
Abstract Despite their ubiquitous presence as sealing

formations in hydrocarbon bearing reservoirs affecting

many fields of exploitation, the source of anisotropy of

this earth material is still an enigma that has deceived

many decoding attempts from experimental and theo-

retical sides. Sedimentary rocks, such as shales, are

made of highly compacted clay particles of sub-

micrometer size, nanometric porosity and different

mineralogy. In this paper, we present, for the first time,

results from a new experimental technique that allows

one to rationally assess the elasticity content of the

highly heterogeneous clay fabric of shales from nano-

and microindentation. Based on the statistical analysis

of massive nanoindentation tests, we find (1) that the

in-situ elasticity content of the clayfabric at a scale of a

few hundred to thousands nanometers is almost an

order of magnitude smaller than reported clay stiffness

values of clay minerals, and (2) that the elasticity and

the anisotropy scale linearly with the clay packing

density beyond a percolation threshold of roughly

50%. Furthermore, we show that the elasticity content

sensed by nano- and microindentation tests is equal to

the one that is sensed by (small strain) velocity mea-

surements. From those observations, we conclude that

shales are nanogranular composite materials, whose

mechanical properties are governed by particle-to-

particle contact and by characteristic packing densities,

and that the much stiffer mineral properties play a

secondary role.

Keywords Shale Æ Nanoindentation Æ Packing density Æ
Granular material Æ Ultra-pulse velocity

measurements Æ Anisotropy Æ Stiffness

1 Introduction

Shales are probably one of the most complicated and

intriguing natural materials present on earth. The

multiphase composition is permanently evolving over

various scales of length and time, creating in the course

of this process the most heterogeneous class of mate-

rials in existence. The heterogeneities manifest them-

selves from the nanoscale to the macroscopic scale (see

multiscale structure in Fig. 1), which all contribute to a

pronounced anisotropy and large variety of shale

macroscopic behavior. Knowing and predicting the

anisotropy plays a critical role in many fields of

exploitation, ranging from seismic exploration (log-

data interpretation), to well drilling (well bore stabil-

ity) and production [28]. But so far all attempts have

failed to identify the sources of anisotropy, and link

mechanical (seismic) properties to composition and

structure. The key question that must be addressed is

whether there is a link between mineralogy of the clay

particles (primarily composed of sandwiched Al–Si

sheets) and their in-situ mechanical properties in

highly compacted natural materials systems like

shales?

In this paper we attempt to provide a first answer to

this question. To achieve our goal, we use relatively
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new advances in nanotechnology to investigate the

sources of anisotropy of shale materials. In particular,

we will apply a recently developed statistical grid-

nanoindentation technique [4] to shale materials of

different mineralogy and macroscopic properties. The

paper is structured as follows: we first present the

technique, and illustrate how the meanwhile classical

nanoindentation technique can be adapted for highly

heterogeneous and anisotropic materials, like shales, in

order to extract meaningful material properties. This

technique is then applied to shales of different miner-

alogy and macroscopic properties. In particular, we will

focus on what these different shales have in common,

and compare the indentation results with macroscopic

small strain elasticity properties.

2 Materials and methods

2.1 Nanoindentation on natural composites

It is now well established that the response of a

material upon the reversal of contact loading provides

access to the elastic properties of the intended material

(for recent review see [21] and [3]). The indentation

technique consists of establishing contact between an

indenter of known geometry and mechanical proper-

ties (typically diamond) and the indented material for

which the mechanical properties are of interest, and

subsequently acquiring the continuous change in pen-

etration depth h as a function of increasing indentation

load P (P–h curve, see Fig. 2). Typically, the extraction

of mechanical properties is achieved by applying a

continuum scale mechanical model to derive two

quantities, indentation hardness H and indentation

modulus M:

