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Abstract
Based on the analyses of mineralogical compositions by X-ray diffraction and microstructure by optical microscopy, the

Young’ modulus and hardness of a claystone were characterized by the nano-indentation technique and homogenization

method. Three distinct microstructural zones are identified in the claystone: clay matrix, a composite matrix of clay and

small mineral grains and imbedded quartz grains. The elastic modulus and hardness of different zones were determined by

nano-indentation testing. Based on the statistical analysis of nano-indentation results, the spatial mappings and frequency

distributions of elastic modulus and hardness of the different zones were obtained. The elastic moduli of main constituent

phases of the claystone are then estimated from the nano-indentation tests. These values were further used for the

determination of the macroscopic elastic modulus of the claystone using two different homogenization schemes: the dilute

scheme and Mori–Tanaka scheme. The predicted values by the homogenization schemes are compared with experimental

data obtained from conventional uniaxial compression tests.

Keywords Claystone � Elastic property � Hardness � Homogenization method � Nano-indentation technique �
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1 Introduction

Most rocks are heterogeneous materials with complex

microstructures and mineralogical compositions. In classic

engineering practice, the mechanical properties of rocks

are generally determined from a series of conventional

laboratory tests on representative core samples. The results

obtained from such tests are then used for the calibration of

various constitutive models and engineering design. How-

ever, due to heterogeneities of rocks, tested samples should

verify some size requirements. For instance, the recom-

mended standard sample size in China is 50 mm in

diameter and 100 mm in height. It is generally a delicate

task to obtain samples of high quality at this size. Further,

in some engineering practice, for instance, oil/gas wellbore

at great depths, it is very difficult and expensive to obtain

high-quality, appropriately sized samples for conventional

laboratory tests. On the other hand, phenomenological

models calibrated from conventional macroscopic tests are

generally not able to explicitly account for the influences of

mineralogical compositions on the macroscopic mechani-

cal properties. Therefore, various micromechanical models

have been developed for rock materials during recent years

using linear and nonlinear homogenization methods. In

such models, some relevant microscopic data such as

porosity and mineral compositions have explicitly been

taken into account [28, 29]. As an advantage over the

classic macroscopic models, the micromechanical models

are able to estimate some mechanical properties from

spatial distribution of geophysical and mineralogical data

(porosity, wave velocities, mineralogy, etc.). However, for

the efficiency of such micromechanical models, it is

required to identify local or in situ mechanical properties of

constituent phases.
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Among various techniques developed for the charac-

terization of mechanical properties of constituent phases in

heterogeneous materials, the micro- and nano-indentation

techniques have been successfully applied to different

kinds of materials [11, 32]. For instance, the nano-inden-

tation technique was used to identify microscopic elastic

properties of cement-based materials [10, 35]. The inden-

tation technique has also been used to investigate the

elastic properties of different kinds of rocks [6, 12, 22, 26].

In particular, a number of previous studies have been

devoted to the investigation of elastic properties of clayey

rocks such as claystones [4, 5] and oil/gas shales

[1, 2, 7, 19, 30] using indentation technique. Magnet et al.

[23] have used this technique to determine the local elastic

modulus of clay matrix in a claystone. Abedi et al. [1] have

further studied the nanoscale chemo-mechanical signature

of organic-rich shales with a coupled indentation—EDX

(energy-dispersive X-ray spectroscopy) analysis. They

have also investigated the role of thermal maturity and

organic matter content on texture in organic-rich shales [2].

Some studies have also been devoted to investigating the

strength of shale using nano-indentation technique [8, 9].

The indentation technique has been further coupled with

other approaches to investigate chemo-mechanical prop-

erties of shales [1, 2, 13]. The coupled method has been

applied to the investigation of interphases in composite

materials [16, 21]. On the other hand, numerical methods

have been developed for the interpretation of indentation

tests including inelastic deformation and failure process at

the nanoscale [15].

In the present study, the objective is to further extend

previous studies on the investigation of elastic properties

and hardness of a claystone by a combination of the nano-

indentation technique and homogenization method. Its

novelty is to show the efficiency of the nano-indentation

technique for characterizing the spatial distribution of

mechanical properties in heterogeneous rock-like materials

and to provide in situ properties of constituent phases for

micromechanical models. The paper is organized as fol-

lows. The mineralogical compositions and microstruc-

ture/morphology of a claystone were first investigated by

the XRD technique and optical imaging, respectively.

