C) 

The Middle Carboniferous Benxi Formation (C�6� )̀ ranges in thickness from 5 to 

31.00 metres, with an average of 13 metres. It is composed of sandy mudstone, dark 

grey mudstone, and light grey aluminium mudstone. The underlying layers are in 

parallel unconformable contact with it. 

In the Upper Carboniferous Taiyuan Formation (C�7�r), the thickness varies little, 

ranging from 86 to 133 metres, with an average of 107 metres. This is composed of 

dark grey limestone and coal seams. The bottom sandstone K�5 conformity is in contact 

with the Benxi Formation and comprises 4-6 layers of limestone that are numbered K�6 

to K�:. This formation is one of the primary coal-bearing strata in the mining area. 

�x Permian (P) 

The Lower Permian Shanxi Formation (P�5�q) has a thickness ranging from 45 to 70 

metres, with an average of 58 metres. It is composed of grey sandstone and siltstone. 

The bottom sandstone, K�;, is in conformable contact with the Taiyuan Formation. In 

this formation layer, three coal seams which constitute the main mineable coal seams 

in this area. 

The Lower Permian Lower Shihezi Formation (P�5�v) is of a thickness range from 41 

to 80 metres, with an average of 61 metres. It is composed of light grey-green mudstone 

and light grey medium-fine grain size sandstone. The bottom sandstone, K�< , is in 

conformable contact with the Shanxi Formation. 

The Upper Permian Upper Shihezi Formation (P�6�q) has an average thickness is 487 

metres. It is composed of yellow, yellow-green and other variegated mudstone and 

siltstone. The bottom sandstone, K�5�4 , is in conformable contact with the Lower 

Permian Shihezi Formation. 
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The Upper Permian Shiqianfeng Formation (P�6�q�f) ranges in thickness from 197 to 

213 metres, with an average of 205 metres. It is mainly composed of purple-red 

mudstone and yellow-green and brick-red sandstone. 

�x Triassic (T) 

The Lower Triassic Liujiagou Formation (T�5�j) has a maximum thickness of 260m. 

The partially exposed layer in the mining area is in conformable contact with the 

Shiqianfeng Formation. It mainly consists of light brown-red, light red siltstone and 

purple-red mudstone.  

�x Neogene (N) 

In the Upper Neogene Zhangcun Formation (N�6�x) the thickness ranges from 0 to 9 

metres, with an average of 6 metres. It is mainly composed of purple-red, brown-yellow, 

and grey-brown clay, sandy clay, and silt clay. 

�x Quaternary (Q) 

The Quaternary Formation (Q) has a thickness ranging from 0 to 150 metres. It is 

mainly composed of brown-yellow and light yellow clay, sandy clay, sand, slit clay and 

soil. 

The mining area's foundation is built on Ordovician limestone. The principal coal-

bearing strata in the mining area are from the Carboniferous and Permian periods, with 

the Lower Permian Shanxi Formation and the Upper Carboniferous Taiyuan Formation 

being the central bodies. The coal-bearing Shanxi Formation is a shallow-water delta 

deposit characterised by continental facies. Sandstone and siltstone, a diversity of 

bedding types, and an abundance of plant fossils define it as a complete prograde delta 

cycle. Specifically, delta fronts and delta plains make up the depositional environment. 

Additionally, only Shanxi Formation materials were used in this experiment. 
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2.1.3 Geological characteristics 

The mining area is a monoclinic structure that slopes westward and has scale-

appropriate folds and faults. The primary structural line is dispersed in the NNE 

direction. The regional stratigraphy is also NNE trending, gradually dipping westward, 

undulating along the strike and inclination, generating a broad and gentle short-axis 

fold, with the axial NNE-NE affected by the geological tectonic movement. The 

regional folds are grouped in type A folds (Fold pivot in the same direction as the stretch 

line) parallel to each other. Fault structure is another primary structural form in the 

region. The area has five normal faults, each spanning more than 30 kilometres. Tables 

2.1 and 2.2 display the primary directional characteristics of these faults and folds 

(Zhang, 2013). 

Table 2.1: Fault characteristics 

Name Type Towards Trend Maximum 

Dip angle 

(°) 

Maximum 

drop 

(m) 

Extended 

Length 

(km) 

Ergangshanbei Normal 

fault 

N60°E NW 70°-80° 400 13 

Xiwei Normal 

fault 

N75°E SSE 70°-80° 125 7 

Ouze Normal 

fault 

N52°E SE 70° 94 4.5 

Anchang Normal 

fault 

N56°E SE 70°-80° 180 14 
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Zhonghua Normal 

fault 

N56°E NW 80° 185 13 

 

NW   north-west direction 

SSE    south-southeast direction 

SE    south-east direction 

Table 2.2: Fold characteristics 

Name Type Occurrence Extended 

Length (km) 

Wing 

inclination 

 (°) 

Dongrenzhuang Anticline S-shaped; North end: NEE; 

South end: NEE 

12.2 3°-7° 

Baodian Syncline North end: NEE; The 

middle and upper sections 

are nearly NS; The 

southern part of the fault is 

NE 

12 3°-5° 

Sucun Anticline North end: NEE 

Middle and upper section: 

NNE; South end: NE 

12.5 West 3°-5° 

East 5°-9° 

Sucun Syncline Inverse S-shaped 1.3 West 5°-9° 

East 4°-6° 

Guanzhuang Anticline S-shaped 7 3°-5° 

Guanzhuang Anticline Axial is S-shaped 5 2°-8° 
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Chengsi Anticline NE; Extended part shows 

an inverse S-shaped 

12.5 4°-12° 

Xishi Syncline NEE 8.5 / 

Dongshi Anticline NEE 7 3°-7° 

NE   north-east direction 

NEE  northeast-east direction 

NNE   north-northeast direction 

 

2.2 Uniaxial compression strength test 

One of the fundamental geomechanical characteristics used to define rock mass 

classification and characterise rocks is uniaxial compressive strength. 

Direct experiments are more accurate and have a higher reference value than 

indirect experiments. The findings of experiments can be used directly to research and 

create human economic activities, as well as indirectly to map patterns and behaviours 

that take various disasters into consideration. The inherent drawback of indirect testing 

is that a stress-strain relationship must be assumed to produce results that can be applied. 

This typically assumes that the material has a linear strain relationship with equal 

compressive and tensile moduli, but this assumption is untrue for many rocks. Direct 

testing can, therefore, more accurately convey the fundamental characteristics of rocks. 

Numerous variables, including the kind of pore fluid, loading rate, ambient 

conditions, specimen size, and form, can influence the outcomes (Hawkes & Mellor, 

1970). This chapter an examination is given of the evolution of rock compressive 

strength tests as well as how other rock characteristics impact uniaxial strength. 
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2.2.1 Porosity and crack 

Mainstream academics hold that a clear relationship exists in rocks among porosity, 

Young’s modulus, and strength and that porosity is a crucial metric to analyse rock 

strength (Hawkes & Mellor, 1970). 

Vernik and others (1993) experimentally validated the relationship between the 

elastic properties of siliciclastic petrophysics and microstructural observations by 

conducting a large number of triaxial tests, collecting and analysing some previously 

published data, and further developing and modifying strength and porosity formulas. 

Porosity is the essential fundamental attribute of these rocks. It is utilised to establish 

an empirical formula for the primary petrophysical class of sandstone that relates the 

shear and normal stresses resolved at the failure plane. 

Baud and others (2014) used a wing crack model to assess previously published 

uniaxial compressive strength data and collected such updated data for different rock 

types. They concluded that pore size is another microstructural factor that considerably 

impacts the uniaxial compressive resistance of rocks with significant porosity. Through 

model analysis and data integration, the authors found the internal friction coefficient 

can be linearly related to the friction coefficient of sliding cracks, and the difference 

between the two coefficients is logarithmically related to the square root of the crack 

density.  

Chang and others (2006) ) reviewed 31 empirical equations that relate sedimentary 

rocks’ internal friction angle, uniaxial compressive strength, and porosity. These 

formulas can calculate rock strength based on parameters found in geophysical well 

logs. However, the variation of rock strength with respect to individual measurements 

of physical properties is quite dispersed, indicating that the majority of empirical 

equations are not sufficiently general, have strong regional influences, and are unable 
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to account for all available published data on rock strength and physical properties. 

Before utilising any of the offered empirical connections, the authors emphasised the 

significance of local calibration. However, several plausible connections between 

geophysical characteristics and rock strength have been established. These correlations 

are beneficial for lower-limit calculations of rock strength. 

By examining the brittle failure of rock under uniaxial compression, Brace and 

others (1966) identified three distinct types of cracks: primary or axial cracks formed 

at both ends of the grain boundary due to sliding; axial cracks formed along grain 

boundaries; and primary or axial cracks formed at the boundary of three groups of 

primary cracks due to the sliding of two groups of inclined cracks. However, the main 

factor affecting the effective macro-elastic properties of rocks is the micro-cracks inside 

the rock, not the pores. It was noted that some properties of rock, such as porosity and 

permeability, may change with the change in pressure. Micro-cracks have little impact 

(0.1%) on the porosity (or volume fraction) of rocks and can thus be ignored (Brace et 

al., 1968). 

2.2.2 Mineral composition 

Distinct mineral particles have different mechanical properties, and rock is a 

polymer composed of multiple mineral particles (Carmichael, 1988). There may be a 

significant difference between the fundamental qualities of the constituent minerals for 

some common rocks (Bass, 1995); some minerals even have a strength disparity of 

multiple times or greater. Tullis and Yund (1977) researched the mechanical 

characteristics of granite by adjusting the confining pressure and temperature. He 

asserted that the difference in the mechanical properties of different minerals will create 

heterogeneity in the rock, and this heterogeneity will exist in all circumstances. Vidana 

Pathiranagei and others (2022) pointed out that X-ray diffraction (XRD) and 
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thermogravimetry (TG) are the mainstream technologies used to observe the 

mineralogical properties of rocks, and their results allow visual observation of the 

mineral composition and moisture content of rocks. 

 

2.2.3 Water content 

The mechanical strength of the rock will be impacted by its water content. Finding 

the rock’s water content is necessary to increase the test’s accuracy. The impact of water 

content on the rock is limited to a specific area due to differences in the mineral 

composition and porosity of the rock. Sandstone, marble, limestone, and granite all 

experience minor changes in compressive strength with changes in water content (Obert 

et al., 1946). However, particular rocks are more sensitive to high water content, 

resulting in noticeable fluctuations in strength (Vásárhelyi & Ván, 2006). The strength 

of rocks generally varies with changes in water content, and this range of variation is 

acceptable for the majority of rocks. Rocks should be utilised in their natural or 

naturally dried states for more accurate test outcomes. 

2.3 Brazilian splitting test 

The Brazilian disk fracture has been observed to function according to Griffin’s 

theory(Fairhurst, 1964), and the flat elliptic micro-cracks are distributed randomly 

inside the sample. After the loading is applied to the sample, the stress near the crack 

tip increases to reach its tensile strength, causing the stress conditions necessary for the 

initiation of crack propagation. Theoretically, according to Griffin’s theory, the centre 

of the disk is the only part of the rock that initiates tensile failure . This theory is further 

discussed in the following section. 
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2.3.1 Griffin theory  

When breaking occurs at an atomic level, the external force on the material needs 

to overcome the bond between the atoms. In theory, the tensile strength of the rock 

material can reach 10% of Young’s modulus(Griffith, 1921). For brittle rocks with a 

Young’s modulus of up to tens of GPa, the theoretical tensile strength should be at the 

GPa level. However, many tests show that the tensile strength of rock is far less than 

this value, being at the level of tens of MPa. In 1921, Sir Alan Arnold Griffith made a 

theoretical analysis of the above phenomena from the perspective of micromechanics 

and published Griffin’s theory in Philosophical Transactions of the Royal Society of 

London. 

By the late 20th century, Griffin’s theory was being applied to rock mechanics, in 

which the phenomenon of crack propagation in rock was explained theoretically, and 

the failure mechanism of rock could be explained more accurately. 

Griffin made the following assumptions when establishing his basic criterion 

equation: 

(1) The micro-cracks randomly distributed in brittle materials are flat and elliptical. 

(2) The cracks are open, penetrating, independent, and unrelated to each other. 

(3) The material and micro-crack are isotropic. 

(4) Considering the plane strain problem, the effect of intermediate principal stress 

can be ignored. 

According to the above ideas, the equation for cracks extension conditions is given 

from the perspective of energy balance: 
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�ê�ç = 
¨
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�è(1 
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( 1 ) 

where: 

�ê�ç represents the tensile stress near the crack tip.  

T symbolises the change value of strain energy.  

He stands for the elastic modulus.  

�å refers to Poisson’s ratio.  

c represents half of the crack length.  

Because the change value of the strain energy and crack length in the equation is 

difficult to determine, it is difficult to apply this equation widely. 

In order to facilitate engineering applications, Griffith (1921) developed his initial 

theory in terms of principal stress by using the stress solution of an elliptic hole in 

elasticity. Griffin expanded the theory from the tensile stress to the compressive stress 

state. It was found that even under compressive stress, high tensile stress may occur 

around the crack, which can also lead to unstable crack propagation. Therefore, under 

compressive stress conditions, the two-dimensional Griffin criterion can be expressed 

as: 

 

�P
�ê�7 = 
F�ê�5                    (�ê�5+ �ê�7 < 0) 
(�ê�5 
F �ê�7) �6

�ê�5+ �ê�7
= 8 �ê�ç      (�ê�5+ �ê�7 > 0)

 

( 2 ) 

Equate to: 
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( �ê�5 
F �ê�7) �6 
F8�ê�ç(�ê�5+ �ê�7) = 0  

( 3 ) 

where: 

�ê�5 stands for maximum normal stress. 

�ê�7 symbolises minimum normal stress. 

�ê�ç refers to tensile stress.  

For uniaxial compression conditions, where �ê�7 = 0  and �ê�5 = �ê�Ö, the equation is 

derived as: 

�ê�Ö= 8 �ê�ç 

( 4 ) 

This means the uniaxial compressive strength is eight times the tensile strength. 

Murrell (1963) further extended Griffin’s theory from two dimensions to three 

dimensions, making up for the deficiency of ignoring the intermediate principal stress 

in Griffin’s original theory (see Equations 2 and 3).  By this means, Murrell derived 

that the uniaxial compressive strength is 12 times the tensile strength. 

