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1. SUMMARY 

Methods of image analyses, carried out on thin sections made in consolidated and sheared kaolinite test 

pieces, allow the identification of three "microstructural domains": (1) the initial isotropic matrix, (2) the 

partly anisotropic matrix due to simple particle arrangement, and (3) the anisotropic matrix due to 

arrangement plus crushing and stretching of particles, in the shear plane domain. In order to explain the 

micromechanisms of the clay matrix behaviour, this paper proposes to link the "microstructural domains" 

represented in the e versus log ρ CAM-CLAY diagram and domains of hydraulic conductivity in the k versus 

e diagram. The hydraulic conductivities are calculated following the Kozeny-Carman relations, which take 

into account the micro-arrangement of particles, via a tortuosity calculated from image analyses at the 

microscopic scale on the clay-material. The generation of 2D images shows that the particle rearrangement is 

in part governed by the lower limits of porosity in the material from its isotropic to its anisotropic state. The 

microtexture behaviour, induced by the superimposition of the compaction, orientation and particle stretching 

stages, causes an anisotropy of k which acts (1) on the interstitial water flow direction, (2) on the rotation of 

particles itself, and (3) on the damage mechanism of the clay. 

2. INTRODUCTION 

The relations between macroscopic properties of a clayey material and its microtexture evolution when it 

is submitted to mechanical stresses, are complex and not clearly formalised. However, the arrangement of 

particles and pores is a major factor in the rheological and hydraulic properties of the material from the 

flocculation mechanisms to the soil compaction /1, 2, 3, 4, 5, 6, 7/. Due to the micrometric size of clay 
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mineral crystals, qualitative descriptions of microtexture were currently made by Scanning Electron 

Microscope (SEM) and Transmission Electron Microscope (TEM) investigations /8, 9, 10, 11/. But several 

scientists have demonstrated that optical microscopy, using the birefringence properties of crystallites, is well 

suited to this quantitative investigation /12, 13, 14/. 

The present work is based on the microscopy image analysis of thin sections made in kaolinite test pieces 

after consolidation and shearing in a triaxial apparatus /14/. In order to explain the elementary mechanisms of 

material deformation, displacement or damage of clay fabric during mechanical stress, this paper proposes to 

link: 
- firstly the particle arrangement in the clay matrix during the successive steps of consolidation and 

shearing with the intrinsic hydraulic conductivity changes, 

- and secondly the state trend of the sample in the e versus log ρ CAM-CLAY representation with an 

hydraulic conductivity trend in the k versus e diagram. 

Material, Method, and CAM-CLAY representation 

The studied material consists of cylindrical kaolinite test pieces that have been sheared with a triaxial test 

apparatus. The test pieces (35 mm diameter and 70 mm high) have been cut in mushy paste of kaolinite and 

distilled water mixture. The initial water content of the paste is 50% in weight. The dried volumic mass is 

11.7 kN/m3 and the void ratio is 1.25 /14/. The specific surface of the kaolinite measured by methylen blue 

absorption is 34.4 m2/g. The laser granulometry gives a large distribution of the particle size with 45% of the 

particles ranging from 3 to 15 μιη. The average specific surface calculated from the different granulometries 

is 52.1 m2/g. 

Chronologically two experiment series were performed on saturated samples with the (consolidated and 

drained) triaxial test apparatus /13, 14/: 

(1) the isotropic and hydrostatic consolidation tests 

(2) the shearing tests on normal consolidated samples and on over-consolidated samples. 

The shear tests were conducted up to significant post peak deformation. The triaxial cell is a WF 10201 

Wykeham Farrance equipped with a Tritech 50 loading device. 

3. RESULTS 

The shear tests performed on normal consolidated samples at 100, 300, 400, and 600 kPa define the 

Critical State Line (CSL) projection parallel to the Virgin Consolidation Line (VCL) projection (λ'=-0.34) 

with a void ratio variation e0-ec = 0.10 (Fig. 2(a)). Two series of shear tests were performed on over-

consolidated samples (acons = 600kPa, o s h = 300, 200, 100 kPa and ac o n s = 300kPa, o sh = 200, 100 kPa). The 

increasing of the a c o n s - o s h induces the decrease of the e0-ec values from 0.10 for normal consolidated 
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samples to 0 .03, 0 .02 , and 0.01 values for over-consolidated samples respectively. 