Three representative microstructural zones were then

identified in the claystone. The elastic modulus and hard-

ness of the three zones were then determined by using the

grid nano-indentation technique. Based on the statistical

analysis on the indentation data, the spatial mapping and

frequency distribution of elastic modulus and hardness

were determined. Based on the elastic moduli of con-

stituent phases identified from the results by the nano-in-

dentation tests, the macroscopic elastic properties of

claystone were estimated by using two different homoge-

nization schemes. The predicted values by the

homogenization schemes are compared with those obtained

from conventional uniaxial compression testing.

2 Materials and methods

2.1 Materials

The claystone used in this study shows a gray appearance

and a number of randomly distributed, white shinning

particles. The mineral compositions and microstructure of

the claystone were analyzed by XRD and optical micro-

scopy. About 50 g of claystone was first dried in an oven at

70 �C for 24 h. The dried claystone piece was broken with

a hammer and then ground into powder using an agate

mortar and pestle. The size of powder is less than 50 lm.

After that, the mineral compositions of the claystone

powder were analyzed using a Bruker-AXS D8 Focus

X-ray diffractometer. Several duplicate runs were per-

formed, and a good repeatability was observed. A typical

diffraction pattern of the claystone is shown in Fig. 1. In

this study, XrayRun 2.0 analysis software was used for the

quantitative analysis. The claystone is mostly composed of

clay minerals, accounting for 71.13%, in which grains of

quartz (13.33%) and calcite (15.54%) are randomly

embedded. The clay matrix is assumed to be a multiphase

material which is constituted of illite (55.77%) and

kaolinite (10.62%), an ingredient rarely detected in the

claystone. It is useful to point out that the mineralogical

compositions of the claystone obtained in this work are

qualitatively similar to those obtained on similar clayey

rocks [18, 20, 27].

The surface of claystone sample has been investigated

by the optical microscopy imaging technique, and an

example of result is shown in Fig. 2. One can see that the

claystone constituents are overall distributed evenly in the

surface with the hard mineral grains (mainly calcite and

quartz) of various sizes embedded in the clay matrix. In

particular, the larger mineral grains are randomly scattered

in the clay matrix, while the smaller inclusions are

embedded with different degrees of cementation.

Based on the microstructure of claystone and due to the

significant difference in mechanical properties among

constituent phases, the claystone can be roughly divided

into three material zones for the study of mechanical

properties at the scale of main mineral grains (calcite and

quartz). The selected three zones are, respectively, the clay

matrix zone with low proportion of hard microinclusions;

the mix matrix zone in which hard microinclusions are

embedded; and the third zone represents hard large

inclusions.
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2.2 Nano-indentation technique

The nano-indentation system controls and drives an

indenter entering into or exiting from the surface of a

sample with the help of high-resolution actuators and

sensors. This technique provides continuous measurements

of load and displacement [23]. In this study, we have used a

Hysitron Triboindenter TI 950 system in the Mechanics

Research Center of Wuhan University. The principle of

nano-indentation test is quite simple. The instrumented

indenter is vertically pressed into the sample surface. The

indenter displacement is monitored, and the corresponding

load is measured. The typical displacement versus load

curve is shown in Fig. 3. This curve is further interpreted to

calculate the local hardness and elastic modulus of inden-

ted zones.

The horizontal axis in Fig. 3 represents the indentation

depth (or relative displacement of indenter), and the ver-

tical axis is the corresponding load. Pmax is the maximum

Fig. 1 Typical X-ray diffraction pattern of claystone

Fig. 2 Image of claystone surface under an optical microscopy with

the indication of main mineral phases such as calcite grains (C),

quartz grains (Q) and clay matrix (M)

Fig. 3 Typical load–displacement curves in a loading and unloading

cycle
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load applied by the indenter, and hmax is the maximum

displacement before unloading. hf is the residual dis-

placement after unloading. Among different methods

developed for the identification of elastic modulus and

hardness in nano-indentation tests, the formulas proposed

in Zhang [32] are used here. The slope of the unloading

curve S, which represents the elastic contact stiffness, is

first identified according to Eq. (1). Then elastic modulus E

of material at the indented area can be calculated from the

expressions given in Eqs. (2)–(4). The hardness represents

the ability of a material to locally resist the penetration of a

hard object into its surface. It provides an alternative

characterization of mechanical properties of a material.

The hardness is indirectly related to both elastic and plastic

properties as well as the material toughness. In the present

study, the hardness H of material is defined by Eq. (5).