 

For the Brazilian tests, Hondros (1959) analysed the stress distribution (see 

Equations 5 and 6) for the thin disk case under uniform pressure: 
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where: 

p symbolises the load per unit area of the strip (p = P/at, P is applied load). 

2�Ù stands for the angle at which the loading part of the rim is subtended at the 

centre of the disc (Fig. 2.2a). 

R represents the radial distance from the point to the centre of the sample disc, thus 

R is the radius of the sample disc.  

This clearly shows �Ù has a significant relationship with stress distribution inside 

the sample disc when �Ù< �4/5 . At the centre: 

 

�ê���
 = +
2�L
�è

(sin 2�Ù 
F �Ù) 
N
2�L𝑝𝑝

�è
 

( 7 ) 

Substituting P/ Dt = p�Ù, 

 

�ê���
 = 
F
2�L

�è𝜋𝜋�P
 

( 8 ) 

Fig. 2.3b shows the force and stress distribution of the Brazilian splitting test. 

Tensile stress is caused by compression stress, which is perpendicular to the diameter 

and is constant over the region near the centre. Brazilian tensile strength is usually 

calculated based on the assumption that failure occurs at the centre of the disk with the 

maximum tensile stress, and the radial compressive stress �ê�å𝑟𝑟   has no effect on the 

failure. In addition, an important fundamental assumption in such tests to determine the 

tensile strength of rocks and rock-like materials is that the material is treated as 

homogeneous, isotropic, and linearly elastic before brittle failure occurs. 
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Ever since the Brazilian splitting test was proposed to test the tensile strength of 

rocks and rock-like materials, due to the error between experimental results and 

theoretical outcomes, its validity has been debated. The research on the Brazilian 

splitting test mainly focuses on the following points:  

1. Stress distribution of Brazilian splitting test on sample disc. 

2. Location of initiation point of Brazilian disc.  

3. How to improve the Brazilian splitting test to obtain more accurate tensile 

strength. 

2.3.2 Lab experiments 

Since the emergence of splitting tests in Brazil, there have been no uniform method 

to establish Brazilian splitting test standard, and different countries or associations use 

different load contact conditions. As shown in Figs. 2.4a and 2.4b, in Western countries, 

the use of flat loading plates or specially designed arc-shaped loading clips are 

recommended in Brazilian splitting tests, the size of which is equal to 1.5 times the 

radius of the disc (i.e., nonlinear loading) (ISRM, 1978; Mellor & Hawkes, 1971). 

Chinese national or industry standards recommend the use of two small diameter steel 

rods (i.e., linear loading) on flat loading pads (Fig. 2.3c). 

The schematic diagram of a typical loading plate is shown in Fig. 2.4d. The loading 

plates with cushion is mostly used for soft rock. Although different loading devices are 

used, the proposed formula for calculating the tensile strength is the same (i.e., Equation 

8). 



 46 

 

Figure 2.4: Typical loading plate setup for Brazilian splitting test (Fa applied force 

and D diameter) (a) flat loading platens, (b) arc-shaped loading clips, (c) flat 

loading platens with small diameter rods, (d) loading plates with cushions (Perras 

& Diederichs, 2014) 

In previous studies, researchers have proposed that the influence of contact 

conditions, heterogeneity, and other factors will have a significant impact on the test, 

different views emerged on the effectiveness of the Brazilian splitting test. Some have 

suggested that the Brazilian splitting test may underestimate true tensile strength 

(ASTM, 2008; Fairhurst, 1964); others have proposed that the Brazilian rupture test 

gives reasonable tensile strength (Andreev, 1991a, 1991b; Liu et al., 2014; Mellor & 

Hawkes, 1971). A further point of view is that the Brazilian splitting test overestimates 

the tensile strength of geotechnical materials (Efimov, 2009; Pandey & Singh, 1986; 



 47 

Perras & Diederichs, 2014; Wang et al., 2019). However, these studies on the 

differences between the direct tensile test and the Brazilian splitting test are mostly 

based on macroscopic phenomena and experimental laboratory data. There is a lack of 

microscopic and quantitative explanations for the differences. 

According to Griffith’s theory, the crack initiation point should be located in the 

centre of the Brazilian disk. Nevertheless, in laboratory tests, the crack initiation point 

is often observed to deviate from the centre. Through experiments (Tavallali & Vervoort, 

2010a, 2010b) and numerical simulations (Cai & Kaiser, 2004) researchers have 

reached the conclusion that the heterogeneity or inherent defects of rock materials have 

a significant impact on the results of Brazilian splitting tests. For this kind of test, the 

failure mode of the sample is the main field of study, while crack initiation and 

propagation are the key points to study. However, after years of research, it is still 

difficult to determine the initial state and the propagation state of the crack, in other 

words, whether the crack starts from the load point and extends to the sample centre or 

propagates from the sample centre to the loading point.  

  In recent years, through a series of studies, Markides and his team have demonstrated 

that different contact methods between the specimen and the loading device can have 

an important effect on the result of Brazilian splitting tests (Kourkoulis et al., 2013; 

Markides & Kourkoulis, 2012; Markides et al., 2010, 2012). After observing cracks 

through a microscope, Hudson and others (1972) pointed out that these cracks always 

started at the loading point when the plane loading plate was used to load the disk. For 

cyclic loading conditions, the indirect tensile strength of rock can be reduced to 33-37% 

under the Brazilian test (Erarslan & Williams, 2012b). Erarslan and Williams (2012a) 

also pointed out that radial loading devices can significantly affect rock failure modes 

in the Brazilian splitting test. The Brazilian splitting test resulted in unpredictable 
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failure because the stress concentration created by linear loading exacerbated the brittle 

failure of the sample and resulted in non-central fractures. Based on the above 

conclusions, the accuracy and predictability of the Brazilian splitting test results largely 

depend on the actual contact conditions and how the force is applied.  

2.3.3 Numerical study and correlation with other engineering 

properties 

Despite its inaccuracies, the Brazilian splitting test is a relatively simple and 

common method for rock tensile strength. For some disasters, such as rock collapse, or 

mining disaster, tensile strength is also a major predictor. Therefore, researchers have 

attempted to study the relationship between rock tensile strength and other rock 

mechanical indexes, such as compressive strength, for a better understanding of rock 

materials. To this end, some numerical simulations and mathematical calculations have 

been done with the Brazilian splitting test. 

 Mellor and Hawkes (1971) pointed out that the Brazilian splitting test provides 

good measurements of tensile strength, but for some materials, the predicted 

compressive strength is much smaller than the theoretical one. 

 Sundaram and Corrales (1980) pointed out that tensile and compressive elastic 

properties should be considered when estimating tensile strength, and the Brazilian 

tensile strength of rock may be overestimated if not considering the difference between 

compressive elastic properties and tensile elastic properties. 

 Bahrani and team (2012) used a grain-based mode (GBM) to simulate the Brazilian 

splitting test process of granite. The results showed that the Brazilian tensile strength 

was slightly overestimated on the premise of matching the uniaxial compressive 

strength, and the failure mode included a post-peak ductile response, which is different 

from typical laboratory test results. 
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2.4 Point load index test 

Obtaining the uniaxial compressive strength index of rock using a laboratory 

mechanical test, including direct technique and indirect method, is the international 

standard procedure at present (Azimian et al., 2013). The direct method has the 

advantage of providing more accurate rock strength characteristics, but it also has 

certain drawbacks, such as the need to create standard samples, which adds to the test’s 

financial and time costs. It is extremely challenging to process and prepare laboratory-

standard rock samples, particularly when working with some specific rocks, such as 

strongly weathered rocks, fault zone rocks, and very soft rocks (Kohno & Maeda, 2018).  

Anisotropy features are important for some layered rocks, and the bedding has an 

impact on the test findings. The direct method also has some drawbacks for quickly 

grasping the fundamental mechanical properties of rocks. It cannot match the demands 

of field work.  

Researchers have also looked into a number of indirect approaches to forecast the 

uniaxial compressive strength of rocks in order to get beyond the limits of the above 

situations. Rock point load tests are thought to be the most effective way to infer 

strength parameters that are connected to rocks. For some explorations with constrained 

construction schedules and projects that call for preliminary investigations, the 

pertinent physical and mechanical parameters can be quickly obtained. This overcomes 

many limitations in the direct method, including difficulty in sampling, high cost, and 

being time-consuming and labour-intensive. 

2.4.1 Lab experiments 

D’Andrea and others (1965) proposed a method for testing the tensile strength of 

rocks and named the point load tensile strength as the basic model for modern point 
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load testing. They put forward the following formula as deduced by their 

experimentation: 

T = 0.96
F

D�6 

( 9 ) 

where: 

T refers to tensile strength.  

F represents force. 

D symbolises the diameter of the sample.  

Using the results of point load tensile tests and compressive strength, D’Andrea 

and others (1965) has derived figures that are consistent with a contemporary point load 

index test. However, due to the constraints of time, the experimental design was too 

rough, and the force surface setup was too simplistic, which led to certain inaccuracies. 

Broch and Franklin (1972) developed an index test for classifying the strength of 

rock materials. One benefit of this test which they highlighted was that there is no need 

to process the specimens and these can take the form of irregular blocks or cores. If the 

shape is maintained within the prescribed range and dimensionally adjusted, a uniform 

point load strength index can be derived for any specimen shape. Their results were 

shown to be strongly correlated with those of the uniaxial compressive strength test 

(Bieniawski, 1975; Peng, 1976). Anisotropy measurement, sample size and shape 

effects in point load testing, and the impact of moisture content on strength readings 

(Palchik & Hatzor, 2004; Singh et al., 2012) were all discussed after the invention of a 

portable testing device (ISRM, 1985). This model was developed into a specification 

by the ISRM in the 1985. The ISRM suggested that the point load strength �+�æ is equal 

to the failure load P divided by the square of the specimen loading distance �&�6. This 
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specification serves as an essential set of guidelines for point load tests (ISRM, 1972, 

1985). 

By reviewing earlier investigations, Reichmuth (1967) identified the point load 

failure process, in which the point load causes a specific area of tensile stress and 

compressive stress to occur in the middle of the rock sample. A crack appears on the 

sample’s surface as a result of compressive stress; as the load increases, the crack 

develops a sliding line and slowly encroaches into the centre of the tensile stress, 

causing damage to the sample. 

Using rock specimens with diameters of 1, 2, and 6 inches and heights of 4 inches, 

Peng (1976) used the finite element method to study the stress state of various 

specimens under point loads. It was discovered that the four samples’ tangential 

compressive stress and radial compressive stress only occurred close to the loading 

point of the rock sample and not far below the surface, whereas the rock sample itself 

had significant tensile stress. 

Palchik and Hatzor (2004) used porous chalks for mechanical tests to explore how 

porosity influences point load strength. In doing so, they summed up the relationship 

between their compressive strengths, and pointed out that for some samples, the 

observed results were consistent with the calculation method recommended by ISRM, 

but variance in the results reached 27%. 

2.4.2 Correlation with other engineering properties 

Point load tests have been widely used to forecast the uniaxial compressive strength 

of rocks since the 1960s. The traditional method for determining the uniaxial 

compressive strength of rock materials is to multiply the point load strength index by 

the conversion factor. The conversion factor is the ratio of uniaxial compressive 

strength to the point load strength index, which is generally obtained from 
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experimentation and experience. 

The linear association between the point load strength index and the uniaxial 

compressive strength was initially identified and estimated by D’Andrea and others 

(1965), who were the first to indirectly estimate the uniaxial compressive strength of 

rock by the point load method. 

According to Broch and Franklin (1972), the diametral point load test is more 

accurate and the distribution of data is more uniform than other types point load test, 

and the results of the uniaxial compressive strength test are essentially related to those 

of the point load strength test. They suggested a conversion factor of 24 between 

uniaxial compressive strength and the point load strength index, and included 

information on how the portable testing device was developed. 

By comparing the strength changes of the three types of point load test loading 

methods (axial test, diametral test, and irregular test), Bieniawski (1975) discovered 

that the diametral point load test is the most user-friendly, with the most economical 

efficiency, and the highest data accuracy. The three different types of correlations 

between uniaxial compressive strength and point load index are illustrated by using a 

simplified dimensional correlation diagram. He also highlighted the role of point load 

testing in geotechnical engineering practice. 

Eight types of sedimentary rock samples with comparable lithology were examined 

using several tests: the Brazilian tensile test, point load test, fracture toughness test, and 

uniaxial compression shrinkage test (Gunsallus & Kulhawy, 1984). The findings 

indicate some relationship between the point load strength and the strength values from 

the other tests listed above. This correlation with other strength values demonstrates a 

difference in the order of magnitude between the variation of the load strength at each 

test point and the variation of other strengths within the unit. New approaches for 
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predicting fracture toughness, uniaxial compressive strength, and uniaxial tensile 

strength were proposed in associated formulas by looking at existing correlations 

between each test. 

Yin and group (2017) determined the conversion factor and size correction function 

between the corresponding point load and uniaxial compression by evaluating a large 

number of irregular granite samples. The related size adjustment function is highlighted, 

along with a detailed analysis and calculation of the mechanical properties of micro-

decomposed granite, changed rock, and weak-faced rock. Additionally, it demonstrates 

the validity of the association between irregular block point load test parameters and 

uniaxial compressive strength. 

Rusnak and Mark (2000) suggested some point load testing equipment and an 

accompanying process to cost effectively test core or block samples in a field or 

laboratory context. The uniaxial compressive strength was calculated by using the 

exponential function model’s strength conversion factor. The 908 numbers of various 

rock samples were grouped into several strength types for the point load test, which 

also established the conversion factor for each type of rock. 

Singh and team (2012) noted that numerous researchers had calculated the uniaxial 

compressive strength of rocks using point load strength testing. However, there are 

certain geographical differences in the conversion between point loads and the uniaxial 

compressive strength of rocks (Singh et al., 2012). Conversion factors should be utilised 

carefully to prevent underestimating or overestimating uniaxial compressive strength 

for any design purpose in order to avoid conversion without consideration of the type 

of rock or the locality. Additionally, the rock’s hardness should be used to provide some 

grading guidelines and conversion requirements (Singh et al., 2012). 