H¼def P

Ac
ð1Þ

M¼def
ffiffiffi

p
p

2

S
ffiffiffiffiffiffi

Ac

p : ð2Þ

All quantities required to determine H and M are di-

rectly obtained from the P–h curves, with the exception

of the projected area of contact Ac. Chief among these

are the maximum applied force Pmax and correspond-

ing maximum depth hmax, the unloading indentation

stiffness S ¼ ðdP=dhÞh¼hmax
; and residual indentation

depth hf upon full unloading of the material surface

(Fig. 2). The contact area Ac can also be extrapolated

from the maximum depth hmax. Furthermore, M can be

linked to the elastic constants Cijkl of the indented

material by applying a linear elastic model to the data

[10, 26, 33, 36]. For instance, in the isotropic case, M

reduces to the plane–stress elastic modulus,

M ¼ E

1� m2
¼ C2

11 � C2
12

C11
; ð3Þ

where E is the Young’s modulus, m the Poisson’s ratio;

C11=C1111 and C12=C1122 are the forth order stiffness
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Fig. 1 Multiscale structure of shales (adapted from [30]): From
top-down The macro-scale is the scale of visible deposition layers
and detrital grains. The micro-scale (SEM picture) is the scale of
a textured clay composite intermixed with silt size quartz grains.
At the nano-scale (SEM picture, bar in right corner = 100 nm),
individual clay particles are visible to form a nano-granular
material. At a scale still below, one can distinguish different clay
minerals from their mineral structure: kaolinite, smectite
(displayed), illite, etc
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tensor coefficients of the indented isotropic material.

In contrast to the isotropic case, for which the inden-

tation modulus is the same for all directions of inden-

tations, the indentation modulus of anisotropic

materials depends on the direction of indentation. For

instance, in the case of a transverse isotropic material,

the indentation modulus obtained by indentation in the

axis x3 of symmetry relates to the five independent Cijkl

coefficients of the material in the following way [9, 12]:

M3 ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

C2
31 � C2

13

C11

1

C44
þ 2

C31 þ C13

� ��1
s

: ð4Þ

In turn, for indentation normal to the axis of material

symmetry (direction x1 or x2) the indentation modulus

reads [6]:

M1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

C2
11 � C2

12

C11

ffiffiffiffiffiffiffiffi

C11

C33

s

M3

v

u

u

t ; ð5Þ

where we employ the reduced notations C33=C3333,

C13=C1133=C3311, C31 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

C11 C33

p
[C13 and C44=C2323=

C1313.

The classical indentation methods are restricted to

monolithic systems as the underlying indentation

model assumes indentation into a homogeneous

material half-space. Very recently, Constantinides and

Ulm [4] extended the domain of application of this

powerful technique to heterogenous multi-scale and

multi-phase composite materials, a category composing

the majority of solids, including shales. The focus of the

next sections is to show how this powerful technique

can be employed for highly heterogeneous materials,

like shales.

2.1.1 Gedanken experiment

Proposition 1 Consider a material to be composed of

two phases of different mechanical properties and

characterized by a length scale D. If the indentation

depth is much smaller than the characteristic size of the

phases, h > D, then a single indentation test gives access

to the material properties of either phase 1 or phase 2. If,

in addition, a large number of tests (N � 1) is carried

out on a grid defined by a grid spacing ‘ that is larger

than the characteristic size of the indentation impres-

sion, so to avoid interference in between individual

indentation tests, and much larger than the characteristic

size of the two phases, ‘
ffiffiffiffi

N
p
� D; so that the locus of

indentation has no statistical bias with respect to the

spatial distribution of the two phases, the probability of

encountering one or the other phase is equal to the

surface fraction occupied by the two phases on the

indentation surface. Consider next an indentation test

performed to a maximum indentation depth that is

much larger than the characteristic size of the individual

phases, h� D. In this case, the indentation response is

the average response of the composite material, and the

properties extracted from such an indentation experi-

ment are representative in a statistical sense of the

average properties of the composite material.

This simple gedanken experiment has all the ingre-

dients of the statistical grid-indentation technique that

needs to be performed when it comes to natural com-

posite materials. The key results of such analysis are

distributions and their derivatives (e.g., histograms or

frequency diagrams) of mechanical properties deter-

mined by a large number of indentation experiments at

a specific scale of material observation defined by the

indentation depth. Generally speaking, small indenta-
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Fig. 2 Typical indentation force–indentation depth curve, P–h, performed on a homogeneous material
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tion depths, roughly h/D < 1/10 [2] provide access to

mechanical phase properties, while greater indentation

depths (h/D > 6) provide access to homogenized

material properties of the composite. In what follows,

we will refer to the first as nanoindentation tests and to

the second as microindentation tests.