S ¼ dP

dh

� �
h¼hmax

ð1Þ

hc ¼ hmax � e
Pmax

S
ð2Þ

Er ¼
ffiffiffi
p

p

2b
Sffiffiffiffiffi
Ac

p ð3Þ

1

Er

¼ 1 � m2

E
þ 1 � m2

i

Ei

ð4Þ

H ¼ Pmax

Ac

ð5Þ

Er is the reduced elastic modulus, which stands for the

interaction effect between the indenter and indented

material. Ei and mi represent the elastic modulus and

Poisson’s ratio of the indenter tip, respectively. For the

diamond indenter used in the present study, Ei= 1141 GPa,

mi = 0.07. b is an indenter correction coefficient, and e is a

constant related to the shape of the indenter. With regard to

a regular pyramid Berkovich indenter, b = 1.034, e = 0.75.

hc (nm) is the contact depth, and Ac (nm2) is the projected

contact area corresponding to the contact depth hc at the

maximum load. There is a correspondence between Ac and

hc, which is Ac ¼ 3
ffiffiffi
3

p
hc � tanhð Þ2

(h is the angle between

the central axis and the flank of the indenter) for an

indenter-shaped on regular triangular pyramid. Further,

h = 65.3� for the Berkovich indenter used in this study;

thus, the correspondence between Ac and hc can be sim-

plified as Ac = 24.56hc
2. From Eq. (4), one can see that the

sensitivity of elastic modulus to the value of Poisson’s ratio

is relatively small due to the square form. Further, the

elastic modulus of indenter tip (Ei = 1140 GPa) is gener-

ally much higher than that of most rocks. For a typical

value of Poisson’s ratio of 0.3, the difference on the elastic

modulus calculated with Ei = 1140 GPa and Ei = ! is

about 1.6% on average [23]. Therefore, it is possible to

neglect the second term of the right-hand side of Eq. (4) in

the calculation of elastic modulus, which is simplified as

follows:

E ¼ Er 1 � m2
� �

ð6Þ

2.3 Indentation parameters

Due to the material heterogeneity, a large number of

indentation points (indentation grid) should be chosen in

order to perform a statistical analysis of mechanical prop-

erties. According to previous studies conducted by Con-

stantinides et al. [11], the statistical processing of nano-

indentation test data is only relevant if the typical size of

solid inclusions d is much greater than the penetration

depth h. If d � h, then the material can be considered as

homogeneous, which means that the results obtained from

tests are overall mechanical properties of the whole

material, rather than the local mechanical properties of a

phase within it, whereas when d � h, the mechanical

behavior of each constituent phase becomes important,

which means that the mechanical properties of individual

phases can be probed, respectively, and the result from a

single indent represents the mechanical properties of the

corresponding single phase.

Because of the wide range of particle sizes of inclusions

in the claystone, the choice of penetration depth h is dif-

ficult and critical. According to existing studies on similar

clayey rocks [1, 2, 23], it is possible to identify two char-

acteristic sizes of inclusions under optical microscopy. The

first one is 1 lm in size, and the larger, with sizes between

10 and 50 lm, is usually referred to grains of quartz and

calcite. However, another factor should also be taken into

account. If the indentation depth is too large, damage or

cracking of material usually takes place, which may lead to

incorrect or unreliable results. In order to determine an

optimal indentation depth, we conducted a preliminary test.

A load of 1000 lN resulted in a penetration depth of about

1 lm, and the obtained load–displacement curve showed a

representative elastoplastic behavior during a loading and

unloading cycle. Thus, in this study, we chose to work with

a maximum load of 1000 lN.

In addition, the loading rate is also an important factor

due to creep deformation of materials. Strain hysteresis

loops can be observed and affect experimental results.

However, according to previous studies [32], at the nano-

indentation scale, it is possible to minimize the strain

hysteresis by including a creep period of a few seconds

before starting unloading. The so-called 5-2-5 loading

mode is here adopted. More precisely, the load is first

raised from 0 to 1000 lN during 5 s with a constant rate of

200 lN/s, then maintained constant for 2 s at the maximum
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value and finally decreased to 0 during 5 s with the same

rate of 200 lN/s. On the other hand, according to Con-

stantinides et al. [11], in order to avoid the interaction

between neighboring indentation points, the distance of

every two indentation points L should be set large enough

to meet the requirement L[ 10hmax. We adopt here a grid

of 10 9 10 array of indentation points with a distance of

40 lm between each other, as shown in Fig. 4. The

indentation grid is fixed, while the spatial distribution of

different phases is varying for different samples. The

probability that the indentation tip indents on each phase is

equal to the area proportion of the corresponding phase

with respect to the tested surface.