In point load tests, the relationship between the point load strength index and 
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pyroclastic rocks with uniaxial compressive strength less than 50 MPa was examined 

(Kahraman, 2014). It was discovered that the exponential conversion formula was more 

accurate at describing the transformation of pyroclastic rocks. Dry rock, saturated rock, 

and both dry and saturated rock exhibit the same connection (Kahraman, 2014). 

Through regression analysis, Karaman and others (2015) determined the point load 

strength index and Schmidt hammer hardness value’s application to the uniaxial 

compressive strength and tensile strength of rock. Based on this, the method of multiple 

regression analysis was used to do the regression analysis on the data set of the tested 

rocks. Regression analysis shown a clear correlation between the point load index and 

other engineering properties, according to the findings. These researchers also 

compared and discussed the findings of other researchers on various sorts of rocks 

(Karaman et al., 2015). 

The uniaxial compressive strength and point load index (PLI) data of 410 rock 

samples taken from the literature, as well as the data of 80 rock samples obtained from 

the Black Sea region of eastern Turkey, were thoroughly evaluated by Kaya and 

Karaman (2016). Strength axially compressed zero-intercept regression analysis, 

formulas, and graphic techniques were used to produce the strength conversion factor 

k, which represents the link between uniaxial compressive strength and point load 

strength. The numerical interval of k fluctuates between 12.98 and 18.55, according to 

a statistical study (Kaya & Karaman, 2016). These results show that the strength of rock 

samples with certain lithologies may be accurately estimated using the scaling factor k. 
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2.5 The variable-angle shear test 

2.5.1 Mohr -Coulomb theory 

Coulomb’s theory, published in 1773, described the bearing capacity of soil. 

Coulomb’s theory was later introduced to describe the bearing capacity of rock; it was 

recognised as the first theory used to describe the strength of rock materials. Coulomb’s 

theory is currently used to describe extremity shear stress when rock is under 

compressive stress, as explained in the following equation: 

 

�R= c + �ä�Ü�ê�á 

( 10 ) 

where: 

�R stands for shear stress on the shear surface. 

�ê�á symbolises compressive stress on the shear surface. 

c refers to cohesion. 

�ä�Ü  represents the coefficient of internal friction (�ä�Ü=
�!�¤

�!�� �Ù
= 𝑡𝑡�=�J�î  where 

𝑡𝑡�=�J�î stands for the internal friction angle).  

According to Coulomb’s theory, rock shear stress failure initiation is shear slip 

along the failure surface. Shear strength is determined by cohesion and the internal 

friction angle, which relates to compressive stress.  

Coulomb’s theory is still widely used today to specify the physical definition of 

strength parameters. However, the linear relationship described by Coulomb’s theory 

does not apply to the condition of high pressure in any or various dimensions, so for 

this, Mohr proposed a nonlinear equation for the stress on the shear plane: 
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In Equations 11, 12 and 13 below, shear stress �ì and compression stress �ê can 

be defined as a function formula: 

 

�ì = �B(�ê) 

( 11 ) 

�ì =
�ê�5+ �ê�7

2
�O�E𝑠𝑠2�à 

( 12 ) 

�ê�á =
�ê�5+ �ê�7

2
+

�ê�5 
F �ê�7
2

�?�K𝑐𝑐2�à 

( 13 ) 

 

where: 

 �ê�5 represents with maximum normal stress. 

 �ê�7 stands for minimum normal stress.  

  �à symbolises angle of rupture. 

 

Mohr’s circle of stress geometrically shows different stress states and angles of 

rupture, together with cohesion, and the coefficient of internal friction (Fig. 2.5).  

For a stress state, shear stress �R and compression stress �ê from Equation 11 and 

equation can be defined as a semicircle in the �R 
F �P xy plane, which is Mohr’s circle. 

The location of centre of the circle can be defined as a function formula: 

(
�Ì 
Ú+ �Ì 
Ü


Û
,
Ù) 

( 14 ) 
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The radius of the circle can also be defined as a function formula: 

 

�˜ = (
�Ì 
Ú
F �Ì
Ü


Û
) 

( 15 ) 

where: 

 �ê�5 represents with maximum normal stress. 

 �ê�7 stands for minimum normal stress.   

   �N  radius of the circle 

 

The Mohr envelope line allows visual observation of the strength of rock under 

different stresses. A Mohr envelope line can be drawn with these Mohr circle failure 

points when there are sufficient test types and numbers delineating the points (Fig. 

2.5).  
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Figure 2.5: Criti cal state of intact rocks indicating Mohr envelope reaching a 

point of zero gradients (Singh et al., 2011) 

Mohr’s theory and Coulomb’s theory were combined to form the Mohr-Coulomb 

theory, which is widely used in rock engineering. The Mohr-Coulomb (M-C) theory is 

an empirical theory in which intermediate stresses are ignored. It is effective under low 

stress conditions, but its effectiveness is impaired under high stress conditions. 

Shear strength is crucial to understanding how rock masses behave and, 

consequently, how to successfully build and stabilise constructions in numerous 

projects involving rock engineering. The finite element method (FEM) and discrete 

element method (DEM) are currently the most effective numerical modelling tools for 

forecasting the geomechanical behaviour of rock masses. Due to the sensitivity of 

numerical model results to geomechanical inputs, experimentally validated data can 

improve the precision of numerical models. 

The Mohr-Coulomb failure criterion is meaningful when the rock shear failure 
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situation rock fails in accordance with the Mohr-Coulomb formula, and intermediate 

stress can be ignored.  A variable angle shear test is a typical type of shear test that can 

be used to study the Mohr-Coulomb failure criterion. A variable angle shear test has the 

advantages of low cost, simple operation, and short consumption of time. 

 

2.5.2 Lab experiments 

As early as 1776, Coulomb employed the direct shear test as a laboratory test 

technique to ascertain the material characteristics of soils (Lambe & Whitman, 1991). 

As indicated in Section 2.5.1, even today, the direct shear test is a popular method for 

determining the shear strength and material properties of soils and rocks (MacDonald, 

2022). 

In accordance with the Mohr-Coulomb theory, the shear strength of the rock is 

evidently linear under conditions of low stress, as demonstrated by a large number of 

experimental verifications. Nevertheless, under high confining pressure and high stress, 

the shear strength of rock may reach a range of limits, meaning that the shear strength 

no longer varies with the dimensional pressure or it varies only slightly (Barton, 1976). 

The shear strength of intact rock is inversely correlated with the shear strength of 

rock joints. In other words, the shear strength of the joints can be deduced from the 

interaction between these joints, and better understood by knowing the shear strength 

of the intact rock (Barton & Kjaernsli, 1981). 

By summarising and analysing the research of the past few decades, Barton (2013) 

recognised that there is still a lot of room for further research on rock shear strength, 

and a large part of the research in the past 50 years has involved incorrect judgements. 

The direct shear test is an experiment similar to the variable angle shear test, their 

fundamental theory and methods are very similar, the difference is that the direct shear 
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test initially has two directions of force, while the variable angle shear test force is 

converted from one to two through a variable angle device. 

Nevertheless, the variable angle shear test has been shown to have great reliability 

through numerous experimental verifications, and its outcomes are very compatible 

with those of the direct shear test (Du et al., 2021). 

2.5.3 Relationship between Shear strength with tensile strength 

Laboratory experiments have demonstrated some discrepancy between the 

Brazilian splitting tensile strength and the average direct tensile strength of granite. 

Additionally, data simulation was used to examine the link between the grain contact 

micro-parameters of tensile strength, cohesion, friction angle, and shear (�$�O�W�Õ�Q�G�D�÷���	��

Güney, 2010). While direct tensile strength (DTS) is primarily sensitive to tensile 

strength, Brazilian tensile strength (BTS) is sensitive to both cohesion and tensile 

strength. The BTS will change with cohesion depending on the conditions (Qi et al., 

2020). 

Piratheepan and team (2012) proposed an alternative standard to estimate the 

relationship between cohesion and BTS, and numerical simulations and experiments 

confirmed their obvious similarity (Moon & Yang, 2020). In addition, it was 

hypothesised that the estimated parameters can accurately predict experimental results 

in the elastic region (Sivakugan et al., 2014), but they overestimate the ultimate stress 

(Piratheepan et al., 2012). 

2.6 Digital image analysis system 

Due to the diversity of rock and soil fracture morphology, the variability of the 

original digital photographs, and the complexity of the recognition algorithm, it is 
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extremely challenging to intelligently detect and analyse each fracture in an image. 

There are limited study results on the automatic analysis method of morphological 

fracture characteristics based on picture recognition, and there are only a 

few comprehensive and practical approaches for fracture image recognition. In recent 

years, a number of researchers have conducted exploratory studies on fracture 

measuring and developed statistics using image processing and pattern recognition 

technology (Liu et al., 2011; Wu et al., 2017), yielding results such as the Pores and 

Cracks Analysis System (PCAS). This chapter will concentrate on a review of PCAS 

and image recognition programs. 

2.6.1 Pores and cracks analysis system 

PCAS is a specialised application for quantifying pore systems and fracture 

systems from data provided in pictures. The software has the ability to automatically 

identify various holes and cracks. Image processing provides the advantages of 

simplicity and efficiency over conventional manual procedures. PCAS is used in 

research at dozens of universities and institutions, mostly for the quantitative study of 

cracks, micro-pores, and mineral particles in rock and soil (Gu et al., 2018). 

The forerunner to PACS is the Cracks Image Analysis System (CIAS), which was 

introduced in 2008 with a detailed explanation of the theoretical underpinnings and 

technological issues of image processing (Liu et al., 2008). The software’s application 

range is limited, as only a restricted amount of data can be evaluated, and its 

practicability is also poor due to technological limitations. After that, Liu and others 

(2011) provided the theoretical foundation for PCAS by summarising the theory of 

image analysis systems in greater detail. 

From the study of the interior qualities of rocks and soils to the prediction of gas 

content, PCAS has a multitude of applications. Numerous data indicate that PCAS has 
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the advantages of high efficiency and high economy, but it too has accuracy flaws (Gu 

et al., 2018; Li et al., 2022; Liu et al., 2018). 

2.6.2 Scanning electron microscope 

In the Scanning electron microscope test (SEM), various sample morphologies will 

exhibit contrasts that closely resemble a liner luminance display. 

Through SEM, the sample’s form, sharp corners, and tiny objects can clearly be 

seen. Steep inclines have higher secondary electron yields, which are reflected in the 

image as more brightness. Planes have a poor secondary electron yield; thus, the image 

is not very bright. Although a deep groove has a large secondary electron yield as well, 

few electrons exit the sample surface, which gives the image a darker appearance. 

SEM has been used to study the voids in rocks and to view the microstructure of 

soil, rock, and other materials since the turn of the twenty-first century (Igarashi et al., 

2005; �ø�Q�D�Q���6�H�]�H�U���H�W���D�O��������������). 

2.7Correlations between engineering properties 

Studies have also provided engineering properties and empirical correlations 

between the strength properties of common sedimentary rocks. Most of these 

relationships are summarised in Table 2.3: 

Table 2.3: Summary of correlations between the engineering properties 

Reference Correlation Rock Type 

D'Andrea et al. (1965) 15.295PL+16.37 r=0.95 Sandstone 

Broch and Franklin (1972) UCS=24PLI, r=0.88 Various rock types include 

Sandstone 

Bieniawski UCS= 24PLI (D=54mm) Sandston, quartzite, 
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(1974);Bieniawski (1975) UCS=21PLI (D=42mm) 

UCS=18PLI (D=21.5mm) 

Marikana norite and Belfast 

norite 

Pells (1977) UCS=24PLI (D=54) Sandstone 

Brook (1980) UCS=12.5PLI (A=500mm2) Various types of rock include 

Sandstone and Siltstone 

Read et al. (1980) UCS=16PLI Sandstone and Siltstone 

Gunsallus and Kulhawy 

(1984) 

UCS=16.5PLI+51, r=069 

UCS=12.4BTS-9, r=0.76 

Various rock types include 

Sandstone 

Das (1985) UCS=18PLI 

UCS=14.7PLI 

Sandstone 

Siltstone 

Hawkins and Olver (1986) UCS=24.8PLI Sandstone 

Vallejo et al. (1989) UCS=17.4PLI Sandstone 

Cargill and Shakoor (1990) UCS=23PLI+13(54mm), r=0.94 Various rock types include 

Sandstone 

Ulusay et al. (1994) UCS=19PLI+12.7 r=0.9 Sandstone 

Chau and Wong (1996) UCS=14.9, r=0.89 

UCS=12.5PLI, r=0.73 

Hong Kong rock 

Smith (1997) UCS=13.2PLI 

 

UCS=14.8PLI 

UCS=15.0PLI 

UCS=23.3PLI 

UCS=23.PLI 

UCS=27.2PLI 

Wilmington harbor Lime 

rock 

Kings Bay Lime rock 

Port Everglades Lime rock 

Sandstone Wet 

Limestone Wet 

Limestone Dry 

Zhang et al. (1999) BTS=6.28-14.33, DTS=4.23-10.17 

BTS=8.85, DTS=5.54 

BTS=0.98-1.01, DTS=0.60-0.71 

Sandstone 

Siltstone 

Coal 

Look and Griffiths (2001) UCS=11PLI 

UCS=7.3PLI, R2=0.1 (Fr/SW) 

UCS=5.3PLI, R2=0.5 (DW) 

General (Brisbane Area) 

Sedimentary rock 

Sedimentary rock 
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Baczynski (2001) UCS= (6-8) PLI 

UCS=17PLI 

UCS=10PLI 

Metasediments (Brisbane) 

Metasedimentary strata 

Metabasalt 

Bukowska (2005) UCS=5-40 Mainly 

UCS=20-70 Mainly 

UCS=35-80 Mainly 

UCS=15-90 Mainly 

Coal 

Claystone 

Mudstone 

Sandstone 

Okubo et al. (2006) UCS=22-50, BTS=1.9-3.7, 

DTS=0.42-1.04 

Coal 

Sabatakakis et al. (2008) UCS=25.3PLI, R2=0.71 

UCS=7.6PLI1 4, R2=0.81 

UCS=13PLI, R2=0.50(PLI<2) 

UCS=24PLI, R2=0.40(PLI2-5) 

UCS=28PLI, R2=0.53(PLI>5) 

Limestone, marlstone, and 

sandstone 

Haimson and Rudnicki 

(2010) 

UCS=79.5, BTS=5.4, friction 

angle=34.6 

UCS=63.4, BTS=4.2, friction 

angle=30.3 

Siltstone 1 

 