2.1.2 Deconvolution technique

The above gedanken experiment is based on the pre-

mise that the two phases have two properties of suffi-

cient contrast so that these can be separated in small

scale indentation tests. Natural composite materials are

generally more complex, requiring the use of some

elementary statistics relations to analyze the indenta-

tion data. Let us assume that the distribution of the

mechanical property x=M of each phase J is best

approximated by the normal or Gaussian distribution:

pJðxÞ ¼
1
ffiffiffiffiffiffiffiffiffi

2ps2
J

q exp � x� lJð Þ2

2s2
J

 !

; ð6Þ

where l J is the arithmetic mean of all NJ values of

each phase, while the standard deviation sJ is a mea-

sure of the dispersion of those values:

lJ ¼
1

NJ

X

NJ

k¼1

xk; s2
J ¼

1

NJ � 1

X

NJ

k¼1

xk � lJð Þ2: ð7Þ

The case of a single phase, n=1, corresponds to the case

of a homogenous material, for which mean value and

standard deviation describe the properties of the

material in a statistical sense. In the case of several

phases (J=1, n), that all follow a normal distribution,

and which do not (mechanically) interact with each

other, the overall frequency distribution of the

mechanical property x=M obeys to the following

theoretical probability density function:

PðxÞ ¼
X

n

J¼1

fJpJðxÞ; ð8Þ

where fJ=NJ/N is the surface fraction occupied by

phase J on the indented surface, which is subjected to

the constraint:

X

n

J¼1

fJ ¼ 1: ð9Þ

The problem so defined involves 3n – 1 unknowns; that

is three unknown per phase, lJ, sJ, fJ, reduced by the

compatibility condition (9). If empirical frequency

densities or response distributions are obtained by

nanoindentation in form of discrete values Pi one can

determine the unknowns by minimizing the standard

error:

Find lJ; sJ; fJð Þ from min
P

m

i¼1

Pi�P xið Þð Þ2
m

subjected to :
P

n

J¼1

fJ ¼ 1;

ð10Þ

where Pi is the observed value of the experimental

frequency density; P xið Þ ¼
Pn

J¼1 fJpJ xið Þ is the value of

the theoretical probability density function shown in

Eq. (8) at point xi, and m is the number of intervals

(bins) chosen to construct the histogram. The number

of observed values Pi should exceed the number of

unknowns, i.e. 3n – 1 £ m, and must necessarily be

smaller than the total number of tests N > m carried

out on the surface.

2.2 Materials

2.2.1 Sample preparation

Cylindrical shale specimens were cored in three per-

pendicular directions of shale cuttings, and stored in

desiccators at their natural relative humidity until

testing. For the indentation testing, the cylinder spec-

imens were cut into slices of approximate thickness

5–10 mm. The surfaces were ground and polished with

silicon carbide papers and diamond particle suspension

to obtain flat and smooth surface finish. The roughness

of the surface was checked for some specimen ana-

lyzing AFM images and was found to be on the order

of 90 nm. The mineral composition was determined

from X-ray diffraction measurements and translated

into volume fractions using known mineral densities.

The total porosity / of the shale cuttings was obtained

from Mercury Porosimetry, and was translated into the

clay packing density by:

g ¼ 1� /
1� fI

; ð11Þ

where fI is the silt (non-clay) inclusion fraction known

from mineralogy. The mineralogy of the three shale

materials is given in Table 1.

2.2.2 Grid indentation testing

Force driven nanoindentation tests and microindenta-

tion tests were performed on the three shale materials
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with a diamond Berkovich indenter using a Triboind-

enter of Hysitron Inc. By nanoindentation we refer to

indentation tests operated to average indentation

depths of h = 200–300 nm. This indentation depth was

chosen to restrict effects of the surface roughness,

which is an experimental restriction to small scale

testing of such materials. If we take the characteristic

size of clay particles on the order of 500–1,000 nm, the

chosen nanoindentation depth only satisfies approxi-

mately the scale separability condition for phase test-

ing, h/D < 10. The repeatability of the test procedure

(incl. surface preparation) was checked by several

series of 100 indentation tests carried out on different

specimen surfaces of the shale sample, and the data

(indentation modulus, hardness) were analyzed statis-

tically, using the deconvolution technique described

above. The difference between test series performed

on different specimen surfaces was found to be smaller

than 10%.

