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Abstract 

Oil shales have unstable mechanical and chemical properties, which makes their extraction for 

characterization and conventional mechanical testing uneasy and complex. Most often, 

mechanical property measurements are usually taken from core samples that are costly to 

extract and test using conventional testing methods. This paper presents a focused study carried 

out on oil shale cuttings obtained from the sidewalls of two different wellbore depths in the 

Niger Delta area of Nigeria. Using the X-ray Diffraction (XRD) and Scanning Electron 

Microscope (SEM) characterization techniques, the morphology of these shales was studied. 

The results obtained clearly showed the composition, bonding and variations in the morphology 

of the studied shale samples. Furthermore, the heterogeneity associated with these shales across 

varied depths were revealed. An efficient and less expensive technique compared to 

conventional testing methods, instrumented indentation testing (IIT) was carried out to obtain 

essential mechanical parameters of the shale specimen. These properties are important 

parameters in determining the hydrocarbon storage space of shale formations, wellbore stability, 

and optimization of hydraulic fracturing which is necessary for efficient drilling operations. 

Keywords: Oil shale cuttings, characterization, mechanical testing, XRD, SEM, Instrumented 

Indentation Testing, Niger Delta. 
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1 Introduction 

Shales are granulated sedimentary rock particles, essentially made up of minerals such as clay, 

quartz and other minerals. Sedimentary rocks that are rich in organic matter (kerogen) and can 

produce oil when they undergo process of pyrolysis, hydrogenation or thermal dissolution are 

typically referred to as oil shales [1]. These shales make up more than 75% of drilled 

formations, as such hold vast natural oil and gas resources [2–4]. They are responsible for at 

least 90% of wellbore stability problems, which are the primary cause of financial losses in 

boreholes in the drilling industry [2,3]. As such, the measurement of shale properties are 

essential to elucidate their strength and behavior under extreme conditions, and as such enhance 

wellbore stability [2,5,6]. Mechanical features of shales are also essential parameters for the 

modeling of basins, seismic response interpretation and for drilling optimization. [5,6] Equally, 

these properties of shales, mainly the elastic modulus, hardness and compressive strength are 

useful for determining their storage space, rate of penetration, wellbore ability, and optimizing 

hydraulic fracturing in unconventional reservoirs, which enhances the production of 

hydrocarbons from such wells [7–14]. 

 

Generally, shales are not as permeable compared to other reservoir rocks due to the varied 

structure and composition especially at small scales [8–11,15,16]. The characterization of shale 

is not only complicated but also challenging because of the heterogeneity it exhibits. Across 

different depths and locations, oil shales have showed varied physical and microstructural 

features [8–12,15–18]. Hence, focused study of oil shales based on their locations is relevant to 

understanding their micro- and nano structural properties. 

 

Due to the structural variability of these shales, they have irregular mechanical and chemical 

properties, which makes their extraction for mechanical characterization, arduous and 

complicated [4,6,11,19]. Measurement techniques normally used to evaluate shale mechanical 

parameters are: standard rock uni-axial/tri-axial testing carried out on core samples, wave 

velocity method, and acoustic or wireline logging [2,5,6,19,20]. Also, due to their structural 

variability, core samples used for the standard mechanical test are quite expensive to extract 

from their wellbores and could often be difficult to obtain samples that will be suitable for the 

test [5,6,14,19]. To overcome these draw backs, Instrumented Indentation Testing (IIT); a 

method for evaluating the mechanical features of small volumes of materials, developed by 

Oliver and Pharr [21,22], which was an extension of previous works done by Pethica, et al. [23] 

and Doerner and Nix [24], can now be used to obtain the mechanical parameters of shales.  

 

Within the Niger Delta oil-rich region of Nigeria, research conducted have been focused around 

sedimentation studies [25–27], reservoir description and characterization [27–30], and 

petrophysical and lithology properties [26,31]. No studies known to the authors have been 

conducted on the Niger Delta oil shale cuttings using IIT. This paper provides extended insights 

on shale properties that could be useful for further development of this oil rich region in 

Nigeria. Outcomes of studies on structural characterization and mechanical property 

measurements using IIT of oil shale cuttings extracted from two different depths in the Niger 

Delta area of Nigeria are hereby reported. 