Siltstone 2 

�$�O�W�Õ�Q�G�D�÷���D�Q�G���*�•�Q�H�\�������������� UCS=12.31T1 07, R2=0.82 Sedimentary rock 

Mishra and Basu (2012) UCS=12.95PLI-5.19, R2=0.84 

BTS=1.1PLI+1.25, R2=0.82  

UCS=14.63PLI, R2=0.88 

BTS=1.06PLI+5.34, R2=0.82   

Sandstone 

 

All three rock types (granite, 

schist, and sandstone) 

Gurocak et al. (2012) T=1.81PLI+4.78, R2=0.81 Sandstone and Siltstone 

Poulsen and Adhikary (2013) BTS=(0.039-0.044)UCS Coal 

Kim et al. (2013) UCS=6PLI 

UCS=4.6PLI 

Sandstone 

Argillite  

Li and Wong (2012) T= 0.66PLI 

T=0.94PLI 

Sandstone 

Siltstone 

Perras and Diederichs (2014) DTS=0.69BTS, R2=0.76 Sedimentary rock 
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BTS=0.08UCS, R2=0.29  

Wang et al. (2014) UCS=26, BTS=1.2, 

Density=1.35g/cm3 

Shanxi coal 

Tolooiyan et al. (2014) BTS=0.112, DTS=0.014 Australian brown coal 

Li et al. (2015) UCS=6.38, BTS=0.2, 

Density=1.41g/cm3 

UCS=28.22, BTS=2.4, 

Density=2.43g/cm3 

Coal 

 

Shale 

Karaman et al. (2015)  UCS=17.7PLI 

T=3.34PLI-3.4 

Sedimentary 

Li et al. (2016) UCS=8.74-25.5 Shanxi coal 

Kaya and Karaman (2016) UCS=14.81PLI, r=0.83 

UCS=12.93PLI+13.43, r=0.83 

 

UCS=15.14PLI, r=0.89 

UCS=11.11 PLI+23.06, r=0.67 

UCS=17.20PLI, r=0.39 

UCS=10.83PLI+32.44, r=0.50 

UCS=12.59PLI, r=0.39 

UCS=10.51PLI+13.82, r=0.50 

All three rock types 

(igneous, sedimentary, and 

metamorphic) 

Sedimentary 

 

Chemical sedimentary 

 

Clastic sedimentary 

Fereidooni (2016) T=2.28PLI-4.66 Sedimentary 

Minaeian and Ahangari 

(2017) 

UCS = 11.473PLI, R2=0.936 

BTS = 1.727PLI, R2=0.74 

Sedimentary 

 

Y. T. Sun et al. (2019) Cohesion=0.29, friction angle=41.4 Coal 

Qi et al. (2020) UCS=224, BTS=8.8, 

DTS=6.9,Cohesion=30, friction 

angle=59° 

Lac du Bonnet granite 

Song et al. (2020) BTS=0.95-1.19, inversely 

proportional with Immersion time 

Coal 

Zhang et al. (2020) UCS=125-217, Density=2.89g/cm3 Siltstone (China) 
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Moon and Yang (2020) Cohesion=1.898BTS, R2=0.986 Various types of rock  

Arman (2020) UCS=4.23T+13.64, r=0.53 Sedimentary 

Kolapo and Munemo (2021) T=1.16PLI+0.2533, R2=0.145 Sandstone 

Iyare et al. (2021) UCS=5.31T1 06, R2=0.94 Sedimentary 

 

Unmarked tensile strength is given by results from the Brazilian splitting test. 

The direct mark indicates that the tensile strength was derived through a direct tensile 

test. 

T500 indicates a 500 mm2 pressure area.  
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2.8 Summary 

In this chapter, the pertinent literature for this thesis has been explored. A review 

was given of the engineering properties of rocks and the testing techniques used to 

evaluate their physical, mechanical, and mineralogical properties. The chapter included 

a review of previous experimental and numerical studies used to measure engineering 

qualities. According to the literature, changes in the mechanical characteristics of rocks 

are primarily attributable to changes in their physical, mineralogical, and 

microstructural properties. Density, porosity, and water content values indicate the 

rock’s physical state; X-ray diffraction and thermogravimetric analysis findings reveal 

its mineralogy; SEM testing defines the rock’s microstructure and porosity; and the 

point load index, uniaxial compressive strength, resistance to shear, and Brazilian 

splitting tests define the rock’s mechanical properties. 

The evaluated research comprised an investigation into the connection between the 

physical, mechanical, and mineralogical properties of rocks in China and around the 

globe. In addition, a discussion was included on the geology of the area under 

investigation. In China, researchers mainly concentrate on the influence of single rock 

mechanical parameters, such as rock strength, shear strength, or tensile strength, as well 

as the microstructure and mineralogy associated with these properties. In addition, 

limited research has been conducted on these properties in siltstone, sandstone, and coal. 

The primary purpose of this type of review is to research rock engineering properties in 

China, the majority of which utilise data from only a few locations in Shanxi. 

However, the published literature demonstrates that the mechanical properties of 

rocks can change, even for the same rock type, under different situations (e.g., 

geological and stress conditions). As a result, different thresholds exist for the same 
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type of rock, which causes unpredictable outcomes and occasionally confounds 

designers. The physical, mechanical, and mineralogical characteristics of sedimentary 

rocks in south-east Shanxi are unclear due to a lack of information. Furthermore, there 

are gaps in research into the correlations among these characteristics. 

Although several studies have been undertaken to suggest correlation formulas for 

the mechanical properties of various rocks like granite, claystone, sandstone, limestone, 

and coal, few have been conducted to simulate the mechanical failure modes of 

sedimentary rocks in south-east Shanxi. Utilising the correlation between failure modes 

and engineering properties of sedimentary rocks in south-east Shanxi will contribute 

significantly to the industry. This will facilitate the prediction of the connection between 

sedimentary rocks and various rock attributes in other regions. Consequently, engineers 

will be able to predict rock failure based on its fundamental qualities, which can be 

tested and studied in a geotechnical laboratory with less time and effort than is currently 

necessary.  

The literature gaps relating to the engineering properties of sedimentary rocks in 

south-east Shanxi were recognised, and the objective of this study was established: to 

create a database and a new approach for predicting engineering properties and their 

correlations among sedimentary rocks in south-east Shanxi. 
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CHAPTER 3  MATERIALS AND TESTING METHODS  

3.1 Introduction 

In this study, a series of relational laboratory experiments were conducted for three 

different types of sedimentary rock. The MTS Criterion Series 60 Static-Hydraulic 

universal test system and SANS CMT5305 rock mechanics test system were used in 

this series of experiments for the uniaxial compressive strength test, shear strength test, 

and Brazilian splitting tests to obtain the strength properties of the sampled sedimentary 

rocks, such as uniaxial compressive strength, point loaded strength, uniaxial tensile 

strength, shear strength, cohesion, internal friction angle, and elastic modulus. A 

scanning electron microscope (SEM), X-ray diffraction (XRD), and mercury intrusion 

porosimeter (MIP) were used to measure the microcosmic sedimentary rock parameters 

of porosity, mineral content, and particle size. Then, strength properties and micro-

parameters were integrated to estimate which element has the major effect on 

sedimentary rock strength properties. 

3.2 Laboratory testing program 

The majority of this study’s experimental construction was carried out at the China 

University of Mining and Technology in China. The GB/T 23561 series, Methods for 

Determining the Physical and Mechanical Properties of Coal and Rock, was the 

standard used to acquire correct test data. Since there are many similarities between the 

GB/T 23561 series standards and the Australian AS4133 series standards (Methods of 

Testing Rocks for Engineering Purposes), the test findings can be applied immediately 

in Australian areas. 
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3.2.1 Sample preparation 

For any rock strength experiment, sample preparation is of utmost importance, and 

sample preparation errors will provide glaringly inaccurate results. The samples for this 

experiment were produced according to each experiment’s standards, and the data was 

documented appropriately. 

The first phase was the preliminary cutting of the rock using stone cutters and 

coring machines, followed by additional processing and correction with core grinding 

machines and core trimming cutters. 

The required specimens were prepared in accordance with the experimental design. 

The required sample shape for uniaxial compressive strength testing is a straight 

cylinder with a diameter between 48 and 56 mm and an aspect ratio between 1.8 and 

2.2, with the sample’s axial inaccuracy being less than 0.25 degrees, and its end error 

less than 0.05 mm. The recommended sample size for the Brazilian splitting test is a 

straight cylinder with a diameter of 48 to 54 mm and an aspect ratio of 0.25 to 0.75. 

The required sample size for the variable angle shear strength test is a cylinder with a 

diameter between 48 and 56 mm and an aspect ratio close to 1.  

The sample was a straight cylinder with a diameter of 48 to 56 mm and an aspect 

ratio of more than 0.8. To satisfy the requirements of each experiment and decrease the 

influence of size effects, the diameter of all samples was 50 mm, and their heights were 

confirmed by their individual requirements. The flatness errors of each end face were 

maintained at less than 0.02 mm.  

Due to the complicated internal structure of natural rock, operational errors during 

processing, and the accuracy of processing equipment, not all processed specimens 

were acceptable. Screening the processed specimens was therefore necessary. Some 

excluded specimens had evident faults and surface fractures, some had dimensions and 
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cylindrical surfaces which were not perpendicular to the end face and the end surface 

flatness of some did not satisfy the specifications. Finally, correctly prepared samples 

with comparable characteristics, such as mass and size, were gathered into a group and 

given numbers in preparation for testing. The treated conventional pieces are displayed 

in Fig. 3.1. 

 

 

Figure 3.1: The numbered experimental samples 

3.2.2 Rock material properties 

3.2.2.1 Density of rock 

This study used the volume method from the GB/T 23561 standard to determine 

sample density (2009). The diameter and height of the sample had to be measured 

multiple times from different angles to obtain an average result. During this 

measurement, the sample was inspected, and any inaccuracy in sample size, flatness, 

and inclination were recorded. After that, the weight was noted.  

3.2.2.2 X-ray diffraction  

In order to identify the mineral composition of sandstone, siltstone, and coal, XRD 

analysis was performed on powdered samples. A Rigaku automated multipurpose X-
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ray diffractometer was used in this study (Fig. 3.2). The Cu K-alpha radiation 

wavelength of the XRD is 1.541 Å. The diffraction pattern was recorded using a step 

scale of 0.02 and measured in 2����with a range of 5-90. The X-ray diffractometer may 

export the X-ray pattern in raw or text format, which can then be imported straight into 

Excel. The peaks’ positions 2����and intensities in the XRD plots were used to identify 

the minerals. 

 

Figure 3.2: Rigaku automated multipurpose X-ray diffractometer instrument  

3.3 Uniaxial compressive strength 

Chinese standard GB/T 23561.7 was used to conduct the uniaxial compressive 

strength test (AQSIQ & SAC, 2009a). An MTS Criterion Series 60 static-hydraulic 
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universal test system was used (Fig. 3.3). The samples’ dimensions and flatness were 

carefully examined and noted. The input parameters required by the software are 

provided. Continuous and uniform loading was applied to the specimen without any 

vibration. The loading was applied to reach a loading rate of roughly 0.5 MPa/s. The 

software automatically generated the loading and displacement curves. The loading will 

stop after the specimen fails. The descriptions of displacement rates, maximum loads, 

and failure modes were recorded and stored. The samples were photographed and 

documented both before and after the experiment. The uniaxial compressive strength 

was calculated using the formula below: 

�' =
�ê�Õ
F �ê�Ô
�Ý�Õ
F �Ý�Ô

 

( 16 ) 

�Ý=
�H�Û

�H
 

( 17 ) 

where: 

�ê represents the stress when the sample is deformed. 

�ó stands for the strain when the sample is deformed. 

�Ý�> and �Ý𝑎𝑎  symbolise strain values at the start and end points of the line in the 

stress-strain curve. 

�ê�> and �ê𝑎𝑎 refer to stress values at the start and end points of the line in the stress-

strain curve. 

�H�Û depicts the specimen’s change length. 

�H represents the original length.  
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Axial elastic modulus (E50) is calculated as the ratio of the change in axial stress to the 

change in axial strain, the 50% uniaxial compressive strength:  

 

�' =
�ê�9�4

�ó�9�4
=

�2�9�4
K �#
�H�9�4
�Û /�H

 

( 18 ) 

where: 

�ê50 stands for the 50% stress of UCS. 

�ó50 represents change strain for 50% stress of UCS. 

�250 symbolises the load applied at 50% stress of UCS. 

A refers to the specimen’s cross-sectional area. 

�H50
�Û  stands for the specimen’s change length at 50% stress of UCS. 

�H depicts the original length.  

 

According to Chinese standard GB/T 23561.8, the stress and strain values at the 

endpoints of the straight portion of the stress-strain curve were used to calculate the 

elastic modulus and secant modulus (AQSIQ & SAC, 2009b). 
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Figure 3.3: Hydraulic universal machine for uniaxial compressive strength 

testing 

3.4 Brazilian splitting test 

Chinese standard GB/T 23561.10 was used to conduct the Brazilian splitting test 

(AQSIQ & SAC, 2010a). The Brazilian splitting test apparatus is shown in Fig. 3.4. 

Before the experiment, it was important to thoroughly check and note details such as 

sample size and texture flatness. The necessary input parameters were provided to the 

software. The test strip was slowly contacted with the specimen with force between 0.1 

kN and 0.5 kN, and the loading applied to the specimen was continuous and uniform 

without vibration. The loading was applied to reach a loading rate of roughly 0.05MPa/s. 

The software automatically generated loading and displacement curves. The loading 
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stopped after the specimen failed. Maximum loads, failure modes, and displacement 

rate descriptions were all recorded and saved. The samples were photographed and 

documented both before and after the experiment. The tensile strength was calculated 

using the formula below: 

 

�P�r =
2P
�NDt

 

( 19 ) 

 

where: 

P represents the load applied at failure. 

D and t stand for the diameter and thickness of the specimen, respectively. 