Each indentation test series consisted of 100 tests on

a surface carried out on a 10 · 10 grid of constant grid-

size of 50,000 nm, which is sufficiently large that

interactions between adjacent indents (of size ~6 h) are

avoided. In each test, the indentation force P and the

indentation depth h was recorded for a loading, hold-

ing and unloading phase. The hardness H and the

indentation modulus M were determined from the

measured maximum force Pmax and the initial

unloading slope S ¼ ðdP=dhÞh¼hmax
according to rela-

tions (1) and (2). The contact area Ac was estimated

using the Oliver and Pharr method [20].

3 Indentation results

3.1 Indentation modulus–hardness relations

Figure 3 displays the ensemble of nanoindentation re-

sults in a log–log plot of indentation modulus versus

indentation hardness. On-average, the M–H scaling

relations for the different series is very similar,

M /
ffiffiffiffiffi

H
p

: This is not surprising, but rather a confir-

mation of the relevance of the employed continuous

indentation analysis. Indeed, as M scales with Ac
–1/2

(Eq. 2) and H with Ac
–1 (Eq. 1), one would expect that

M /
ffiffiffiffiffi

H
p

; provided that each individual indentation

test satisfies the separation of scale condition so that a

continuum analysis can be carried out with some con-

fidence. The M–H scaling, therefore, is a good indica-

tion that the data sampled are of random nature, which

is a necessary condition to employ the statistical anal-

ysis method presented next.

3.2 Indentation modulus frequency densities

Figures 4, 5 and 6 display the experimental frequency

distributions of the (nano)indentation modulus for the

three shale materials, together with fitted frequency

distribution functions using the deconvolution tech-

nique. In the application of the deconvolution tech-

nique, we sought for the minimum number of phases n

required to represent the experimental frequency

densities accurately. It turned out that n=3 is largely

sufficient to model the data. Some of the experimental

frequency densities display one dominating phase,

while other show a bimodal or tri-modal frequency

distributions. An important observation is that inden-

tation moduli smaller than ~5 GPa are mostly repre-

sentative for indentation into a highly heterogeneous

material dominated by large pores or surface rough-

ness, which is observed in force-driven indentation

Table 1 Mineralogy (volume percent) and poromercury
intrusion data for three shale materials

Shale 1 2 3

Inclusions 17 24 28
Clay (total) 58 63 65
Kaolinite 27 19 9
Illite 19 27 37
Smectite 10 16 19
Other 2 1 –
Packing density g 69 82 90
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Fig. 3 Nanoindentation results: indentation modulus–indenta-
tion hardness (M–H) scaling relations for the three shale
materials tested in bedding (x3) and normal to the bedding
direction (x1)
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depths by either excessive indentation depths

(h > 500 nm) or by discontinuous P–h curves (break of

self-similarity). Such indentation responses violate the

separation of scale condition for continuum indenta-

tion analysis, and need to be excluded from further

analysis of intrinsic properties. On this basis, we iden-

tify for each shale material a characteristic nanoin-

dentation modulus. This nanoindentation modulus for

indentation in the x1 and x3 directions, M1=M (x1) and

M3=M(x3), correspond to the nanoindentation re-

sponse that dominates the shale behavior, and that

satisfies simultaneously the separation of scale condi-

tion h/D < 10. The values are summarized in Table 2

(labeled ‘Nano’), together with the applied maximum

indentation force Pmax and the characteristic indenta-

tion depth hmax upon unloading.