2.4 Sample preparation

The claystone sample used is a cylindrical disk with a

diameter of 25 mm and a height of 15 mm. In order to

correctly perform a nano-indentation test, the indented

surface of sample should be as smooth as possible. Indeed,

the roughness of surface can induce errors of measured

indenter displacement [14, 24]. In this study, the primary

processed sample surface is first polished with 600-grit

silicon carbide paper. After that, the polished specimen is

buried in epoxy resin. The demoulded epoxy block is fur-

ther polished in a Buehler Ecomet 250 polisher using a

diamond suspension (sequentially with the sizes of 9, 3, 1,

0.25, 0.05, 0.02 lm). Finally, the sample surface is cleaned

with ultrasonic wave to make sure that there is no debris on

the sample surface. The prepared sample is placed in an

oven at 70 �C for 24 to 48 h until it is completely dried up.

After the polishing and drying phases, the sample is put on

the support platform within the work space of the inden-

tation instrument at a temperature of 20 ± 1 �C and a

relative humidity of 42%.

2.5 Homogenization techniques

With the experimental data obtained by the nano-indenta-

tion technique, it is possible to estimate the elastic prop-

erties of different constituent phases. Based on this, one

can estimate the macroscopic elastic properties of clay-

stone by using different homogenization methods. It will be

interesting to compare such theoretical estimations with

experimental values obtained from uniaxial or triaxial

compression tests on representative samples. To this end,

the claystone is here considered as a composite material

composed of three phases with distinct elastic properties.

Further, this composite material is characterized by the

matrix inclusion morphology with spherical calcite and

quartz grains randomly embedded in the clay matrix.

Therefore, for the sake of simplicity, two basic homoge-

nization schemes are considered here: the dilute

scheme and the Mori–Tanaka scheme.

By making use of theoretical results obtained in previ-

ous studies [3, 31], the macroscopic elastic properties of

the equivalent homogenized material obtained by the

Dilute scheme are given by:

kdil ¼ k0 þ
X
r¼1

fr
kr � k0ð Þ 3k0 þ 4l0ð Þ

3kr þ 4l0

ð7Þ

ldil ¼ l0 þ
X
r¼1

fr
5l0 lr � l0ð Þ 3k0 þ 4l0ð Þ

l0 9k0 þ 8l0ð Þ þ 6lr k0 þ 2l0ð Þ ð8Þ

where kdil and ldil are, respectively, the macroscopic bulk

modulus and shear modulus of the homogenized composite

obtained by the dilute scheme; lr and kr r ¼ 0; 1; 2ð Þ
represent the shear moduli and bulk moduli of different

constituent phases with l0 and k0 being those of the clay

matrix. fr r ¼ 0; 1; 2ð Þ denotes the volumetric fraction of

the clay matrix, calcite and quartz, respectively. The values

of macroscopic elastic modulus Edil and Poisson’s ratio mdil

can be calculated from those of kdil ¼ Edil=3 1 � 2dil
� �

and

ldil ¼ Edil=2 1 þ mdil
� �

.

Using the Mori–Tanaka scheme [25] which considers

interactions between inclusions and according to previous

studies on clayey rocks [28, 29], the macroscopic elastic

properties of the equivalent homogenized material are

given by:

kmt ¼
X
r¼0

fr
kr

3kr þ 4l0

 ! X
s¼0

fs

3ks þ 4l0

 !�1

ð9Þ

lmt ¼
P

r¼0 fr
lr

l0 9k0þ8l0ð Þþ6lr k0þ2l0ð ÞP
s¼0

fs
l09k0þ8l0þ6ls k0þ2l0ð Þ

ð10Þ

where kmt and lmt are, respectively, the macroscopic bulk

modulus and shear modulus of the homogenized composite

obtained by the Mori–Tanaka scheme. The correspondingFig. 4 Grid of indentation points on claystone surface
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values of macroscopic elastic modulus Emt and Poisson’s

ratio mmt can be calculated from those of kmt ¼
Emt=3 1 � 2mtð Þ and lmt ¼ Emt=2 1 þ mmtð Þ.