 

Figure 3.4: Hydraulic universal machine for tensile strength testing 
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3.5 Point load index 

Chinese standard GB/T 23561.13 was used to conduct the point load test (AQSIQ 

& SAC, 2010c). The point load test apparatus is shown in Fig 3.5. The radial test was 

performed. Before the experiment started, sample size and texture flatness were 

thoroughly checked and recorded. The core specimen was positioned between two 

loading cones of the point loading instrument, with the upper and lower ends of the 

loading cone in direct range of the specimen’s diameter. The distance (D) between the 

sample loading cones was then measured and recorded. After loading and failing the 

specimen, the failure load (P) and failure mechanism for each specimen were taken 

down. The point load strength index was calculated using the formula below: 

�+�æ=
P

�&�Ø
�6 

( 20 ) 

where: 

For the diametral test, I�q refers to the uncorrected point load strength. 

P stands for the load applied at failure. 

�&�A is equivalent to the core diameter and equates to D.  

If the diameter of the sample was not 50mm, the point load index needed to be 

adjusted by the following equation. 

 

�+�æ(�9�4) = �+�æ(
D�Ø

50
)�4.�8�9 

( 21 ) 

where:  
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�+s(50) symbolises the point load strength after correction, which is the point load 

strength of the sample at a diameter of 50 mm. 

 

Figure 3.5: Point load index test apparatus 

3.6 Variable angle shear strength 

Chinese standard GB/T 23561.11 was utilised to conduct the variable angle shear 

strength test (AQSIQ & SAC, 2010b). The variable angle shear strength test apparatus 

is shown in Fig. 3.6. The sample size and texture flatness were carefully examined and 

noted before the experiment. The test holder contacted with the specimen gently with 

force between 0.1 kN and 0.5 kN, and the loading was continuous, uniform, and without 

vibration. Shearing angles ranged from 38° to 65°, and the required input parameters 

for the software were provided. The load was applied to reach a loading rate of about 

0.5 MPa/s. Once the specimen failed, loading stopped. The descriptions of loading cure, 
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maximum loads, and failure scenarios were recorded. The samples were photographed 

and recorded both before and after the experiment. The following formula was used to 

determine the shear strength: 

�P=
P
A

cosqf 

( 22 ) 

�R=
P
A

sin qf 

( 23 ) 

where: 

�P refers to normal stress. 

�R stands for shear stress. 

P represents the load applied at failure. 

F depicts the failure surface of shear failure. 

qf symbolises the angle between the shear surface and the horizontal plane.  

When a straight line was drawn between the points on a plot of the observed normal 

stress and shear stress in a rectangular coordinate system, the location of the points 

in the plot can be established by the following formula: 

 

�R= C + �Ptan �T 

( 24 ) 

 

where: 

�% stands for cohesion. 
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�T represents the friction angle of the sample. 

 

Figure 3.6: Rock mechanics test systems for variable angle shear strength testing 

3.7 Mercury intrusion porosimetry 

Chinese standard GB/T 21560.1 was utilised to conduct the Mercury intrusion 

porosimetry test (AQSIQ & SAC, 2008). The Micromeritics Auto Pore MIP equipment 

is shown in Fig. 3.7. The non-wetting liquid can only enter the pores under externally 

applied pressure, and the smaller diameter voids can be penetrated under the condition 

of rising pressure and the correlation between pore size and pressure have a linear 

function. The specimens had a block shape with a size of 1 cubic centimetre. Since 

mercury is a pollutant, the experimentation procedure and findings were primarily 

regulated and recorded by the computer. The experiment’s external pressure ranged 
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from 0.001 MPa to 400 MPa. From 0.003 to 500 microns was the range of possible 

measurements for the diameter of the voids. After the experiment, the samples had to 

be safely discarded. The relationship between external pressure and pore size could be 

estimated using the Washburn equation:  

 

�@�n =

F4�Ûcos�E

�L
 

( 25 ) 

where: 

d�n represents the pore size. 

�@ stands for the surface tension of mercury, its value was 0.485Nm-1. 

p symbolises the pressure. 

�E depicts the contact angle of mercury, its value was 130°. 

 

Figure 3.7: Micromeritics auto pore mercury intrusion porosimeter 
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3.8 Thermogravimetric analysis 

The samples were subjected to thermogravimetric analysis to assess their 

composition and mass as a function of temperature. The Q5000 automatic sample 

processor was used to carry out these analyses (Fig. 3.8). The final temperature of these 

studies was 400 degrees Celsius, and the mass of each powder sample was 20 

milligrams. The rate of heating was 10 degrees Celsius per minute. These tests were 

conducted in a nitrogen-filled environment. 

 

 

 

Figure 3.8: Automatic sample processor for thermogravimetric analysis 
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3.9 Scanning electron microscope 

The microstructural characteristics of rocks were identified using the JEOL JSM 

7800F scanning electron microscope (Fig. 3.9). With the support of Hubei Solin 

Technology Company, this experiment was successfully conducted. During SEM 

testing, observations were gathered at various magnifications to examine changes in the 

microstructure (from 100 to 50,000). 

 

 

Figure 3.9: JEOL scanning electron microscope 
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CHAPTER 4 Revising correlations between engineering 

properties of sedimentary rocks: Case study from the 

southeast Shanxi province, China 

4.1 Abstract 

This paper critically re-evaluates the empirical correlations between the strength 

properties of sedimentary rocks to determine the boundaries within which these 

correlations can be used in engineering practice. The case study involving sandstone, 

siltstone, and coal from a mining area in Southeast Shanxi Province, China was 

performed to estimate the practical applications of the existing correlations. The 

strength and index properties of the studied rock specimens were tested in a series of 

laboratory tests including unconfined compression, tensile, point load and shear tests. 

The obtained linear correlations between the strength properties of each rock yielded a 

high level of accuracy. Based on the laboratory data and existing literature, this paper 

recommended a series of multipliers that can be used in practice to estimate different 

strength properties of sedimentary rocks. 
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4.2 Introduction 

More than 70% of the Earth's surface is composed of sedimentary rocks where most 

of the engineering infrastructure has been built (Stow, 2005). As a result, several studies 

on the engineering properties of sedimentary rocks have been conducted in the past 

decades to investigate the unconfined compressive strength (UCS) (Alitalesh et al., 

2016; Chang et al., 2006; Kahraman, 2014; Kohno & Maeda, 2018), tensile strength 

(Cai & Kaiser, 2004; Liu et al., 2014; Markides et al., 2012), point load index (Karaman 

et al., 2015; Kaya & Karaman, 2016; Rusnak & Mark, 2000; Singh et al., 2012), and 

shear strength (Du et al., 2021; MacDonald et al., 2021) of rocks. These studies have 

also provided empirical correlations between the strength properties of common 

sedimentary rocks, and most of these relationships are summarized in Table 4.1. These 

correlations are essential in engineering practice because they lead to cost-effective 

solutions (Singh et al., 2012) by minimizing the cost of laboratory/field investigation. 

However, as evident from Table 4.1, these correlations tend to vary even for the same 

type of rock (for example, sandstone), which makes it rather difficult to apply in 

practice. For example, the correlations between the UCS and point load index (PLI) can 

have various multipliers, from as low as 4.7 to 28, which is different from the originally 

proposed and commonly used multiplier of 24 (Bieniawski, 1974; Bieniawski, 1975; 

Broch & Franklin, 1972). It seems that these empirical correlations depend on the 

geological conditions of local rock for which these relationships were derived. Clearly, 

more studies on the rock properties will provide better knowledge of rock behaviour 

and more accurate correlations which can be used worldwide. Thus, a critical re-

evaluation of the current empirical correlations is necessary to define the boundaries 

within which these correlations can be safely applied in engineering practice. 
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This work investigates the engineering properties of common sedimentary rocks 

(sandstone, siltstone, and coal) from a mining area in the south-east Shanxi Province, 

China. The knowledge of engineering properties of these rocks will be of a significant 

benefit to the mining industry because it will minimize the cost of laboratory and field 

investigations. It is noted that although several studies on the properties of sandstone 

(Swanson et al., 2002a, 2002b; Tavallali & Vervoort, 2010b), siltstone (Haimson & 

Rudnicki, 2010; Zhang et al., 2020), and coal (Li et al., 2016; Song et al., 2020; Wang 

et al., 2014) have been conducted in the past decades, no systematic research on the 

engineering properties of the sedimentary rocks from the south-east Shanxi area has 

been carried out to date.  

This paper presents and discusses the results of this study. A series of laboratory 

tests were conducted on sandstone, siltstone, and coal, and several correlations between 

the strength properties of each rock have been established. The literature on the existing 

correlations was critically analysed to establish the upper and lower boundaries within 

which the presented correlations can be recommended for engineering practice. 

Table 4.1: Empirical correlations between engineering properties of common 

rocks 

Reference Correlation Rock Type 

D'Andrea et al. (1965) UCS=15.295PL+16.37 r=0.95 Sandstone 

Broch and Franklin (1972) UCS=24PLI, r=0.88 Sandstone with Various rock 

types  

Bieniawski (1974); (1975) UCS= 24PLI (D=54mm) 

UCS=21PLI (D=42mm) 

UCS=18PLI (D=21.5mm) 

Sandstone, quartzite, 

Marikana norite and Belfast 

norite 

Pells (1977) UCS=24PLI (D=54) Sandstone 

Brook (1980) UCS=12.5PLI (A=500mm2) Sandstone and Siltstone with 
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Various types of rock  

Read et al. (1980) UCS=16PLI Sandstone and Siltstone 

Gunsallus and Kulhawy 

(1984) 

UCS=16.5PLI+51, r=069 

UCS=12.4BTS-9, r=0.76 

Sandstone with Various rock 

types 

Das (1985) UCS=18PLI 

UCS=14.7PLI 

Sandstone 

Siltstone 

Hawkins and Olver (1986) UCS=24.8PLI Sandstone 

Vallejo et al. (1989) UCS=17.4PLI Sandstone 

Cargill and Shakoor (1990) UCS=23PLI+13(54mm), r=0.94 Sandstone with Various rock 

types  

Ulusay et al. (1994) UCS=19PLI+12.7 r=0.9 Sandstone 

Chau and Wong (1996) UCS=14.9, r=0.89 

UCS=12.5PLI, r=0.73 

Sedimentary rock 

Smith (1997) �8�&�6�§���������3�/�, 

UCS=23.3PLI 

UCS=23.PLI 

Lime rock 

Sandstone 

Limestone 

Look and Griffiths (2001) UCS=11PLI, R2=0.4 

UCS=7.3PLI, R2=0.1 (Fr/SW) 

UCS=4.7PLI R2=0.4 

Sandstone 

Sedimentary rock 

Sedimentary rock 

Baczynski (2001) UCS= 7PLI  

UCS=17PLI 

UCS=10PLI 

Metasediments 

Metasedimentary strata 

Metabasalt 

Sabatakakis et al. (2008) UCS=25.3PLI, R2=0.71 

UCS=7.6PLI1 4, R2=0.81 

UCS=13PLI, R2=0.50(PLI<2) 

UCS=24PLI, R2=0.40(PLI2-5) 

UCS=28PLI, R2=0.53(PLI>5) 

Limestone, marlstone, and 

sandstone 

�$�O�W�Õ�Q�G�D�÷���D�Q�G���*�•�Q�H�\�������������� UCS=12.31T1 07, R2=0.82 Sedimentary rock 

Mishra and Basu (2012) UCS=12.95PLI-5.19, R2=0.84 Sandstone 
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T=1.1PLI+1.25, R2=0.82  

UCS=14.63PLI, R2=0.88 

T=1.06PLI+5.34, R2=0.82   

 

Sandstone and sedimentary 

rock  

Gurocak et al. (2012) T=1.81PLI+4.78, R2=0.81 Sandstone and Siltstone 

Poulsen and Adhikary (2013) T= 0.0415 UCS Coal 

Li and Wong (2012) T= 0.66PLI 

T=0.94PLI 

Sandstone 

Siltstone 

Kim et al. (2013) UCS=6PLI 

UCS=4.6PLI 

Sandstone 

Argillite  

Perras and Diederichs (2014) T=0.08UCS, R2=0.29 Sandstone with Sedimentary 

rock 

 

Karaman et al. (2015) UCS=17.7PLI 

T=3.34PLI-3.4 

Sedimentary 

Kaya and Karaman (2016) UCS=14.81PLI, r=0.83 

UCS=12.93PLI+13.43, r=0.83 

UCS=15.14PLI, r=0.89 

UCS=11.11 PLI+23.06, r=0.67 

UCS=17.20PLI, r=0.39 

UCS=10.83PLI+32.44, r=0.50 

UCS=12.59PLI, r=0.39 

UCS=10.51PLI+13.82, r=0.50 

All three rock types (igneous, 

sedimentary, and 

metamorphic) 

Sedimentary 

 

Chemical sedimentary 

 

Clastic sedimentary 

(Fereidooni, 2016) T=2.28T-4.66 Sedimentary 

Minaeian and Ahangari (2017) UCS = 11.473PLI, R2=0.936 

T = 1.727PLI, R2=0.74 

Sedimentary 

 

(Arman, 2020) UCS=4.23T+13.64, r=0.53 Sedimentary 

Kolapo and Munemo (2021) T=1.16PLI+0.2533, R2=0.145 Sandstone 

Iyare et al. (2021) UCS=5.31T1 06, R2=0.94 Sedimentary 
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4.3 Geology of studied rocks 

The study area is located in the Southeast of Shanxi province in China, which is 

bordered to the north by the Xichuan fault, to the east by the Wuxia mining area, and to 

the south by the Changzhi and Jincheng administrative boundary (Shanxi Design and 

Research Institute of Building Materials Industry co, 2022). The area is mainly covered 

by the quaternary sediments, with only few exposed bedrocks on the northern and 

eastern edges. Engineering properties of sandstone, siltstone and coal were studied in 

this work. The coal was from the Lower Permian Shanxi Formation bordered by 

sandstone and siltstone. The sandstone was from the Lower Permian Shanxi Formation, 

which was located at the coal seam's base, while the siltstone was from the Shanxi 

Formation on the top of the coal seam. 

4.4 Experimental procedure  

The MTS Criterion Series 60 Static-Hydraulic universal test system and SANS 

CMT5305 rock mechanics test system was used to conduct a series of unconfined 

compression, point load, tensile, and shear strength tests. The scanning electron 

microscope (SEM), X-ray diffraction analysis (XRD), and Mercury intrusion 

porosimeter (MIP) were used to study the rock structure, mineral composition, and 

porosity 

4.4.1 X-ray diffraction  

A Rigaku automated multipurpose X-ray diffractometer was used in this study. The 

Cu K-alpha radiation wavelength of the X-ray diffraction is 1.541 Å. The diffraction 

pattern was recorded using a step scale of 0.02 and measured in 2����with a range of 5-
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90. The X-ray diffractometer may export the X-ray pattern in raw or text format, which 

can then be imported straight into Excel. The peaks' positions 2����and intensities in the 

XRD plots were used to identify the minerals. 