The observations on thin sections, coupling the optical microscope and an image analysis system, are 

based on the kaolinite birefringence properties ratio, and measurements o f the porosity at the microsite scale 

were performed by S.E.M. chemical microanalyses [13, 14]. The anisotropy percentage is calculated from the 

mathematical decomposit ion o f the grey level diagrams characteristic o f the analysed microsites. The grey 

level curves are decomposed in gaussian components. The anisotropy percentage is defined as the ratio: 

Anisotropy % = anisotropic gaussian component area / 

(anisotropic gaussian component area + isotropic gaussian component area) 

Finally, the rearrangement o f the particles in the kaolinitic material may be sketched in the e versus log ρ 

C A M - C L A Y diagram by the fol lowing domains (Fig. 2(a)): 

(1) the isotropic domain located between the V C L and CSL projections. Its base is the I6oo - L o o over-

consolidation line. It includes the isotropic consolidation trends. The simple decreasing o f the initial 

consolidation pressure induces a minor increasing o f the void ratio and suggests a conservation o f the 

isotropic texture (I600 to Ι!0ο trend). 

(2) the shearing domain located between the I600 -Iioo over-consolidation line and CSL projection. It 

induces an anisotropy o f the microtexture by a progressive rearrangement o f the particles towards a 

face to face organisation. 

(3) the domain located between the CSL projection and the "shear plane line". The anisotropy % 

increases up to 100% on the "shear band line". The face-to-face arrangement o f the particles is 

progressively associated to the particle stretching. 

Microtexture and hydraulic conductivity 

The hydraulic conductivity calculations and modell ing have to include the heterogeneity o f the particle 

arrangements, the associated void ratio and the specif ic surface o f the material. The equations o f Kozeny-

Carman take into account all these micrometric parameters via a tortuosity (T) calculation /15 , 16/: 

Kk = [1/(2 T 2 ) ] [n 3 / (Ssp) 2 ] 

Ssp = S (1-n) with S = surface area = particle area/particle volume. 

The tortuosity o f fluid pathways is not directly measurable. However, the tortuosity still remains a wel l -

known and useful fitting parameter /17, 18/. In this work, we tried to find solutions to calculate it, taking into 

account the spatial arrangement o f particles in this fine divided kind o f media. T w o contributions may be 

distinguished in this investigation: (1) the 2 D simplified model l ing o f the media based on petrographic 

observations and quantification (particle arrangement) (2) the tortuosity calculation with the help o f image 

analysis tools and Monte Carlo simulation /19, 20/. 
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Fig. 1: (a) Photograph of oriented and sheared clay matrix (optical microscope - polarized light; arrows 

indicate the calculated k anisotropy). (b) The tortuosity drastically increases with the lengthening of 

particles. Τ = tortuosity, a = orientation of particles in comparison with direct path way of fluid. 
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Fig. 2: (a) - CAM-CLAY diagram and (b) - hydraulic conductivity curve relations for the consolidated (600 

kPa) and sheared kaolinitic matrix, e = void ratio, ρ = average pressure, k = hydraulic conductivity. 
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1) Analytical approach 
For each microsite of the material complementary mechanical and petrographic investigations give the 

value of porosity, anisotropy %, and the mean orientation of particles. In such conditions, tortuosity may be 

calculated considering three media: (1) porosity, (2) the isotropic part of the media (faces of isotropically 

distributed particles) and (3) the anisotropic part of the media (faces of the parallel particles). The tortuosity 

is defined as: 

Τ = (Lp + Li + La) / L 

where Lp is the equivalent length in the porosity, Li and La are the cumulated length (D/2) and width (d) of 

the Ν crystallites followed by the fluid way, in isotropic and anisotropic medium respectively. The number of 

steps (N) depends on the particles' dimensions and on their orientations a ( a is the angle of the particle in 

comparison with the theoretical fluid direction). 