3 Results and discussion

3.1 Analysis of load–displacement curve

Each indentation point produces a load–displacement curve

that represents the local behavior of the tested material

around the indented point. In Fig. 5, three sets of typical

curves are presented, respectively, for three different

material zones of claystone mentioned above. Curve 1

represents the microscopic mechanical behavior of the

zone corresponding to sparsely scattered, large hard min-

eral grains. Curve 2 indicates the mechanical response of a

mixture zone composed of clay and small-sized hard

inclusions. Finally, Curve 3 reflects the mechanical prop-

erties of the clay matrix. From a qualitative point of view,

the general shape of the three curves is quite similar to each

other. One obtains a strongly nonlinear load–displacement

curve during the loading phase and an important residual

displacement after the unloading. This indicates that both

elastic and plastic deformations are induced by the inden-

tation process. When the maximum load is maintained for

2 s, the displacement continues to increase, indicating a

creep deformation in the material.

From a quantitative point of view, there is a large dif-

ference among the three materials zones. Under the same

load, the displacement of material zone 3 (curve 3) is much

greater than that of zone 2 (curve 2) which is again greater

than that of zone 1 (curve 1). Considering the mineral

compositions of three material zones, one can clearly

conclude that the deformation of clay matrix is much more

important than that of large hard mineral grains (quartz and

calcite). The presence of small hard inclusion in the clay

matrix at microscopic scale can also significantly reduce

the deformation of material. Therefore, the clay matrix

plays an essential role in the deformation process of

claystone.

On the other hand, the creep deformation is relatively

small in the zone of large hard mineral grains (curve 1),

while it is relatively larger in the zone of clay matrix. It

seems that the creep deformation of claystone is essentially

produced in the clay matrix. Further, due to the plastic

deformation, one clearly observes residual imprints in the

sample surface as shown in Fig. 6.

3.2 Mechanical mapping of microstructure

As mentioned above, from the obtained load–displacement

curve in a nano-indentation test, one can calculate the

elastic modulus and hardness of the intended material zone

by using the relations given in (5) and (6). After the cal-

culation of these two mechanical properties for all inden-

tation points, one can construct a discrete distribution map

for both elastic modulus and hardness. The obtained maps

for the claystone are presented in Figs. 7, 8, respectively.

One can see a strongly heterogeneous distribution of both

mechanical properties in the claystone. However, it seems

that the distribution map of elastic modulus provides a

more highlighted image than that of hardness.

Combined with the mechanical properties of different

constituent phases in the claystone, the distribution images

of elastic modulus and hardness can roughly display the

microstructure morphology of tested area and then indicate

the approximate surface fraction of different constituent

phases. For example, the maximum zones of elastic mod-

ulus and hardness (shown in red and yellow) correspond to

the phase of large hard grains of quartz calcite. More

interestingly, one observes a gradual decrease in elastic

modulus in such zones from the center to the edge. The

minimum zones of the elastic modulus and hardness

(shown in blue) mainly represent the phase of clay matrix

or that with a low proportion of small hard inclusions.

These zones occupy a large proportion of the tested sur-

face, and this seems to be in agreement with the proportion

of clay phase obtained by the XRD analysis. The medium

zones of elastic modulus represent the phase of mixture

matrix embedded with small hard inclusions with different

intensities.

3.3 Statistical analysis of microscopic mechanical
properties

Since there is an obvious difference in mechanical prop-

erties (elastic modulus and hardness) between different
Fig. 5 Typical load–displacement curves of different zones in the

claystone
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phases in claystone, the mechanical properties and surface

fraction of a particular phase in the tested area can be

obtained through a statistical analysis. Considering that

each constituent phase is randomly distributed in the whole

volume of the claystone, the surface fraction can be

approximately considered to be equal to the volume frac-

tion. The frequency distributions of elastic modulus and

hardness obtained by the analysis of the results of 100

indentation tests are shown in Figs. 9, 10. Comparing the

two figures, there is a clear correlation between two

mechanical properties.

As shown in Fig. 9, the distribution range of elastic

modulus is wide and the frequency is extremely uneven.

Small elastic modulus accounts for the most proportion.

Specifically, the values less than 5 GPa account for 48%,

and the distribution is concentrated before 5 GPa, while the

deviation after 5 GPa becomes large gradually. Therefore,

this value is roughly considered to be the upper bound of

the elastic modulus of clay matrix. With the increase in

elastic modulus, the frequency decreases within a relative

wide range until the elastic modulus reaches 35.7 GPa.

Then, a large discontinuity is displayed. It is possible to

argue that the stage before the discontinuity demonstrates

the elastic modulus of the mixture matrix in which the

small hard mineral inclusions are embedded with different

intensities of aggregation. After a big gap, the elastic

modulus concentrates on 58.2 * 72.7GPa, accounting for

6%, and the elastic modulus measured on this zone shows a

huge difference compared with the former one. This

Fig. 6 Pre-test (a) and post-test (b) scanned images at indentation point

Fig. 7 Mapping of elastic modulus of tested area in the claystone

Fig. 8 Mapping of hardness of tested area in the claystone
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indicates that such a concentration distribution represents

the elastic modulus of another harder constituent phase.