4.4.2 Uniaxial compressive strength 

Chinese standard GB/T 23561.7 was used to conduct the uniaxial compressive 

strength test (AQSIQ & SAC, 2009a). Cylindrical samples with a diameter between 48 

and 56 mm and an aspect ratio between 1.8 to 2.2 were tested in the unconfined 

compression with a loading rate of 0.5 MPa/s. Chinese standard GB/T 23561.8 was 

used to estimate the elastic modulus and secant modulus from each test (AQSIQ & SAC, 

2009b). 

4.4.3 Brazilian splitting test 

Chinese standard GB/T 23561.10 was used to conduct the Brazilian splitting test 

(AQSIQ & SAC, 2010a). The disk specimens with a diameter of 48 to 54 mm and the 

aspect ratio of 0.25 to 0.75 were tested. The loading rate was 0.05 MPa/s. 

4.4.4 Point load index 

Chinese standard GB/T 23561.13 was used to conduct the Diametral Point load test 

(AQSIQ & SAC, 2010c).  

4.4.5 Shear strength test 

Chinese standard GB/T 23561.11 was utilised to conduct the Variable Angle Shear 

Strength test (AQSIQ & SAC, 2010b). Shearing angles range from 38° to 65°, with a 

loading rate of about 0.5 MPa/s. 

4.4.6 Mercury intrusion porosimetry 

Chinese standard GB/T 21560.1 was utilised to conduct the Mercury Intrusion 

Porosimetry test (AQSIQ & SAC, 2008). The specimen had a block shape with the size 
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of 1 cm3. The experiment's external pressure ranged from 0.001 MPa to 400 MPa. 

4.4.7 Scanning electron microscope (SEM) 

The microstructural characteristics of rock surfaces were identified using the JEOL 

JSM 7800F scanning electron microscope. A variation of magnification from 100 to 

50,000 was used to observe the mineral structures and pore space. 

4.5 Results and Discussion 

4.5.1 Mineral composition and basic index properties  

The results of X-ray analysis for each rock are given in Figure 4.1, while the 

summary of mineral composition is provided in Table 4.2. The mineral composition of 

sandstone and siltstone included quartz with some presence of kaolinite. The sandstone 

also contained a substantial amount of calcite. The sandstone had the porosity (n) of 

about 12.9%, while the siltstone was less porous, having n=5.4%. The coal contained 

significant amount of carbon (about 93%) and was rather porous (n=19.9%) compared 

to the other two sedimentary rocks.  
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Figure 4.1: XRD spectroscopy of sandstone, siltstone, and coal 

 

Table 4.2: Mineral composition and index properties of the rock specimens 

Rock Type Mineralogy Porosity (%) Density (g/cm3) 
Sandstone Quartz 51% 

Calcite 42% 
Kaolinite 7% 

12.9 2.66 

Siltstone Quartz 88% 
Kaolinite 12% 

5.4 2.61 

Coal Carbon 93% 
Calcium Carbide 4% 
Calcite 3% 

19.9 1.27 

 

Figure 4.2 shows the microstructure of each rock at a range of magnifications. 

It is evident from the images that the sandstone (Fig. 4.2 a,d,g) had a relatively large 

number of voids and discontinuities (cracks), compared to the siltstone (Fig. 4.2 b,e,h). 

The coal specimen had the largest void space, which seems to have contributed to the 

relatively high porosity value of this rock (n=19.9%, Table 4.2).  
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Figure 4.2: SEM images of sandstone (a,d,g), siltstone (b,e,h), and coal (c,f,i) at 

magnifications of 1000x, 5000x, and 30000x, respectively. 

4.5.2 Strength characteristics  

Results from a series of unconfined compression, point load, tensile strength, and 

shear tests are summarized in Table 4.3. 
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Table 4.3: The strength characteristics of the studied rock specimens  

Specimen   Sandstone Siltstone Coal 

UCS 
(MPa) 

No. 5 4 5 
Avg.  33.9 59.1 9.6 
Max  43.7 93.6 11.4 
Min  12.1 40.6 7.3 

SD (±) 12.6 23.6 2.1 

Tensile 
strength 
(MPa) 

No. 5 6 6 
Avg. 7.5 5.7 0.9 
Max 8.4 9.1 1.3 
Min  5.8 4.1 0.5 

SD (±) 1.1 1.8 0.3 

PLI 
(MPa) 

No. 5 5 

  
Avg.  4.2 3.2 
Max 5 4.5 
Min  3.8 2.5 

SD (±) 0.5 0.7 

Shear 
strength 

Cohesion 
(MPa) 

15.8 9.3 2 

Frication 
angle (°) 38 33 40 

Elastic 
Modulus 

(GPa) 

No. 5 4 5 
Avg. 3.98 5.8 0.92 
Max 5 9.7 1.2 
Min  2.2 3.7 0.7 

SD (±) 1.15 2.69 0.19 

Secant 
Modulus 

(GPa) 

No. 5 4 5 
Avg. 2.18 2.3 0.48 
Max 3.4 3.5 0.6 
Min  1.7 1.7 0.3 

SD (±) 0.69 0.81 0.11 
 

Figure 4.3 shows the stress-stain behaviour of sandstone (a). siltstone (b), and coal 

(c) tested in a series of the unconfined compression tests. As can be seen in this figure, 

the siltstone exhibited the highest unconfined compressive strength (UCS) of about 59.1 

MPa while the coal had the lowest UCS of 9.6 MPa. The data from Figure 4.3 was used 

to estimate the elastic and secant modulus for each rock. The average, maximum, and 

minimum values obtained from this analysis are given in Table 4.3. 
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Figure 4.3: Stress-strain curves of sandstone (a), siltstone (b), and coal (c) 

The results of point load tests (Table 3) gave the highest point load index (Is50) of 

4.2 MPa for the sandstone specimens, and the average value of 3.2MPa for the siltstone. 

It is noted that no reliable values of point load index were obtained for the coal 

specimens as the coal was very soft to be tested in the point load test. As can be seen 

from Table 4.3, the tensile strength of sandstone (7.5MPa) was also greater than the one 

obtained for the siltstone (5.7MPa) and coal (0.9MPa). 

The data from a series of shear tests is plotted in Figure 4.4 using the Mohr-
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Coulomb failure criterion to estimate the friction angle and cohesion. It is noted that the 

sandstone specimens indicated the greatest resistance to shearing compared to the other 

two rock types. 

 

Figure 4.4: Data from a series of shear tests plotted as the normal stress against 

the peak shear stress for each rock type.  
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4.5.3 Failure patterns  

 

Figure 4.5: Failure modes observed under unconfined compression for the 

sandstone (a-c), siltstone (d-f), and coal (g-i). 

Figure 4.5 presents typical failure patterns observed in a series of unconfined 
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compression tests. Regardless of the rock type, most specimens failed in tension with 

crack initiation and propagation during loading, similar to the previous works by Basu 

et al. (2013). four major patters were identified: 1) axial splitting (b, d, g), 2) multiple 

fracturing (e, i, h), 3) shearing along single plane (a), and 4) along foliation (c, f). 

Summarizing the failure modes of all samples reveals that axial splitting is the 

predominant failure mode, accounting for 42% of all samples and more than 56% of 

failures in sandstone and siltstone samples. Multiple fracturing is the second most 

prevalent failure mode, comprising 36% of all samples and 60 of coal samples. 

 

 

Figure 4.6: Typical failure modes observed during Brazilian tensile tests for the 

sandstone (a-c), siltstone (d-f), and coal (g-i). 
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Figure 4.6 demonstrates the typical failure patterns in the Brazilian tensile strength 

tests, similar to the previous works (Basu et al., 2013; Tavallali & Vervoort, 2010a), 

four major patters were identified: 1) central fracture (b,e,f), 2) central multiple (d), 3) 

central fracture with a layer activation (c,h), and 4) non-central fracture (a, i). Central 

fracture is the failure mechanism most congruent with the theory of fracture, and it is 

also the most common failure mode across all samples, about 67%. followed by around 

17% non-central failures. 

4.5.4 Re-evaluation of correlations between engineering properties of 

sedimentary rocks 

This section will revisit the existing correlations between UCS, point load index 

(PLI), tensile strength, and cohesion reported in the literature (Table 4.1), and compare 

them with the empirical correlations established for the rocks in this study. 

Unconfined compressive strength vs Point load index 

Review of the existing correlations between the UCS and PLI (Table 4.1) reveals a 

linear type of relationship, but with a range of multipliers. These multipliers appear to 

be different from the multiplier of 24, which was originally recommended by previous 

studies (Broch & Franklin, 1972; D'Andrea et al., 1965; ISRM, 1972, 1985). Further 

analysis suggests the median multiplier value of 14.4, with the upper boundary value 

being 28, and the lowest multiplier of 4.7. In this study, the correlation obtained for the 

siltstone (the multiplier is 14.5, Fig. 4.7) is very close the median value of 14.4, while 

the multiplier for the sandstone (11.4) is slightly lower than the average value.  
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average value of UCS equal to 9.6MPa. The obtained linear correlations 

between the strength properties of each rock yielded a high level of accuracy. 

- The multiplier of 14.4 is recommended to estimate the UCS of 

sandstone and siltstone based on the point load index value of these rocks. 

- The correlations between the tensile strength and other strength 

parameters such as UCS, PLI, cohesion have been established with a high level 

of accuracy. Drawing on the existing correlations from the literature, the 

following multipliers are recommended: 1.53 to estimate the tensile strength 

based on PLI, and 1.89 to estimate the rock cohesion using the tensile strength. 
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CHAPTER 5 Estimation of Sedimentary Rock Porosity 

Using a Digital Image Analysis 

5.1 Abstract 

Pore space characterisation is important in assessing the strength and hydraulic 

characteristics of rock. This paper proposes a new relationship to estimate the porosity 

of natural rocks using the data from a scanning electron microscope (SEM) and a pore 

and crack analysis system (PCAS). The obtained results were compared with the data 

obtained from a series of conventional mercury intrusion porosimetry (MIP) 

experiments. Three different rocks, namely siltstone, sandstone, and coal, collected 

from a depth below 400 m, were investigated in this study. The results indicated that 

the proposed method of digital analysis could accurately identify the pore size and 

porosity values, which were in agreement with the experimental data. The relationship 

between the two-dimensional porosity estimated from the digital analysis and the three-

dimensional porosity obtained from laboratory experiments was established. A few 

limitations on the use of the proposed method have also been identified and discussed. 

5.2 Introduction  

A number of studies in the past decade have shown that porosity and pore size can 

significantly affect the physical properties of rocks (Anovitz & Cole, 2015; Baud et al., 

2014; Gao et al., 2020; Labani et al., 2013; Schöpfer et al., 2009). Previous research 

established a few relationships between porosity, Young’s modulus, and strength of rock 

(Anovitz & Cole, 2015; Baud et al., 2014; Hawkes & Mellor, 1970; Labani et al., 2013; 
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Schöpfer et al., 2009; Vernik et al., 1993). However, Chang et al. (Chang et al., 2006) 

reviewed 31 empirical correlations between rock properties and porosity and noted that 

the majority of these empirical equations were not sufficiently general as they had 

strong regional influences, and were unable to account for all available published data 

on rock strength and physical properties. 

In current practices, laboratory methods are employed to investigate the rock pore 

space, yet provide different levels of accuracy. Mercury intrusion porosimetry (MIP) is 

a standardized technique that enables precise estimations of the pore size of rock in the 

laboratory (Fang et al., 2018). However, this experimental procedure is time-consuming, 

and it requires special equipment that may not be readily available in many laboratories 

around the world. The scanning electron microscope (SEM) method is an alternative 

approach that requires minimal sample preparation (Abell et al., 1999). Although rock 

often appears as continuous material, at a microscopic scale, it is composed of a 

sequence of particles and pores that constitute a rock structure. Thus, using high-quality 

SEM images, it is possible to identify and quantify the open pore space in rock, which 

can provide an estimation of the material porosity (Chalmers et al., 2012; Igarashi et al., 

2005; �ø�Q�D�Q���6�H�]�H�U���H�W���D�O��������������). Yet, recent works (Chalmers et al., 2012; Lai et al., 2018; 

Loucks et al., 2009) indicated that due to the diversity of rock structures, the quality of 

digital photographs, and the complexity of the numerical recognition algorithm, it has 

been extremely challenging to detect and analyse each pore fracture in SEM images to 

a high level of accuracy. In this regard, the consequential outcome of studies using a 

digital analysis method of morphological fracture is limited, and only a few practical 

approaches for the fracture image recognition have been proposed to date (Lai et al., 

2018). One of them is the pore and crack analysis system (PCAS), which has recently 

become a popular tool to quantify the fracture and pore space in SEM images (Jiao et 
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al., 2014; Li et al., 2017; Sadasivam & Reddy, 2015a, 2015b; Tang et al., 2012; Yu et 

al., 2015). As it provides the advantages of simplicity and efficiency over conventional 

manual procedures, PCAS has successfully been employed to detect cracks, micropores, 

and mineral particles in rock or soil (Liu et al., 2013; Liu et al., 2008). However, recent 

studies indicate some discrepancies between the experimentally measured three-

dimensional porosity and the two-dimensional porosity obtained from the digital image 

analysis. The summary of the previous research presented in Table 5.1 clearly shows 

relatively large differences in the porosity values (ranging from 0.56 to 4.6) obtained 

from the same material using either a direct experimental method or the digital analysis 

technique. It is clear that more research is necessary to clarify the existing correlations 

and to develop guidelines on the use of digital analysis for the estimation of rock 

porosity. 

This article seeks to establish the relationship between the porosity obtained via the 

MIP and digital analysis methods, which can be widely used for different sedimentary 

rocks. A series of MIP experiments were carried out on three common sedimentary 

rocks (sandstone, siltstone, and coal). The porosity and pore size distribution of these 

rocks were estimated from the high-quality SEM images by employing the PCAS 

approach. This paper presents and discusses the obtained results. 