The tortuosity calculated for an isotropic medium is independent of the α angle (average 45° value), and 

depends only on the porosity value and d-D ratio. For 2-5 μιη rectangular particles (2-5 shape factor), it 

varies from 1.19 to 1.35 in the 1.2 to 0.1 void ratio range. For the same particles, with a low e = 0.1 and α = 

90°, the theoretical tortuosity value climbs up to 1.85 and 2.15 for 50% and 100% anisotropy. The deviation 

of tortuosity values which is a function of the α angle clearly appears with the increasing anisotropy %: i.e. 

deviation zero in an isotropic medium and 1.28 to 1.85 in a total anisotropic medium (calculated with e = 

0.50). The 2-5 rectangular particle arrangement from a primary isotropic matrix to an oriented one generates 

a first anisotropy of tortuosity which is limited to a factor 2. The lengthening and stretching of the particles 

generates a higher and drastic tortuosity anisotropy which can reach a factor 10 or more (Fig. 1(b)). That is 

the typical type of deformation that can affect the clay particles in the shear band. 

2) Image analysis approach 

Random images, i.e. uniform and isotropic 2D spatial distributions of rectangular particles, were made 

according to a derived Poisson's model. This model, which is closed to a hard-core process, avoids the 

interpenetration of particles UM. This last hypothesis is based on the edge-to-edge or face—to-face vision of 

particle arrangement as a function of the applied pressure. The particle size distribution was chosen according 

to the granular curve, spread over nearly three decades (0.1 to 100 μηι). A log-normal distribution was 

<hosen to model the size distribution of particles. The main axes of particles are uniformly oriented in a 

defined angular sector (360° for an isotropic media, <360° for an anisotropic one. Following this simulation 

and according to its restricted hypotheses, we saw that the lower limit of porosity, with regard to the isotropic 

particle arrangement, is about 32 % (e=0.47). The only way to decrease the porosity according to the model 

is to admit anisotropy. 

In this early and simple model, the tortuosity parameter is taken as the shortest path connecting the top 
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and bottom edges of the image and was determined by Monte-Carlo simulations /19/. If the compaction 

process is followed and an isotropic state is conserved, the tortuosity does not increase significantly and 

seems to be close to 1.13. 

Consequences on hydraulic conductivity calculations 

In the k versus e diagram, the clay specific surface increasing causes a vertical translation of the k curves 

(Fig.2(b)). In order to compare the different k evolutions as a function of e, particle orientation a , and the 

anisotropy %, the same specific surface (52.11 m2/g) was used in the following calculations. The k curves are 

parallel for constant Τ values. Calculated with Τ as a variable function of e, the k curves show a slight 

difference in slope for the low e value domain. The simple orientation of particles and the associated Τ 

increase shift down the k curve by a maximum factor 2. The stretching of particles from 2-5 to 1-10 shifts 

down the k values drastically by a factor 10 (Fig. 2(b)). 

Limits of theoretical hydraulic conductivity curves 

The high initial porosity of a matrix formed by flocculation processes (75 - 90%) decreases to a lower 

value which is only governed by the d-D shape factor of the particles and by particle size distribution 

(median size, standard deviation, log or normal log repartition). Our calculations for 2-5 rectangular particles 

and normal log size repartition give a lower porosity limit of about 32% in an isotropic medium. The 

consequences of compaction and shearing processes are (1) to condense the material down to this lowest 

porosity value with respect to the isotropic edge -to-edge CVL microstructure, (2) to orientate the particles 

progressively, and (3) to dislodge and to stretch the particles so that they are face-to-face oriented. 