 

2 Instrumented Indentation Testing (IIT) 

IIT is an improved technique of conventional hardness tests, which include Rockwell, Vickers, 

Knoop, and Brinell. It shares some similarity with these conservative test methods in that the 

rigid indenter, normally diamond, is thrust into contact with the sample to be tested. Whereas 

the conventional hardness methods gives only one deformation measurement in response to an 

applied force, the force and penetration depth of IIT are measured for the full range of the 

period that the indenter stays on the test specimen [22,32]. IIT involves the mechanical probing 

of a material surface using an indenter with a defined geometry and mechanical parameters. 

This creates an indentation at a nanoscale within the sample, with the constantly changing load 

and penetration depths measured simultaneously. With this method, mechanical features of 

materials evaluated at miniature scales can be achieved through proper data analysis of the  

load-displacement curve obtained from an accurate indentation of the material. Fig. 1 shows a 

schematic illustration of how the IIT is to be conducted while Fig. 2 illustrates the generation of 

a load-displacement curve from a conducted test. 

 

Fig. 1 shows a force, F applied by the indenter on the exterior of the sample up until it makes a 

contact with the sample at hc. The indenter is held within the sample for 3-5 secs, after which it 

is unloaded. This leads to the formation of a loading and unloading profile over the entire 

displacement depth created by the indenter, corresponding to the sample surface, h. Due to the 

unloading of the indenter from the sample, recovery of the elastic displacement occurs, which 

creates a permanent depth of penetration, hp in the sample after it has been fully unloaded. Fig. 

2 shows that the indenter penetrates the sample up to when a maximum force (Fmax) is achieved 

at a maximum displacement, hmax. This displacement corresponds to the location of the first 

contact made by the indenter on the sample surface. The indenter is held at Fmax to minimize 

relaxation effects, after which it is pulled back from the specimen at the same loading rate. The 

depth at which the indenter tip makes a final contact on the sample after it is fully withdrawn is 

seen as hp and the elastic unloading stiffness is expressed as S= dF dh⁄ . 

 

Fig. 1. Schematic representation of an instrumented indentation test adapted from Ref. [11,22]. 
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Fig. 2. A derived load-displacement curve from an instrumented indentation test adapted from 

Ref [11,22]. 

Based on the load-displacement profile, a reduced elastic modulus (Er ) is obtained from the 

projected contact area and computed unloading stiffness (S) as shown in Eq. 1 [22,32]: 

 

 

where S = (
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)
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, β is a correction factor for the shape of the indenter tip, which is 

dimensionless. β=1.05 is used frequently for a Berkovich indenter. Ac is the projected contact 

area between the sample and indenter that can be obtained solely using indentation parameters 

[22,32]. The projected contact area for an indenter tip is given by Eq. [32]): 

 

 

where f is the area function, which depends on the indenter geometry and the magnitude of the 

specimen. For an ideal Berkovich diamond indenter, which is commonly used, the value of 𝑓 is 

taken as 24.56 [32]. 

 

The reduced elastic modulus incorporates bi-directional displacements in both contacting bodies 

i.e., the indenter and sample to be tested, and is related to the elastic modulus, E, through the 

Eq. 3 [22,32]: 
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where V and Vi are Poisson’s ratio of the sample and indenter, E and Ei are the elastic modulus 

of the sample and indenter, respectively. 

 

Using the values of a given diamond indenter, Ei = 1141 GPa and Vi = 0.07 [21], the elastic 

modulus, E for a test specimen can therefore be computed using Eq. 4: 

 

 

It is of note that the elastic modulus equation takes into cognizance the elastic deformations, 

which occurs in the indenter and sample. Even though Eq. 4 was initially proposed for elastic 

solids, it has been shown in recent times to be valid for elastic-plastic solids [33]. Furthermore, 

it has been shown that small perturbations on the geometry of the indenter do not influence the 

outcome of the elastic modulus [34]. Meanwhile, the hardness (H) of the test sample is 

computed as the ratio of the maximal indentation load (Fmax) to the projected contact area (Ac), 

expressed as Eq. 5 [22,32]: 

 

 

IIT enhances indentation techniques by indenting at a nanoscale, as against other micro or 

macro techniques, using a very accurate tip shape, high structural resolutions to capture the 

indents, and as such produce real-time data for the load-displacement curve during the 

indentation process [14]. When this nanoindentation technique is compared to other mechanical 

test methods in the micrometer range, it is relatively easy to setup and sample preparation is less 

complicated [35]. Another great advantage of IIT is that the projected contact area can most at 

times be derived from the continuous load-displacement data alone [22,32]. This implies that 

the impression of the residual hardness does not have to be imaged directly and measurement of 

the properties at the micrometer scale are, therefore, facilitated. These advantages enable the use 

of the nanoindentation technique to test oil shale cuttings or sidewalls of wellbore samples 

obtained from conventional drilling operations and are less expensive than core samples. 