 

Table 5.1: Summary of previous research on porosity using MIP and digital 

analysis methods. 

Rock/Soil Porosity, % Ratio, 
ne/nd 

References  
Experiment, 

ne 
Digital Analysis, 

nd 
Mudstones 6.5 1.4 4.6 Loucks et al. (2009) 
Sandstone 8.72 9.27 0.94 Desbois et al. (2011) 
Carbonate 

rock  
7.9 14.2 0.56 Bera et al. (2012) 
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Shale  3.5 
3.4 

2.75 
2.74 

1.27 
1.24 

Klaver et al. (2012) 

Sandstone  21.84 21.64 1 Guan et al. (2019) 
Hardened  

Cement paste  
10–25 5.56–20 1.8–1.25 Lyu et al. (2019) 

Carbonate 
rock 

22.83 
28.04 

22.70 
25.53 

1 
1.10 

H. F. Sun et al. (2019) 

Mancos 
shale  

1.1 
1.1 

0.5 
0.4 

2.2 
2.4 

Goral et al. (2020) 

Sandstone 8–12 8.2 1.21 Niu et al. (2020) 
 

5.3 Materials and methods 

5.3.1 Rocks used 

Core samples of fresh sandstone, siltstone, and coal were collected from depths of 

400–500 m in southeast Shanxi Province, China. All three sedimentary rocks were part 

of the Lower Permian Shanxi Formation. It is well known that the rock structure, which 

determines the physical properties of rock, may vary depending on the geological origin 

and level of weathering (Kim et al., 2013). Deep underground rocks are typically less 

affected by external weathering factors, and for this reason, they may remain fresh 

under greater pressures which cause the development of mineral grains that have a more 

pronounced effect on the engineering properties (Bass, 1995). 

Block specimens of 1 cm3 and specimens of flake shapes were utilised for MIP testing 

and SEM analysis. The mineralogical composition and density of each rock are given 

in Table 5.2. The coal was much lighter than the sandstone and siltstone, with an average 

density of 1.3 g/cm3. 
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Table 5.2: Description and mineral composition of the sandstone, siltstone, and 

coal. 

Rock  Description Mineralogy Density 
(g/cm3) 

Sandstone Light grey colour, grain size fine 
to medium, massive texture, no 

visible cracks  

Quartz 
Calcium Carbonate 

Kaolinite 

2.65 

Siltstone Grey colour, fine-grained, 
massive texture, and no visible 

cracks  

Quartz 
Kaolinite 

2.60 

Coal Black colour, fine-grained, 
nonelastic, massive texture, and 

minor visible cracks 

Carbon 
Calcium Carbide 

Calcium Carbonate 

1.30 

 

5.3.2 X-ray diffraction analysis 

To identify the mineral composition of sandstone, siltstone, and coal, XRD analysis 

was performed on powdered samples using the Cu K-alpha radiation wavelength of 

1.541 Å. The diffraction pattern was recorded using a step scale of 0.02 and measured 

in 2����with a range of 5–90. The X-ray diffractometer exported the X-ray pattern in a 

text format, which was then imported into Excel. The peaks’ positions in 2����and 

intensities in the XRD plots were used to identify the minerals (Vidana Pathiranagei et 

al., 2022). The X-ray data showed that the quartz was the main mineral in both 

sandstone and siltstone, with minor presence of kaolinite. The coal mainly consisted of 

carbon (Table 5.2). 

 

5.3.3 Scanning electron microscope (SEM) 

The microstructural characteristics of rock surfaces were identified using the JEOL 

JSM 7800F scanning electron microscope. The water in the sample was removed by 

vacuum. Using a concentrated electron beam, the SEM performed a point-by-point scan 

across the specimen surface. Because the rock sample is non-conductive, its surface 
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was covered with a layer of Au. The current released by the electron beam stimulated 

the sample’s surface, created backscattered electrons, and reached the display through 

signal collecting and signal conversions. The sensor received fewer reflected electrons 

from flat and depressed areas, causing the image to appear dark, and more reflected 

electrons from relatively steep and elevated areas, causing the image to appear brighter. 

The surface topography of the sample was then microscopically defined and measured. 

A range of magnifications from 500x to 40,000x was used to investigate the rock 

structure and pore space. Ninety images that covered the entire surface were collected. 

The images with a magnification of 1000x were used for PCAS analysis. 

5.3.4 Mercury intrusion porosimetry (MIP) Tests 

A series of MIP tests were conducted following the Chinese standard GB/T 21560.1 

(AQSIQ & SAC, 2008) with Mercury Intrusion Porosimeter Autopore VI (Fig. 5.1). 

The specimen had a block shape with a size of 1 cm3. Prior to testing, the specimens 

were dried in an oven at 105° C for at least 48 h, and then cooled at a room temperature 

of 25 °C. The pressure applied and pore diameter sizes ranged from 0.001 MPa to 400 

MPa and 3 nm to 900,000 nm, respectively. As mercury is a non-invasive liquid, it can 

only enter the pore space under the action of external pressures. Therefore, the pore 

diameter d (nm) can be related to the applied pressure (P, MPa), as given in Equation 

(24). 

D = -4��cos����P  

( 26 ) 

where ����is the surface tension of mercury (0.45N/m), and ����is the contact angle of 

mercury (130°). When the sample aperture is idealised as a smooth and step-changing 

cylinder, the liquid–solid interface area (S) can be expressed in relation to the length L, 

and the changing volume (�ûV) as given in Equation (25): 
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S=L*d*�Œ��� �����¨�9���G  

( 27 ) 

When computing the pore size distribution, the �'�9���'�G and �'�9���'�O�R�J�G values are 

compared to the pore size on the y-axis, and thus the pore distribution and size may be 

assessed�����'�9���'�G is commonly utilised for analysing minor pore size changes (Liu &  

Ostadhassan, 2019). When the distribution of voids is wider, or the pore size is greater 

than tens of nanometres, the logarithmic relationship is applied (Equation (26). 

�'�9���'�O�R�J�G��� ���O�Q�����
�G�
���'�9���'�G��  

( 28 ) 

 

Figure 5.1: Micromeritics autopore mercury intrusion porosimeter. 

5.3.5 Pore and crack analysis system (PCAS) 

PCAS image analysis software is a specialised tool for a quantitative pore system 

analysis. It can locate different pores and cracks in an image and extract different 

geometric and statistical information. For simplicity, the length was measured in nm. 
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The true length (D) can be converted to pixel length (Dp) by the following formula 

(Equation (4): 

�'���' p = R  

( 29 ) 

where R is the resolution of SEM images, which is approximately 93 nm units per 

pixel for a magnification of 1000x in SEM images. 

The SEM image consists of pixels with different greyscale levels ranging from 0 

(white) to 255 (black). By selecting an appropriate greyscale threshold (T), pores and 

particles in the image can be identified. A pixel that represents a pore is selected as a 

reference for its characteristic greyscale level value of X. Then, for any pixel point in 

an image, it can be analysed using Equation (5): 

X’ - X = d  

( 30 ) 

where X’ is the current pixel point of a greyscale value, and d is the greyscale value 

difference between the reference pixel point and the current pixel point. Then, the 

comparisons with the greyscale threshold (T) can be made: if d is less than T, then the 

pixel point is recognised as a pore; otherwise, the pixel point would be recognised as a 

particle. If there are few pixel points that do not represent the pore morphology or there 

are ‘noise’ points due to the electronic interference, then these points can be removed 

from the image by the de-cluttering operation to improve the accuracy and precision of 

the image analysis.  
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5.3.6 Thermogravimetric analysis (TGA) 

The specimens were subjected to thermogravimetric analysis using the Q5000 

automatic sample processor (Fig. 5.2) to assess the water composition and mass as a 

function of temperature. The mass of each powder specimen was 20 milligrams and 

they were ground to 140 mesh (<106 ��m) while the maximum temperature applied was 

400 �qC. The specimens were heated with a rate of 10 �qC per minute under nitrogen gas 

atmosphere (Sigal, 2009). 

 

Figure 5.2: Automatic sample processor for thermogravimetric analysis. 

5.4 Results and discussion 

The existing literature (Inoue et al., 2018; Liu et al., 2021) suggests that high water 

content can affect the quality of digital analysis, especially for rocks with relatively 

small pores that can retain water due to suction. For this reason, thermogravimetric 

(TGA) and differential thermogravimetric (DTG) analyses were conducted to estimate 

the water content and type of water in the tested rock specimens. 
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5.4.1 Thermogravimetric and Differential Analysis 

Figure 5.3 presents the outcomes of the TGA tests. The water in the rock specimen 

consists of tightly bound water (TBW), loosely bound water (LBW), and free water 

(Wang et al., 2022), with the temperature limits for water decomposition of 120 °C to 

230 °C, 75 to 120 °C, and 25 to 75 °C, respectively (Wang et al., 2011). The drop point 

in the DTG curve represents the decomposition point for water (Labus & Labus, 2018). 

It can be inferred from Figure 5.3a,b that the water content of the sandstone and siltstone 

was less than 1%, while the water content of the coal was about 9% (Figure 5.3c). As 

can be seen in Figure 5.3a, the temperature limits of free water, loosely bound water, 

and tightly bound water of the sandstone specimen were 38 °C, 110 °C, and 137 °C, 

respectively. The free water, loosely bound water, and tightly bound water temperature 

limits of the siltstone specimen (Figure 5.3b) were 48 °C, 101 °C, and 131 °C, 

respectively. For the coal specimen (Figure 5.3c), the corresponding temperature limits 

were 48 °C, 100 °C, and 131 °C, respectively. The results of this analysis show that the 

initial water content of the tested rock was low, and thus, these specimens could be used 

to obtain high-quality digital images. 
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Figure 5.3: TGA tests results of specimens: (a) sandstone, (b) siltstone and (c) coal. 

5.4.2 Mercury intrusion porosimetry (MIP)  

The results of the MIP tests (Fig. 5.4a) provide the reference data of the porosity 

and pore size diameter (PSD) for each tested rock. As the specimens were of irregular 

shapes, the surface features such as cracks created by the tensile fracture might have an 

impact on the mercury intrusion data at the low pressures applied, known as 

‘consistency’ errors (Sigal, 2009). To account for this inconsistency, the comparisons 

between the initial mass and the mass sent back in the MIP experiments were made to 

identify the surface voids. The original data were then re-plotted in Figure 5.4b to 

represent the corrected pore size distributions of each rock. It is evident from Figure 4b 

that the MIP curves of siltstone and sandstone are similar, with the pore distribution 

being in the range of 1000 nm and 50,000 nm. In contrast, the pore size diameter of the 
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coal specimen varied from 3 nm to 10,000 nm. 

 

 

Figure 5.4: Results from MIP tests for sandstone, siltstone, and coal: (a) original 

data; and (b) data corrected to the consistency errors. 

In the MIP test, the values of the surface tension of mercury (������and the contact 

angle of mercury (������were constant factors. For this reason, Equation (1) can be 

converted into a linear equation that relates the pressure (P) with the pore size, as given 

in Equation (6): 

P = -4��cos����d  

( 31 ) 

Figure 5.5 depicts the pore volume in 1 g of material for each pressure level and 
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pore size. The PSD curves provide the data on the peaks and distribution of voids. It 

appears that the sandstone and siltstone exhibit differences in the pore size in the region 

of large pores (>100,000 nm), but only minor changes in the range of relatively smaller 

pores. For the coal specimen, a more uniform distribution of voids was observed, as 

shown in Figure 5.5. To better understand the pore distribution in the specimens, the 

original data were replotted in Figure 5.6, with the focus on the larger pore sizes, and 

in Figure 5.7, where the distribution of the smaller-sized pores was analysed. Figure 5.6 

shows that the sandstone and siltstone have similar distribution patterns, while the data 

obtained for the coal specimen have the largest correction due to the effect of surface 

fractures and voids. The highest point in the curve is known as the most probable pore 

size (Zhang & Cui, 2018), which correlates to the pore sizes that have the greatest 

mercury intrusion. The original data for the sandstone siltstone and coal had the same 

value of 700 microns as the most probable pore size. However, the modified data 

showed that the actual most probable pore size of the sample was smaller than the 

original data; that is, about 500 microns for the sandstone and siltstone, and 3 nm for 

the coal specimen. This difference can be attributed to two major factors: (1) the 

consistency errors, and (2) the presence of a certain amount of voids smaller than 3 nm 

in the coal specimen. Figure 5.7a shows that no change in the pore size diameter for the 

sandstone was observed at 6000 nm, while for the siltstone, this occurred at 

approximately 15 nm (Figure 7b). 
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Figure 5.5: Incremental intrusion results from MIP for sandstone, siltstone, and 

coal (dashed lines denote the modified/corrected data). 

 

 

Figure 5.6: Experimental data plotted as the log differential intrusion against the 
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pore size diameters of sandstone, siltstone, and coal (dashed lines denote the 

modified/corrected data). 

 

 

Figure 5.7: Experimental data plotted as the differential intrusion against the pore 

size diameters of sandstone (a), siltstone (b), and coal (c) (dashed line represents 

the corrected data). 

Three types of sedimentary samples were examined in this study using high-

pressure mercury intrusion porosimetry (MIP). The two different advanced 
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mathematical forms of MIP data presentation, differential pore volume versus diameter 

(�'�9���'�G), and the log differential pore volume versus diameter (�'�9���'�O�R�J�G) were used 

to analyse pore size distribution. The findings of the comparison revealed a difference 

in the range of pore size diameter. For example, smaller pore ranges would be 

encouraged by the �'�9���'�G curve, but greater pore ranges would be encouraged by the 

�'�9���'�O�R�J�G curve. Additionally, the �'�9���'�O�R�J�G��approach is appropriate for all specimens, 

and the �'�9���'�G approach is only appropriate for the coal specimen. 

5.4.3 Scanning electron microscope (SEM) and pore and crack 

analysis system (PCAS) 

Scanning electron microscope images of each rock specimen are given in Figure 

5.8. Upon examination of these images, the voids and fissures can be clearly identified 

as distinct black areas. The following observations can be made for each rock type: 

The SEM image surface of the sandstone contains a variety of mineral crystal particles 

such as kaolinite, calcite, and quartz, with a large number of intergranular pores and 

microcracks, mainly distributed around the mineral crystals. At a 500x magnification 

(Fig. 5.8a), the voids and quartz mineral grains can be clearly observed to be uniformly 

distributed over the entire sample surface. At a magnification of 10,000 (Fig. 5.8d), the 

quartz grains appear to be of different sizes, with more visible kaolinite particles 

(flakes), and an increasing porosity space. Under a greater magnification of 30,000x 

(Fig. 5.8g), the kaolinite particles between the sandstone grains can be clearly identified. 