We also carried out microindentation tests on the

three shale materials to maximum indentation depths

of 1,500–2,500 nm. We then employed the deconvo-

lution technique to extract the relevant indentation

moduli. Figure 7 shows a typical deconvolution result

we obtain in micro-indentation tests. In contrast to

the nanoindentation tests, there is a clear trend to-

wards a homogeneous composite response with one

phase dominating the overall response. The corre-

sponding indentation moduli are also summarized in
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Fig. 4 Nanoindentation modulus deconvolution for Shale #1.
Bin-size for histogram construction is DM=2.5 GPa. x3 stands for
indentation in the bedding direction, and x1 for indentation into
the bedding plane
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Fig. 5 Nanoindentation modulus deconvolution for Shale #2.
Bin-size for histogram construction is DM=2.5 GPa. x3 stands for
indentation in the bedding direction, and x1 for indentation into
the bedding plane
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Table 2 (labeled ‘Micro’), together with the applied

maximum indentation force Pmax and the character-

istic indentation depth hmax upon unloading. A

remarkable result is that the microindentation stiff-

ness values extracted from the unloading portion at

maximum indentation depths of 1,500–2,500 nm al-

most coincide with the nanoindentation stiffness

values obtained from indentation tests operated to

200–300 nm. It therefore appears that the found

elasticity values are characteristic, for each particular

shale material, of the clay fabric response, which

manifests itself at a scale of hundreds of nanometers

and above.

4 Discussion

It is not surprising that the indentation stiffness in-

creases with the clay packing density, as a matching of

the characteristic packing densities and the indentation

moduli in Tables 1 and 2 shows. However, as Fig. 8

shows, the nano- and the microindentation stiffness

values scale with the clay packing density almost line-

arly. Most remarkable is the fact that a fitted straight

line to those values yields a zero stiffness for a clay

packing density of the clay fabric of roughly 50%. This

particular behavior is a hallmark of granular materials,

for which the random loose-packed limit (RLP) is

known to be 52% [16], below which no continuous force

path can be established through the granular assembly.

In return, highly compacted shales have typical packing

densities far above the RLP (see Table 1). A second

interesting observation is that the stiffness–packing

density scaling in Fig. 8 is (almost) not affected by the

different mineralogy of the three tested shale materials;

but only by the packing density and the mineral ori-

entation (or deposition direction). The latter depen-

dence is readily understood from the indentation

stiffness relations (4) and (5) for transversely isotropic

materials. An extrapolation of the experimental M(xi)

– g scaling relations in Fig. 8 to g=1 provides a means to

evaluate the asymptotic contact stiffness in the bedding

direction (x3) and in the bedding plane (x1):

Nano : M1ðg ¼ 1Þ ¼ 34:0 GPa;

M3ðg ¼ 1Þ ¼ 21:4 GPa;
M1

M3
¼ 1:6

ð12aÞ

Micro : M1ðg ¼ 1Þ ¼ 29:0 GPa;

M3ðg ¼ 1Þ ¼ 18:1 GPa;
M1

M3
¼ 1:6:

ð12bÞ
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Fig. 6 Nanoindentation modulus deconvolution for Shale #3.
Bin-size for histogram construction is DM=2.5 GPa. x3 stands for
indentation in the bedding direction, and x1 for indentation into
the bedding plane

Table 2 Characteristic values of nano- and microindentation
results on three shale materials: Pmax is the applied maximum
indentation force, hmax is the indentation depth at unloading and
M(xi) is the governing indentation modulus

Shale 1 2 3

Direction x3 x1 x3 x1 x3 x1

Nano
Pmax (10–6 N) 263 248 244 266 236 238
hmax ( 10–9 m) 236 326 348 216 401 380
M(xi) (GPa) 9.1 14.6 12.3 20.7 17.3 27.6

Micro
Pmax (10–6 N) 12,384 12,392 12,283 12,204 12,247 12,317
hmax (10–9 m) 2,369 2,457 1,813 1,401 1,586 1,991
M(xi) (GPa) 8.3 12.0 11.7 18.4 15.0 23.0

UPV
M(xi) (GPa) 8.8 12.1 10.4 18.0 15.5 24.9
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4.1 Comparison with reported clay mineral data