3 Materials and method 

3.1 Characterization of the shale cuttings 

Side wall shale cuttings were obtained from two different deviated depths (9000 ft. and 10500 

ft., herein referred to as FT9000 and FT10500) in a wellbore within the Niger-Delta region of 

Nigeria. The shale cuttings used for the IIT measurements were mounted and the sample 

surfaces were mechanically polished with increasing grit sizes of SiC paper up to a final grade 

of 1200. Fig. 3 shows samples of the shales polished and the SiC abrasive papers used. This was 

done to achieve a relatively smooth surface before characterizing them. X-ray Diffraction 

(XRD) analysis was performed on the samples using a Benchtop X-ray Diffraction (XRD) 
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analyser (Bruker BV 2D PHASER model) with a copper Kα1 radiation source (𝜆= 0.1542 nm) 

at 30 kV and 10 mA with 2θ reflection geometry, values varying between 50 - 900 with a step 

size of 0.05680 during the phase identification measurement. A Zeiss Ultra Plus 55 model Field 

Emission Scanning Electron Microscope (FE-SEM) set at 2.0 kV was utilized to image and 

examine the microstructure of the shale cuttings. 

3.2 Instrumented Indentation Testing (IIT) of the shale cuttings 

Nanoindentation tests were performed on the polished shale specimen using the Hysitron 

(model TI 750H Ubi) nanoindenter at Sheda Science and Technology Complex, FCT, Nigeria. 

A Berkovich indenter with tip dimensions (radius - 100 nm and apex - 70.3o) was used for the 

measurement. The samples were indented at two peak loads (PL) of 5000 and 7000 µN, 

respectively. The load-time sequence was 5 seconds for loading, 3 seconds for holding at the 

peak loads, then 5 seconds for unloading process consistent with the methodology outline [32]. 

 

Indents were inscribed at various locations on each of the sample using the same load-time 

sequence. The distance between these indents was about 100 µm apart to prevent any form of 

interference between them. The results obtained from these tests were then averaged for each 

value of the mechanical properties of interest (hardness and elastic modulus). 

 

 
 

Fig. 3. (a) Shale samples mounted and (b) polished with 400 – 1200 grit SiC abrasive papers. 

4 Results and discussions 

4.1 Morphological and structural characterization 

The XRD result shows the mineral composition within the shales. The sharp XRD peaks in Fig. 

4 suggest the presence of crystalline mineral phases. Typical quartz (SiO2) with sharp peaks is 

observed irrespective of the depth of the shale formation. The other diffraction peaks seen in 

both samples signify the presence of other minerals in the shale, which include magnetite, 

kaolinite, alumina, feldspar and calcite in agreement with previous studies [16,26]. However, as 

we move down in depth, the presence of magnetite and feldspar are seen to reduce, which can 

be seen from the almost absent peak in the FT10500 sample. This could be attributed to the 

mineral variability of shales that varies across depths and locations, which in turn is most likely 

to influence the mechanical parameters of the shale materials in this region. 

 



 

 

Fig. 4. XRD pattern of the shale samples at a depth of 10500 and 9000 ft., respectively. 

SEM results as seen in Fig. 5, gives further insight into the morphology associated with this 

shale type. The images at low and high magnification reveal a network of various minerals and 

organic matters, which consist of interparticle and intraparticle pores with sizes from the order 

of micrometer to the nanometer length scale. The bonding of both matters forms a composite 

structure which accounts for the ability of shales to accommodate hydrocarbons within their 

structure during rock pyrolysis [16]. Despite the interlayer bonding, there are still some forms of 

heterogeneity associated with these shales. The SEM results show variations in their structural 

properties, which include variations in the mineralogy and organic matter distribution. In the 

FT9000 shale sample, finer and more orderly layered mineral and organic matters can be seen, 

as compared to the coarse distribution of these constituent matters in the FT10500 sample. This 

confirms the heterogeneity commonly associated with shales across varied depths and layers 

[9,11,16]. 

 

 

 



 

 
Fig. 5. The morphology of the shale sample at (a, b) 10500 and (c, d) 9000 ft. respectively. 

Large intergranular and smaller intragranular pores are observed in both samples at a 

magnification of 1µm and 200 nm. 