Moreover, it is evident that the kaolinite flakes are being sandwiched between the quartz 

minerals, and a small amount of calcite adhering to the kaolinite and quartz can be 

recognized. 

The siltstone is mostly made of larger-sized quartz grains and kaolinite particles 

that create intergranular pores with a large pore area. At a 500x magnification (Fig. 
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5.8b), a large number of kaolinite flakes can be clearly observed on the surface of the 

quartz, with a relatively large amount of voids formed between these flakes. The pore 

space appears to be evenly distributed. As can be seen in the image with the 10,000x 

magnification (Fig. 5.8e), the kaolinite particles/aggregates are located on the quartz 

grains. At the 30,000x magnification (Fig. 8h), the kaolinite flakes are attached to the 

smooth quartz surfaces. The voids in the siltstone consist mainly of gaps between the 

quartz particles, which can be observed at every level of magnification. 

Many pores and cracks can be found on the surface of the coal specimen. At the 

magnification of 500x (Fig. 8c), the micro cracks seem to be evenly distributed. At the 

magnification of 10,000x (Fig. 8f), a large number of voids and cracks are also evident. 

At the magnification of 30,000x (Fig. 8i), large micro voids can be clearly identified, 

which are not noticeable at the lower magnifications of 500x and 10,000x. 
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Figure 5.8: Scanning electron microscope images of sandstone (a,d,g), siltstone 

(b,e,h), and coal (c,f,i). 

In summary, at the same magnification, the siltstone specimen displays 

significantly fewer fissures and voids than that of the sandstone. The coal specimen has 

a distinct pattern of voids and fissures compared to the sandstone and silt, with more 

evenly distributed voids. 

By increasing the magnification around the crack area, it is possible to study the 

microscopic fissures and mineral characteristics of the rock. By comparing Figure 

5.8d,g and Figure 5.8e,h, it can be determined that the minimum pore size of siltstone 

is significantly smaller than that of sandstone. The pore size of sandstone is estimated 

to be around 100 nm, which agrees with the MIP data. Figure 8f,i depicts the void 

distribution in the coal specimen. It is evident from this figure that the voids are 

uniformly distributed, a finding that is also consistent with the MIP test results. It is 

noted that, compared to a relatively small magnification (500x), at larger magnifications 

such as 10,000x and 30,000x, the image analysis seems to overestimate the specimen 

porosity, as some ‘extra’ pore space (which may not exist) can be created by shadows 

or due to the irregular shape of pores. Experience shows that different magnifications 

can lead to different values of porosity (Klaver et al., 2012), and thus caution needs to 

be taken while estimating the porosity from digital images. 

The PCAS analysis of the SEM images are given in Figure 5.9. PCAS first 

determines the void space and boundaries by examining the grey colour scale (0–255) 

of the original SEM images (Fig. 5.9a–c). The next stage involves the segmentation 

quantification and noise removal, producing a set of images (Fig. 5.9d–f) in which the 

void space can be clearly identified. Comparisons of the images of the three rock 

specimens suggest that the void distribution in the sandstone and siltstone appears to be 
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more uniform compared to that of the coal. Further image processing (Figure 5.9g–i) 

reveals that there is less ‘noise’ in the sandstone than in the siltstone and coal, and the 

void space in the coal is more affected by the tensile rupture at the specimen surface. 

This can be accounted for by the different values of porosity (Table 5.3) obtained from 

the experimental procedure (MIP) and estimated by the digital analysis using the PCAS 

technique. This finding seems to agree with the existing literature (Chalmers et al., 2012; 

Nelson, 2009), which suggests that this discrepancy can be attributed to two main 

factors: (1) cracks and/or pores caused by the tensile damage at the surface of the 

specimen, and (2) different magnifications of the processed digital images. 

 

Figure 5.9: Pore and crack analysis system process and tensile damage of 

sandstone (a,d,g), siltstone (b,e,h), and coal (c,f,i). 

Table 5.3: Summary of the porosity values obtained from the pore and crack 
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analysis system and mercury intrusion porosimetry. 

Rock Pore and Crack Analysis System Mercury Intrusion 

Porosimetry 

No. Mean 

(%) 

Sd 

± (%) 

Min  

(%) 

Max 

(%) 

Porosity MIP 

Origin  

Porosity MIP 

Modify  

Sandstone 12 10.1 1.1 8.1 11.8 12.9 8.9 

Siltstone 9 3.9 0.58 3.1 4.8 5.4 3.4 

Coal 9 7.6 2.15 5.7 10.9 19.9 9.5 

 

The results obtained from the experimental MIP procedure and digital analysis of 

SEM images by the PCAS technique are summarised in Table 5.3. Figure 5.10 

demonstrates the correlation between the experimental (MIP) and PCAS data obtained 

for all three rock specimens. The upper and lower boundaries and the median value of 

multipliers obtained through the analysis of the existing literature (Table 5.1) are given 

in this figure as well. The data from this study seem to fit well within the range reported 

in the literature. The previous data on different types of sandstone and siltstone (Desbois 

et al., 2011; Guan et al., 2019; Niu et al., 2020) give a relatively narrow range of 

multipliers (from 0.94 to 1.21) that can be used to estimate the rock porosity based on 

the digital image analysis. The results of this study suggest a value of 0.88, which seems 

to fit reasonably well with the previous research. These consistent results obtained for 

sandstone/siltstone by different researchers can be due to the mineral composition of 

these rocks (that is, quartz is the dominant mineral), which is associated with relatively 

uniform pore space in the micron range. 
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Figure 5.10 Correlations between the porosity values obtained from the image 

analysis and laboratory experiments for the sandstone, siltstone, and coal. 

However, there are still some limitations that need to be considered (Desbois et al., 

2011; Guan et al., 2019; Loucks et al., 2009). The first is related to the precision of MIP 

tests, as it may be challenging to accurately estimate the mercury intrusion in the pore 

space (Hildenbrand & Urai, 2003; Sigal, 2009). Second, the pore space and microcracks 

observed in SEM images may be different from those in reality because the SEM 

images only identify 2D types of pore space, compared to the 3D pore space obtained 

from MIP experiments (Klaver et al., 2012; Loucks et al.). Third, the greyscale level 

threshold values used for the SEM image analysis and the image resolution can have an 

impact on the final results as well (Guan et al., 2019). 
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5.5 Conclusions 

The porosity of three different rocks (sandstone, siltstone, and coal) were studied 

using a series of laboratory tests (MIP) and digital analysis using high-quality SEM 

images and the PSAC technique. Based on the obtained results, the following major 

conclusions can be drawn: 

The majority of sandstone and siltstone pores were larger than 1000 nm in diameter. 

The sandstone had a minimum pore size of 3000 nm, while the siltstone had a minimum 

pore size of around 15 nm. The coal pore size was found to be linear between 10,000 

nm and 3 nm, according to the MIP test in which the maximum pressure of 400 MPa 

was applied. Furthermore, DV/Dd is more appropriate to be used for characterizing 

PSD data for sedimentary rock. 

The data from the SEM image agree with the results from the MIP tests. The 

minimal pore size of sandstone was around 1000 nm, whereas the minimum pore size 

of the siltstone was approximately 10 nm. 

The linear relationship between the two-dimensional porosity (from PACS) and the 

three-dimensional porosity (from MIP) seems to exist with a multiplier of 0.88 for the 

sandstone and siltstone. For these two rocks, quartz was the dominant mineral, which 

created uniform void space. 

The combination of PACS analysis and MIP tests can provide useful insights into 

the pore size distribution of rock. However, inconsistences (especially for more porous 

rocks like coal) can exist when SEM images at higher magnifications are analysed. In 

this case, the porosity obtained from the image analysis appears greater than the 

porosity measured in the laboratory. Overall, the results can be processed directly in the 

field of rock science, or as a preparation or comparative phase for in-depth research, 
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saving time and effort and enhancing the precision of tests. Here, it is useful to select 

photographs that require appropriate magnification, since these images will have a 

significant impact on the data inaccuracy. 
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CHAPTER 6 CONCLUSION AND FUTURE WORKS  

6.1 Conclusions 

An in-depth understanding of the engineering features of sedimentary rocks is 

essential for rock engineering applications such as deep mining, shale gas mining, oil 

and gas mining, geothermal energy recovery, underwater tunnels, and deeply buried 

large-scale tunnel construction. The majority of these applications take place deep 

underground, where dangers like slab breaking, explosions, and rock bursts exist. 

Research concentrated on the engineering features of sedimentary rocks is crucial for 

the implementation of safe and low-maintenance subsurface applications. Different 

environmental circumstances can influence the physical, mechanical, mineralogical, 

and microstructural features of rocks, resulting in a variety of engineering properties 

for rock applications. Recently, scientists have discovered commonalities in the 

engineering features of sedimentary rocks. 

Previous research has demonstrated that even rocks of the same type may have 

distinct similarity correlations. Variations in these relationships can be attributable to a 

number of variables, including geological and stress conditions, mineral composition, 

and microstructural flaws. The mechanisms that establish similarity relationships 

within the same rock type, as well as how each condition interacts, currently remain 

unclear. In addition, digital image analysis of rock void fraction and pore size 

distribution is limited. Examining failure patterns is an excellent technique for assessing 

the deterioration process of rock materials. However, there is a limited understanding 

of the engineering properties of sedimentary rocks and relationships between them. 

In this study, the physical, mechanical, mineralogical, and microstructural 
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properties of three types of sedimentary rocks, sandstone, siltstone and coal, were 

probed by conducting a series of laboratory experiments. The relationships between the 

various engineering properties were also investigated. In addition, the microstructure 

of these sedimentary rocks was probed and their porosity and void distribution were 

determined by digital image analysis of mercury compression experiments. In addition, 

the tensile, compressive failure modes of the rocks were recorded. The relationships 

between the different results of these test were compared.  

The aims and objectives of the research were achieved. Each of these is each listed 

in turn, with conclusions concerning the results of each aspect of the investigation 

detailed, as follows: 

1. Understand the engineering, mineralogical, microstructural properties, and 

failure mechanism of sedimentary rocks from south-east Shanxi Province, 

China. 

In this research, a re-evaluation was made of the engineering properties of typical 

sedimentary rocks through a case study of sandstones, siltstones, and coal from mining 

areas in China’s south-east Shanxi Province. Numerous unconfined compression, point 

load, tensile, shear, and mineral composition tests, as well as microstructure 

investigations were conducted. Comparisons with available data from the literature 

were made to investigate the engineering properties of the sedimentary rocks.  

The mineral composition of sandstone and siltstone included quartz with some 

presence of kaolinite. The sandstone also contained a substantial amount of calcite. The 

coal contained more than 93% of carbon. 

Sandstones and siltstones are considerably more durable than coal. The UCS value 

of siltstone is the greatest (59.1 MPa), whereas the average UCS value of coal is 9.6 

MPa. The principal failure mode of a compression test in sedimentary rocks is axial 
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splitting. The tensile strength of sandstone (7.5MPa) was greater than the one obtained 

for the siltstone (5.7MPa) and coal (0.9MPa). The principal failure mode for a Brazil 

tension split test is central failure. The point load index (Is50) of 4.2 MPa for the 

sandstone specimens, and the average value of 3.2MPa for the siltstone. 

There is a considerable degree of resemblance in the pore size distribution in 

sandstone and siltstone, with the majority of voids located in the more than 2000nm 

range. Pore size distribution in coal is uniform between 3 and 10,000 nm. The porosity 

values of sandstone, siltstone and coal were 8.9%, 3.4%, and 9.5% respectively. 

By comparison with previous studies (Table 2.3), the compressive strength of the 

samples falls within a reasonable range and has a high degree of similarity to other 

sedimentary rock samples of the same type. However, these rock samples have a better 

performance tensile strength, which may be due to the geological conditions. 

2. Establish the correlation between empirically and numerically derived 

engineering properties of sedimentary rocks from south-east Shanxi Province, 

China and check its overall accuracy. 

In this paper, existing correlations between the strength characteristics of common 

sedimentary rocks were re-evaluated through the analysis of experimental results, to 

establish correlations between strength parameters and compare them with existing 

correlations in the literature.  

Based on the results obtained, the following conclusions can be drawn. The 

multiplier of 14.4 is recommended to estimate the UCS of sandstone and siltstone based 

on the point load index value of these rocks. The correlations between the tensile 

strength and the other strength parameters of UCS, PLI, and cohesion have been 

established with a high level of accuracy. Drawing on the existing correlations from the 

literature, the following multipliers are recommended: 1.53 to estimate the tensile 
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strength based on PLI, and 1.89 to estimate the rock cohesion using the tensile strength.  

A linear relationship between the two-dimensional porosity (from PACS) and the 

three-dimensional porosity (from MIP) seems to exist with a multiplier of 0.88 for the 

sandstone and siltstone. For these two rocks, quartz was the dominant mineral which 

created uniform void space. 

 

6.2 Benefits of the research 

There are multiple benefits of this research:  

�x This study gives high-quality laboratory engineering properties for three 

common sedimentary rock types in south-east Shanxi Province. 

�x When investigating the microstructure of rocks, this study suggests using both 

experimental and digital image analyses. This unique method will increase the 

comprehension of rock substructure. 

�x This study’s empirical equations can assist scholars and practitioners in 

comprehending the links among the engineering qualities of sedimentary rocks. 

This will help minimise projects’ economic and labour expenditure. 

6.3 Future works 

Future research on the engineering properties of common sedimentary rocks in 

south-east Shanxi Province may concentrate on the following topics: 

- Additional laboratory research on the various tensile stress conditions and 

microstructural behaviour of sandstones, siltstones, and coals is required for a thorough 

understanding of the failure modes of each rock type. 
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- It is suggested that triaxial tests be conducted on sandstone, siltstone, and coal, and 

that these results be utilised to validate the rock engineering properties. 

- Future research could evaluate the applicability in a broader range of settings by 

employing additional experimental techniques to study the voids in rocks, thereby 

enhancing the comparability between digital image analysis and experiments. 
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