The microstructure of the particle assemblage limits the hydraulic conductivity curves in the low porosity 

domain (Fig.2 (b)). The upper k curve, characteristic of the isotropic microstructure (Kisod.op£ (2/5)), is 

unrealistic for void ratio < 0.47. The void ratio limits of the k curves characteristic of partly oriented matrix 

progressively decrease to lower values when they shift down to the Κ , ^ , ^ (2/5) curve. The void ratio limit of 

the 100% anisotropic matrix with stretched particles (Kstretchedp (1/10)) approaches zero. Finally, the decrease of 

the lower void ratio limit as a function of the anisotropy % defines an unrealistic domain of the material state 

(dashed area, Fig.2 (b)). From the inferior porosity limit of the isotropic domain two trends may exist: trend 

(1), which is governed by the simple arrangement of the particles, and trend (2), governed by the arrangement 

+ local stretching of the particles. The more general trend (3) includes the compaction stage down to the 

isotropic microstructure Kisotropc (2/5) curve, the superimposition of the compaction + arrangement stage down 

to the 100% anisotropic microstructure ( V i ) curve and superimposition of the compaction + 

arrangement + stretching of particles down to the Kstretched P.(i/10> curve. Trend (3) is characterised by slopes of 

the k curves higher than slopes of the calculated k curves. This is typical of experimental k curves whatever 

the sediment mineralogy: kaolinite, illite or smectite 1221. 
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CAM-CLAY diagram and hydraulic conductivity curve relations 

The e versus log ρ C A M - C L A Y diagram is crosscut by three parallel lines: V C L projection, CSL 

projection and "shear plane line". The simple consolidation stage shifts the material state from the e-axis to 

the VCL projection respecting the initial isotropic characteristic of the material (I600; Fig. 1 (a)). The over-

consolidation stage shifts the material state towards the CSL projection (I600 to I300, L o o , L o o ) respecting also 

the isotropic nature of the material. In these conditions the VCL-CSL band is divided into two parts : the 

upper part (1), above the L o o - L o o over-consolidation line, in which the material remains isotropic, and the 

lower part (2), under the L o o - L o o line, where the material is reorganised and more and more anisotropic ( L o o -

A100 to I600-A600 trend). In the k versus e diagram, the two domains 1 and 2 are based on the K isotropc (2/s> and 

Κ anisotrope (2/s) curves respectively (Fig.2a). The state trend I600 - A600 - S600 described in the e log ρ diagram 

associates e and anisotropy % which increase simultaneously. The calculation of k for these e values and 

associated tortuosities demonstrates the hydraulic conductivity trend I6oo - A600 - S600 of the same material in 

the k versus e diagram (Fig.2b). 

In these VCL-CSL and KjsotTope (2/5)- Kanisotrope (2/5) associated domains the increasing of Δε corresponds to a 

volume of expelled water. The micro-rearrangement of the particle is associated to the in situ and 

micrometric hydraulic conductivity changes which locally govern the water expulsion mechanisms. 

The shift from the initial material state to the "Shear plane line" corresponds to a void ratio decrease plus 

change of the shape factor of the particle (S60o; Fig. 2(a)). The particle stretching modif ies the hydraulic 

conductivity through the simultaneous e decreasing and tortuosity increasing (domain 3, Fig. 2(b)). The 

arrangement and stretching of particles creates a drastic anisotropy of the hydraulic conductivity in the shear 

bands. 

CONCLUSION 

This work focuses on the relations which can exist between the arrangement of the particles and the 

intrinsic hydraulic conductivity in order to explain how clay is mechanically damaged. The hydraulic 

conductivity curves calculated for the different microtextures delimit parallel domains, in the k versus e 

diagram, which can be associated with the "microtextural domains" of the C A M - C L A Y representation. The 

anisotropy % of the particle arrangement induces an anisotropy of hydraulic conductivity which characterises 

each microtextural state of the material. This hydraulic conductivity anisotropy has a dominant role in the 

mechanisms of water flow and expulsion at the micrometric scale and consequently on the rotation of the 

particles. The particles stretching causes a drastic anisotropy of the hydraulic conductivity in the shear plane 

environment which has a dominant role in the post peak sliding. Tested on kaolinitic matrices mechanically 

damaged in the laboratory, the method shows: (1) the importance of the microstructural characterisation of a 
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clay matrix for a better understanding of its mechanical and hydraulic properties and (2) the importance of 

numeric petrography as a tool to establish the micro-meso relationships when clayey material is damaged. 
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