4.2 Mechanical property measurements 

The load-displacement curve for the test samples at a peak load (PL) of 5000 µN (Fig. 6) shows 

the constantly changing load and penetration depths measured simultaneously during the test. 

By implication, it shows the extent of the deformation of the samples for the entire period the 

load is in contact with it. It also indicates the possibility of measuring the deformation of a shale 

formation as pressure is applied during drilling operations or any other activities. 

 

(a) (b) 

(c) (d) 



 

 
Fig. 6. Load-depth curves obtained from the indentation experiment at a peak load of 5000 µN. 

With the aid of a Triboscan analysis software, reduced modulus values were obtained from 

analyzing the load-depth curves. The hardness and elastic modulus of the shale samples were 

computed using Eqs. 1-5. The obtained mechanical properties for the shales tested are shown in 

Table 1. It can be observed that their properties varied with the well depths and applied 

indentation loads. 

Table 1 Measured mechanical properties of oil shale cutting samples. 

Sample Reduced Elastic Modulus, 

Er (GPa) 

Elastic Modulus, E (GPa) Hardness, H (MPa) 

 5000 μN 7000 μN 5000 μN 7000 μN 5000 μN 7000 μN 

FT9000 5.00 ± 0.18 5.46 ± 0.19 4.70 ± 0.16 5.14 ± 0.20 85.42 ± 3.80  52.12 ± 1.80 

FT10500 2.85 ± 0.10 4.26 ± 0.15 2.66 ± 0.13 4.01 ± 0.10 109.26 ± 5.10 102.24 ± 4.70 

 

For comparison, these results have been represented in the charts shown in Fig. 7. It would be 

observed that the PL1 (indentation load of 5000 μN) yielded relatively higher values for the 

hardness property of the shale samples but relatively lower values for their elastic modulus. This 

disparity is traceable to the heterogeneity of shales and as such the average value from the two 

indentations was rather used as shown in Fig. 8. Also, the hardness of the oil shales ranged from 

68.77 ± 2.80 MPa to 105.75 ± 4.90 MPa, while the elastic modulus was between 3.36 ± 0.18 

GPa to 4.92 ± 0.12 GPa.  



 

 
Fig. 7. Mechanical property measurements of shale specimen at different well depths based on 

peak loads of 5000 μN and 7000 μN (as PL 1 and PL 2 respectively) - (a) hardness and (b) 

elastic modulus. 

 
Fig. 8. Average (a) hardness and (b) elastic modulus at different well depths. 

 

We see from the outcome of the study that the hardness of the Niger Delta shales increases with 

their well depths. This lends credence to why it is usually difficult to fracture through a shale 

formation while drilling down the wellbore. Therefore, it will require more water, sand, and 

chemicals such as hydrochloric acid, sodium chloride, magnesium oxide, etc., to break through 

the formation. The mechanical property measurements of the shales so obtained can also be 

used to determine the hydrocarbon storage capacity of their formations and wellbore stability. 

 



 

5 Conclusions 

The characterization and measurements of shales are important to establish their strength and 

behavior under downhole conditions in order to enhance wellbore stability and optimize drilling 

operations. Mechanical properties of shales, such as; hardness, elastic modulus and unconfined 

compressive strength, are important parameters in determining the hydrocarbon storage space 

and hydraulic fracturing optimization of unconventional shale reservoirs in order to improve the 

production level. Due to the extensive heterogeneity of oil shale formations across depths and 

locations, a focused study of oil shale cuttings obtained from the sidewalls of two different 

depths in a wellbore in the Niger Delta region of Nigeria was performed. Insight into the 

morphology of these shales was established in this study. The results obtained from the SEM 

image showed an interlayers of the mineral and organic matters, which account for the 

possibility of hydrocarbons within the structure. In addition, the result also revealed the 

heterogeneity associated with these shales across varied depths and layers. 

Furthermore, essential mechanical properties of these Niger Delta shales, elastic modulus and 

hardness, were obtained from the shale cuttings using the IIT technique. This method is 

significantly effective in terms of cost and production time when compared to using 

conventional standard tests. The measure hardness values of the shales ranged from 68.77 ± 

2.80 MPa to 105.75 ± 4.90 MPa, while the elastic modulus range from 3.36 ± 0.18 GPa to 4.92 

± 0.12 GPa. The study also shows that the hardness of these shales increase with their well 

depths, which further explains the difficulty usually encountered when fracturing through a 

shale formation. The test procedure can also be extended to obtain other mechanical properties 

such as interfacial adhesion and fracture toughness. 
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