Unlike many other minerals, clay stiffness values are

extremely rare in handbooks [19]. To our knowledge,

the only direct measurements of the anisotropic

elasticity of clay minerals were reported for large

muscovite crystals [19], possessing transversely isot-

ropy: C11=178 GPa, C33=55 GPa, C44=12 GPa,

C12=42 GPa, C13=15 GPa, or equivalently expressed

in terms of indentation stiffness (Eq. 4) and (Eq. 5),

M0
1;exp ¼ 118 GPa; M0

3;exp ¼ 46 GPa;
M0

1;exp

M0
3;exp

¼ 2:6:

ð13Þ

The values are found to be much higher than the values

(Eq. 4) we determined by nano- and microindentation,

both in absolute terms and in terms of the anisotropy

ratio M1/M3. The main difficulty of measuring the

mineral elasticity stems from the fact that clay particles

are too small to be tested in pure solid form. Several

attempts to overcome this difficulty have been re-

ported (Table 3):

• The stiffness of compacted clay samples has been

measured and extrapolated to a zero porosity

assuming that this extrapolation technique yields a

‘pure clay’ stiffness value [15, 18, 32]. The reported

stiffness values vary from 10–30 GPa, which comes

closer to our values (Eq. 4). However, the main

difficulty of these techniques is the assumed isotropy

of the extrapolated clay stiffness values, which is not

what we find by nano- and microindentation. Very

recently, Prasad et al. [22] have made some dynamic

measurement of clays using atomic force acoustic

microscopy (AFAM). They reported a very low

Young’s modulus for dicktite of 6.2 GPa, which is

much lower than what we find for the porous clay

composite, and which is as low as the first peak

values we observe in the deconvolution attributable

to imperfect surface conditions (see Figs. 4, 5, 6).
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• Ultrasonic velocities of composite mixture of indi-

vidual clay particles (powder) diluted, at various

concentrations, in an epoxy matrix have been

measured [35]. Using a backward homogenization

derivation, the Young’s modulus for randomly dis-

tributed clay particles was found to be on the order

of 50–60 GPa for kaolinite, 65–80 GPa for illite,

40–50 GPa for montmorillonite, and greater than

100 GPa for Chlorite. These results were found to

be consistent with theoretical estimates of single

crystal elastic properties by Katahara (1996) for

kaolinite, illite and chlorite, based on data of

Alexandrov and Ryzhova (1961; cited from [35]).

Translated into indentation moduli, the values are

somewhat higher than the ones we obtain by nan-

oindentation.

The scarcity of experimental values for solid clay

stiffness and the large range of reported values high-

light the difficulty to assess the intrinsic elasticity of

single clay crystals. We performed some nanoindenta-

tion tests on a kaolin powder composed of 97%

kaolinite (EPK Kaolin1, Feldspar Corporation,

Atlanta Georgia) having an average particle size of

1.36 · 10–6 m, a specific surface area of 24.25 m2/g, and

a loose (dense) mass density of 519–740 kg/m3. Using

indentation depths of 70–90 nm, that is an order of

length magnitude smaller than the grain size, we obtain

indentation stiffness values of

EPK Kaolin : M0
exp ¼ 40:3� 8:8 GPa: ð14Þ

Figure 9 displays an atomic force microscopy image of

a kaolin powder grain on which we indented, together

with five force–indentation depth curves, from which

we determine, from the unloading branch, the inden-

tation stiffness. The order of magnitude of the inden-

tation stiffness of kaolin powder is found to be situated

in between the values reported in [18] and [35],

respectively; and on the order of the weak axis

indentation stiffness of Muscovite (see Table 3).

However, these values are still higher than the in situ

stiffness values (Eq. 4) we determine from extrapola-

tion of nano- and microindentation results.

In summary, a comparison with reported values in

the open literature and new data from indentation on

Kaolin reveals that the in situ stiffness behavior

exhibited by highly compacted sedimentary rocks is

somewhat disconnected from the stiffness behavior of

clay minerals.