Again, a large discontinuity is exhibited. Then a low fre-

quency of sporadic distribution between 101 and 121 GPa

appears, accounting for about 2%, which shows a large

difference from the former concentration distribution.

Therefore, it is most likely for the elastic modulus of

another hard constituent. Referring to previous studies

[4, 23], it can be concluded that the concentration distri-

bution on 58.2 * 72.7 GPa represents the elastic modulus

of the large calcite grains, and the sporadic distribution

between 101 and 121 GPa is that of the large quartz grains.

For the statistical analysis of hardness, shown in Fig. 10,

its distribution is roughly similar to that of elastic modulus.

The hardness mostly concentrates on a small value portion

in which about 57% is less than 0.1 GPa and the deviation

is very small. The deviation after 0.1 GPa becomes large

gradually. The hardness which is less than 0.1 GPa prob-

ably corresponds to the clay matrix. Then as the hardness

increases, the frequency is reduced and the distribution

generally keeps continuous until 3.4 GPa, after which a

large discontinuity appears, and the followed hardness

shows a huge difference in value. Thus, it may be con-

cluded that the hardness before the large discontinuity is

for the mixture matrix in which small hard mineral inclu-

sions are embedded with different intensities of aggrega-

tion. Then, after the large discontinuity, there are two

continuous distributions of low frequency in the range of

7.0 * 7.6 GPa and 8.9 * 9.4 GPa. In agreement with the

analysis of Fig. 9, it can be concluded that they correspond

to the hardness of large grains of calcite and quartz,

respectively, accounting for about 3 and 2%.

3.4 Estimation of elastic properties
by homogenization methods

The macroscopic elastic properties of claystone are now

estimated with the two homogenization schemes presented

above. The ranges of elastic modulus of clay matrix, calcite

and quartz grains should be selected from the results of

nano-indentation tests. However, due to the scatters of

results obtained from nano-indentation tests as shown in

Fig. 9, it is not easy to select the values of modulus for

each individual constituent. In the present work and

inspired by previous studies [3, 4], we have taken the

values corresponding to the largest frequency. For instance,

the elastic modulus of the clay matrix, calcite and quartz

constituents is, respectively, chosen as E0 ¼ 3:3 GPa, E1 ¼
70 GPa and E2 ¼ 101 GPa. And Poisson’s ratio associated

with the clay matrix, calcite and quartz is chosen according

to the literature [17, 33, 34]: m0 ¼ 0:34, m1 ¼ 0:27 and

m2 ¼ 0:06.

Through the dilute scheme’s estimation, one gets the

values of homogenized elastic modulus Edil ¼ 5:03 GPa

and Poisson’s ratio mdil ¼ 0:321. The values of macroscopic

elastic properties obtained by the Mori–Tanaka scheme are

Emt ¼ 5:62 GPa and mhom ¼ 0:316, respectively. One can

see that the difference between two homogenization

schemes is not very large. On the other hand, the repre-

sentative values of elastic modulus of claystone obtained in

uniaxial compression test on partially saturated samples

have been analyzed and one gets Eexp ¼ 5:06 GPa at 46%

relative humidity [17]. The average value of Poisson’s ratio

is estimated to mexp ¼ 0:3 [17]. The comparison between

the homogenized values and the results from conventional

laboratory tests is given in Table 1. It is found that there is

a good agreement. It seems that the nano-indentation

technique provides an efficient tool to determine elastic

properties of constituent phases of heterogeneous
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materials. Combined with suitable homogenization

schemes, it is possibly to evaluate macroscopic elastic

properties of heterogeneous materials without systemati-

cally conducting costing laboratory tests. There is a great

significance in engineering practice to use such an alter-

native methodology. For example, when evaluating the

mechanical properties of rocks at different depths, it is

difficult or costly to drill rock samples suitable for con-

ventional laboratory tests in a complex engineering envi-

ronment. With this methodology, one may take a small size

sample and evaluate rock’s mechanical properties by the

combination of indentation technique and homogenization

method.

4 Conclusions and prospects

Based on the analysis of mineralogical compositions per-

formed by XRD technique, the elastic stiffness and hard-

ness of a claystone are investigated using the nano-

indentation technique. The obtained results allow to iden-

tifying three distinct material zones in the claystone: clay

matrix, mixture matrix of clay and small hard mineral

grains and large hard mineral grains (calcite and quartz).