4.2 Comparison with UPV measurements

A second comparison of the stiffness values can be

made with dynamic ultra-pulse-velocity (UPV) mea-

surements of the overall composite stiffness of shale

materials. The material at this scale is composed of a

textured clay matrix (see Fig. 1) with an in-general

abundant population of poorly sorted detrital grains

(quartz inclusions), that are either concentrated into

laminations located between thinner, clay-rich (or

quartz starved), lens shaped lams, or homogeneously

distributed throughout. This scale has been extensively

researched, in the shale acoustics and exploration

geophysics community, by means of compressional and

shear-wave velocity measurements [1, 14, 17, 23, 24, 27,

29, 34]; and it is now generally agreed that shales be-

have elastically as transverse isotropic media. The

typical wave length employed in such studies oper-

ated at frequencies in the megahertz range, is in the

millimeter range, which captures well the composite

Table 3 Reported elastic stiffness values of clay minerals. For purpose of comparison, values are expressed, if possible, as indentation
stiffness

Clay mineral Sample Exp. techn. Stiffness (GPa) Source

M1, exp
0 M3, exp

0

Muscovite Nat. crystal 118.1 46.2 [19]
Kaolinite Clay mixture (MicroMech) Acoustic 30.3 [15, 18]
Dicktite Clay mixture AFAM E = 6.2 [22]
Kaolinite
Smectite
Montmorillonite

Clay-mixture
suspensions

Acoustic (Extrapol.) 10.4–16.8 [32]

Kaolinite
Illite
Smectite/Illite
Montmorillonite
Chlorite

Powder in epoxy Acoustic (MicroMech) 57.9–85.9
73.9–84.3
51.5
44.7–54.5
82.2–214.0

[35]

1 For detailed chemical and mineralogy information on EPK
Kaolin, see http://www.feldspar.com/minerals/epk.html.
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stiffness of the macroscopic clay–quartz inclusion

composite. To compare our indentation data with these

UPV measurements, we need to subtract from the

measured values the effect of the silt inclusions. This is

not an easy task. In a very first approximation, we

subtract the inclusion by means of the Reuss bound:

CUPV
ijmn

� ��1

¼ SUPV
ijkl ¼ 1� fIð ÞSijkl � fIS

I
ijkl; ð15Þ

where Cijmn
UPV is the measured dynamic (undrained)

stiffness, Cijkl
I =(Sijkl

I )–1 is the stiffness of the inclusions

that occupy a volume fraction fI and which is assumed

to be isotropic (bulk modulus kI=37.9 GPa, shear

modulus gI=44.3 GPa); and Cijkl=(Sijkl)
–1 is the sought

stiffness of the porous clay composite. This simple

Reuss bound neglects any hydraulic stiffening effect of

the composite response under undrained conditions of

the porous material (see e.g. [5, 25]) or specific

micromechanical features that affect the porous com-

posite response (see e.g. [8, 31]). While no-doubt a

rough estimate, our aim here is to compare this esti-

mate of the composite stiffness response with the

indentation results. We achieve this by substituting the

porous clay composite stiffness Cijkl determined from

Eq. 15 into the indentation moduli relations for

transverse isotropic materials, Eqs. 4 and 5. The results

are reported for the three tested shales in Table 2

(labeled ‘UPV’) and are displayed in Fig. 10 in an

M(xi) – g scaling plot. It is remarkable that the found

M1 and M3 values determined here from the UPV

measurements almost coincide with the indentation

stiffness values obtained by nano- and microindenta-

tion. This actually confirms and validates the novel

grid-indentation technique for shales, showing that it

provides access to the small strain elastic response of

the porous clay composite of shales, much in the same

way as sophisticated large-scale UPV measurements.

As a consequence, we find a very similar scaling

behavior of this elastic response with the clay packing

density; that is, an almost linear scaling from a perco-

lation threshold of g~0.5, where the material looses its

stiffness to asymptotic values where the material

exhibits a pronounced anisotropy:

UPV : M1ðg ¼ 1Þ ¼ 30:4 GPa;

M3ðg ¼ 1Þ ¼ 18:7 GPa;
M1

M3
¼ 1:6:

ð16Þ

Those asymptotic values almost coincide with the val-

ues reported in Eq. 4, and they are clearly much

smaller than the stiffness values reported for muscovite

crystals.
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5 Closure

What contributes to shales pronounced macroscopic

anisotropy? We need to answer this question in the

light of our experimental observations obtained from

deconvoluting indentation results and UPV measure-

ments:

1. The stiffness values of clay minerals are almost one

order of magnitude greater than the in situ

elasticity content of the clayfabric from the scale of

hundreds of nanometer to the millimeter scale.