With the help of nano-indentation technique, the elastic

modulus and hardness of three materials zones are deter-

mined. It is found that the clay matrix, accounting for about

48 to 57%, exhibits an elastic modulus less than 5 GPa and

hardness less than 0.1 GPa, while for the mixture matrix of

clay and small mineral grains, the elastic modulus is

between 5 and 35.7 GPa and the hardness between 3.2 and

3.4 GPa. The elastic modulus of calcite-concentrated zone

ranges from 58.2 to 72.7 GPa and its hardness from 7.0 to

7.6 GPa, respectively, and those of the quartz-rich zone

varies in the range of 101–121 GPa and 8.9–9.4 GPa,

respectively.

Furthermore, the statistical analysis of the obtained

results on the indentation grid can help to establish the

surface mapping and frequency distribution of both elastic

modulus and hardness. Based on this, it is possible to

identify the heterogeneous microstructure morphology of

claystone.

The nano-indentation technique is associated with the

analytical homogenization method to estimate the macro-

scopic elastic properties of a heterogeneous claystone. To

this end, the claystone is seen as a three-phase composite

composed of the clay matrix which is reinforced by calcite

and quartz grains. The local elastic properties of three

constituent phases are identified from the results obtained

from nano-indentation tests. The macroscopic elastic

properties are estimated using two different homogeniza-

tion schemes (dilute scheme and Mori–Tanaka scheme). It

is found that the values predicted by two schemes are quite

close to each other. Further, the predicted values by the

homogenization schemes with the elastic properties of

constituents issued from the nano-indentation tests are also

in good agreement with the experimental data obtained

from conventional uniaxial compression tests on claystone

samples. The homogenized elastic modulus and Poisson’s

ratio are 5.03 GPa and 0.32 from the dilute scheme and

5.62 GPa and 0.316 from the Mori–Tanaka scheme.

Therefore, it seems that the nano-indentation technique

provides an efficient tool to identify the elastic properties

of constituent phases of heterogeneous rock-like materials.

The combination of nano-indentation technique and suit-

able homogenization methods opens an alternative way to

estimate elastic properties of heterogeneous rocks in order

to avoid large quantity of expansive conventional labora-

tory tests.

Finally, in the present paper, only the elastic properties

and hardness of a claystone are considered. However, like

many rock-like materials, it is known that the claystone

exhibits plastic deformation. The identification of plastic

behavior as well as failure properties is still an open issue.

It is needed to develop specific numerical simulations for

the interpretation of nano-indentation testing results by

considering plastic deformation and cracking processes at

the nanoscopic scale. This open issue will be considered in

our ongoing studies. It will also be interesting to apply this

methodology to investigate the time-dependent behaviors

of rock-like materials by an in-depth identification of local

behavior of constituent phases.

Acknowledgements This study has been jointly supported by the

National Science Foundation of China (Grant Numbers 51579093 and

Table 1 Comparison of elastic properties between homogenized values and experimental results

Volume fraction

(%)

Er (GPa) mr Ehom (GPa) Eexp

(GPa)

mhom mexp

Dilute

scheme

Mori–Tanaka

scheme

Dilute

scheme

Mori–Tanaka

scheme

f0 = 72.54 E0 = 3.3 m0 = 0.34 5.03 5.62 5.06 0.321 0.316 0.3

f1 = 14.33 E2 = 70 m2 = 0.2

f2 = 13.13 E3 = 101 m3 = 0.06

Acta Geotechnica

123



51479193) as well as the National Program on Key Basic Research

Projects of China (Grant Number 2015CB057905).

References

1. Abedi S, Slim M, Hofmann R, Bryndzia T, Ulm FJ (2016)

Nanochemo-mechanical signature of organic-rich shales: a cou-

pled indentation—EDX analysis. Acta Geotech 11:559–572

2. Abedi S, Slim M, Ulm F-J (2016) Nanomechanics of organic-rich

shales: the role of thermal maturity and organic matter content on

texture. Acta Geotech 11:775–787

3. Abou-Chakra Guery A, Cormery F, Shao JF, Kondo D (2010) A

comparative micromechanical analysis of the effective properties

of a geomaterial: effect of mineralogical compositions. Comput

Geotech 37:585–593

4. Auvray C, Arnold G, Armand G (2015) Experimental study of

elastic properties of different constitutions of partially saturated

argillite using nanoindentation tests. Eng Geol 191:61–70

5. Auvray C, Lafrance N, Bartier D (2016) Elastic modulus of

claystone evaluated by nano-/micro-indentation tests and meso-

pression tests. J Rock Mech Geotech Eng 2:1–8

6. Bandini A, Berry P, Bempoard E, Sebastiani M (2012) Effects of

intra-crystalline microcracks on the mechanical behavior of a

marble under indentation. Int J Rock Mech Ming Sci 54:47–55

7. Bennett KC, Berla LA, Nix WD, Borja RI (2015) Instrumented

nanoindentation and 3D mechanistic modeling of a shale at

multiple scales. Acta Geotech 10:1–14

8. Bokko C, Ulm F-J (2008) The nano-mechanical morphology of

shale. Mech Mater 40:318–337

9. Bokko CP, Gathier B, Ortega JA, Ulm F-J, Borge L, Abouslei-

man YN (2011) the nanogranular origin of friction and cohesion

in shale—a strength homogenization approach to interpretation of

nanoindentation results. Int J Numer Anal Methods Geomech

35:1854–1876

10. Constantinides G, Ulm FJ (2007) The granular nature of C–S–H.

J Mech Phys Solids 55:64–90

11. Constantinides G, Ravi Chandran KS, Ulm FJ, Van Vlietet KJ

(2006) Grid indentation analysis of composite microstructure and

mechanics: principles and validation. Mater Sci Eng

430:189–202

12. Daphalapurkar NP, Wang F, Fu B, Lu H, Komanduri R (2011)

Determination of mechanical properties of sand grains by

nanoindentation. Exp Mech 51:719–728

13. Deirieh A, Ortega JA, Ulm F-J, Abousleiman Y (2012)

Nanochemomechaical assessment of shale: a coupled WDS-in-

dentation analysis. Acta Geotech 7:271–295

14. Donnelly E, Baker SP, Boskey AL, van der Meulen MCH (2006)

Effects of surface roughness and maximum load on the

mechanical properties of cancellous bone measured by Nanoin-

dentation. J Biomed Mater Res A 77:426–435

15. Han Y, Abousleiman YN, Hull KL, Al-Muntasheri GA (2017)

Numerical modeling of elastic spherical contact for Mohr–Cou-

lomb type failures in micro-geomaterials. Exp Mech

57(7):1091–1105

16. Hodzic A, Kalyanasundaram S, Kim JK, Lowe AE, Stachurski

ZH (2001) Application of nano-indentation, nano-scratch and

single fibre tests in investigation of interphases in composite

materials. Micron 32(8):765–775

17. Homand F, Shao JF, Giraud A, Auvray C (2006) Petrofabric and

mechanical properties of mudstone. Earth Planet Sci

338:882–911

18. Hu DW, Zhang F, Shao JF, Gatmiri B (2014) Influences of

mineralogy and water content on the mechanical properties of

argillite. Rock Mech Rock Eng 47:157–166

19. Kumar V, Sondergeld CH, Rai CS (2012) Nano to macro

mechanical characterization of shale, SPE paper 159804, pre-

sented in SPE annual technical conference and exhibition, San

Antonio Texas, 8–10 October 2012

20. Lebon P, Mouroux B (1999) Knowledge of the three French

underground laboratory sites. Eng Geol 52(3–4):251–256

21. Lee SH, Wang S, Pharr GM, Xu H (2007) Evaluation of inter-

phase properties in a cellulose fiber-reinforced polypropylene

composite by nano-indentation and finite element analysis.

Compos A Appl Sci Manuf 38(6):1517–1524

22. Leite MH, Ferland F (2001) Determination of unconfined com-

pressive strength and Young’s modulus of porous materials by

indentation tests. Eng Geol 59:267–280

23. Magnet V, Auvray C, Francius G, Giraud A (2011) Determina-

tion of the matrix indentation modulus of Meuse/Haute-Marne

argillite. Appl Clay Sci 52:266–269

24. Miller M, Bobko C, Vandamme M (2008) Surface roughness

criteria for cement paste nanoindentation. Cem Concr Res

38:467–476

25. Mori T, Tanaka K (1973) Average stress in matrix and average

elastic energy of materials with misfitting inclusions. Acta Metall

Mater 42:597–629

26. Paula OD, Pervukhina M, Gurevich B, Lebedev M, Martyniuk M,

Delle Piane C (2010) Estimation of carbonate elastic properties

from nanoindentation experiments to reduce uncertainties in

reservoir modelling, Aseg Extended Abstracts 2010, Geophysical

Conference. Australian Society of Exploration Geophysicists

(ASEG), pp 618–625
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