2. Above an observation scale of some hundred na-

nometers, we identify characteristic stiffness-

packing density scaling relations that are insensi-

tive to the different mineralogy of the tested

shales.

3. The in situ elasticity of the clay composite exhibits

a percolation threshold at a clay packing density of

g~0.5.

4. The higher the clay packing density, the more

pronounced the anisotropy.

The overall picture that thus emerges is that shales

behaves mechanically like a nanogranular material,

whose behavior is driven by contact forces at particle-

to-particle contact points, rather than by the mineral

elasticity in the crystalline structure of the clay min-

erals. As a consequence, the intrinsic clay mineral

elasticity properties are of secondary importance for

the in situ stiffness properties of shale materials above

a scale of roughly 100 nm. This conclusion is restricted

to the elastic response, and mineralogy of course plays

a decisive role when it comes to other phenomena such

as swelling of clays. Furthermore, the mineralogy may

affect the packing density a particular shale achieves in

a highly compacted state; but not (or not decisive) the

intrinsic particle-to-particle contact stiffness that gov-

erns shale elasticity.

The fact that the anisotropy is scaled by the packing

density supports the simple idea that the actual source

of the in situ anisotropy of shale elasticity results rather

from the deposition structure of the clay particles than

from the intrinsic mineral anisotropy: there is always

more contact area between particles in contact normal

to the bedding plane [contact area A(x3)] than in the

bedding plane [contact area A(x1)]. Indeed, if the

asymptotic anisotropic ratio M1/M3 were a character-

istic of an elementary shale building block, contact

mechanics [analogously to Eq. (2)] allows one to esti-

mate the asymptotic contact area ratio to be A(x3)/

A(x1)=(M1/M3)a = 1.6–2.6 (where a=1 corresponds to a

flat contact and a=2 to a conical contact). It is worth-

while to note that this contact area ratio is far lower

than the typical clay particle aspect ratio of 10–20; and

things, therefore, may be well more complicated than a

pure deposition structural argument suggests. On the

other hand, as the packing density decreases, both

contact areas appear to decrease in similar proportions

down to the percolation threshold of g~0.5, where the

granular assembly looses contact.

What are the implications of these findings for

geophysics, clay mineralogy and engineering applica-

tions of earth materials? The most important finding is

that there exists a fundamental unit of material

invariant properties, characterized by universal stiff-

ness–clay packing density scaling relations. Because of

the colloidal nature (specific surface of 15–800 m2/g) of

earth materials in general, and of clay bearing sedi-

mentary rocks in particular, the role of the minerals in

the overall elasticity is reduced to that of a highly

compacted granular media in the nano-meter to

micrometer range. The packing density is a function of

size and aspect ratio of the particles and of course of

the deposition direction. And while the granular mix

may vary from shale to shale as a function of the clay

mineralogy, it is not unlikely that the packing density

achieved by each granular mix is close to its maximum,

which is why one observes a consistent scaling of the

stiffness values with the clay packing density. Indeed,

the clay packing density of shales (Table 1) is typically

on the order or greater than random packing density

limits of mono-sized spheres (q=64%) and ellipsoids

(q=73%), and can reach in some cases values as high as

the conjectured maximal density of spherocylinders

(q=91%). The behavior of such highly packed systems

has been recently recognized to be governed by the

number of particle contacts required to mechanically

stabilize the packing [7]. The nature of these contact

forces does not change from one material to another,

which translates into material invariant properties. But

what changes in such granular mixes are the number of

contact points, surfaces and constraints which are clo-

sely related to the packing mode. We suggest that these

two features of the nanofabric form the nano-

mechanical blueprint of the elasticity of earth materials

which can explain much of the diverse mechanical

behavior at larger scales. This not only holds for clay-

bearing rocks, but should hold for any colloidal mate-

rial system in which mineral particles generate large

specific surfaces. This is the case of most natural porous

composites: bones [13], cement-based materials [4, 11],

sandstones, carbonates, etc. Restricted here to elastic-

ity properties, the micro-mechanical blueprint of the

strength properties of these cohesive-frictional earth

materials needs still to be found.
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