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Abstract

Recent Underground Research Facility (URF) gallery excavation works in the Boom Clay at 224 m below the surface

revealed intense fracturing of this weak claystone. Large fault planes (meter-scale) and joints were observed during tunnelling

and found to belong to the excavation-disturbed zone (EDZ). Samples taken from the new gallery have been investigated using

scanning electron microscope (SEM) imagery and microstructural analysis. This revealed a brittle–ductile transitional

behaviour of the mudstone sediment regarding deformation, implying dilatant shear and hybrid fractures in high strain zones

and ductile, compacted plastic shear bands in the lower strain zones, following an elasto-plastic constitutive model. Microfabric

analysis contributed in this way to a better understanding of clay behaviour and effective fracturing. This information is

primordial for understanding the rheology of the clay and assessing the influence of fracturing on permeability, critical issues in

radioactive waste management.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Although fairly suitable for describing the basic

concepts of ‘wet’ rock and soil mechanics, elasto-

plastic constitutive models and critical state soil me-
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chanics (see, e.g. Wood, 1990) did, to date, not receive

much attention in case studies of natural geological

examples. This paper provides such a case study,

which results from a survey carried out during gallery

excavation for expansion of the Underground Re-

search Facility (URF) at Mol, Belgium. The gallery

is located in the Boom Clay Formation (Rupelian age),

at a depth of 224 m below surface, on the SCK.CEN

nuclear research centre site. The research facility

(underground lab) is built to study the clay’s potential
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as a host-rock for a long-term repository of high-level

radioactive waste. The circular N–S oriented gallery

(‘Connecting Gallery’, 83 m long) was constructed by

removing clay using a tunnel boring machine with a

roadheader and subsequently pushing an open shield

(diameter of 4.8 m) into the remaining clay. Behind the

shield, a wedge-block system was used as lining to

support the gallery walls. As such, an excavation rate

of more than 2 m per day was achieved. This method

has two consequences: first, it causes fast clay removal

and due advance; second, the sidewalls are quickly

supported, preventing further radial accommodation

(convergence) of the clay massif. Thus, the only zone

exposed to relatively long-time stress relief is the

frontal plane (front, see, e.g. Fig. 1).

During the excavation, large fractures in the clay

massif were observed, both faults and joints—from

millimeter scale to several meters large blocks. Map-

ping and sampling the fractures allowed to show their

distinct macroscopic and microscopic characteristics

providing a reasonable interpretation of their rheolo-

gy, origin and formation mechanism (Dehandschutter

et al., 2002). The present paper focuses on the micro-

fabric of the fracture zones and on the influence of the
Fig. 1. (a) Example of a fault plane in the gallery front and oriented sampl

sense. (c) Prepared sample with precut seam allowing clean cut perpendic
fractures on the physical properties of the clay massif.

The fracture zones can be both brittle (dilatant) and

ductile, can display extension as well as shear and

range in dimension from meter to micrometer scale.
2. The Boom Clay formation

The Boom Clay Formation (Rupelian, Oligocene)

crops out in the central part of Flanders (Belgium) and

extends in subcrop over large parts of the North Sea

basin (see, e.g. Vandenberghe et al., 1998 and refer-

ences therein). The formation is about 100 m thick in

the area of the URF, with its base at about 290 m

below the surface. It weakly dips (f 1j) to the

northeast and is composed of rhythmically alternating

silt- and clay-rich beds. A candidate for the geological

disposal of radioactive waste, the Boom Clay has been

in recent years the object of many detailed strati-

graphical (Van Echelpoel and Weedon, 1990; Vanden-

berghe et al., 1997, 1998), and geochemical (Laenen,

1999; De Craen et al., 1999) studies. This unlithified

mudstone is mainly composed of kaolinite and illite

with minor amounts of smectite and chlorite (Vanden-
es taken by a hand drill. (b) Slickenside showing shear direction and

ular to the fault.
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berghe, 1978). It has a high water content of f 20%

and a physical porosity of f 35%. The plastic clay is

hardly overconsolidated (OCR f 1 to 1.5), with only

minor uplift and erosion events recorded (Mertens et

al., 2003). The angle of internal friction / is around

10j, cohesion cf 0.6 MPa, Young modulus Ef 500

MPa and Poisson ratio tf 0.4 (Schittekat et al., 1983;

Arts, 2000). These properties classify the clay as a

weak sediment.
3. Fracture characteristics

3.1. Natural versus artificial origin

Before the onset of tunnelling, doubt existed about

the nature of the fractures, which where already

noticed during vertical shaft excavation. In spite of

the absence of any indications for the presence of

faults during seismic reflection campaigns, the possi-

ble presence of preexisting fractures, consequently

influencing the hydromechanical properties of the

clay massif, had to be checked. Detailed fracture

analysis showed that the majority of fractures encoun-

tered during gallery excavation has an artificial origin

and belongs to the excavation-disturbed zone (EDZ).

This conclusion is based on the geometry of the

fractures, which is symmetric around the gallery axis,

the kinematics (fault types) and dynamics (local stress

state) responsible for the fracturing (Dehandschutter et

al., 2002). The geometry of the local stress ellipsoid

turned out to be dominated by stress concentration

caused by the removal of the tunnelled clay and due to

reorientation of the principal stress directions. These

conclusions currently imply that no evidence is pres-

ent that through-going fractures exist in the Boom

Clay massif at the location of the URF, providing

possible fracture porosities and potential fluid path-

ways. It was also shown that the vertical joint pattern

observed in the (near surface) outcrop zone of the

Boom Clay had little chance to extend in the deeper

parts of the clay massif (Mertens et al., 2003).

3.2. Dilatancy versus compaction

The intensity of observed fractures and the surpris-

ingly large volume of the collapsing blocks invoked

questions about fracture mechanism and fracture mi-
crostructure that might affect the clay’s physical

properties (permeability, strength, anisotropy,. . .). Al-
though artificially induced, these fractures could be

important for the mechanical behaviour of the repos-

itory. To assess the role of the fractures in this matter,

more knowledge about their nature is required. First

of all, the rheological parameters and failure mecha-

nism (brittle versus ductile, see Section 5.2) have to

be qualified. Several authors describing failure in soft

argillaceous sediments recognised millimeter-scale

shear zones composed of parallel strands of reoriented

clay particles (‘scaly clays’, Tchalenko, 1968; van den

Berg, 1987; Agar et al., 1988; Arch et al., 1988). On

the other hand, dilatant brittle fabrics also have been

observed in weak mudrock (Ingram and Urai, 1999;

Takizawa and Ogawa, 1999). The different responses

of the same sediment are generally explained by its

transition through several structural domains (depth

ranges and/or tectonic stress changes). It is generally

accepted that the overconsolidation ratio (OCR) gov-

erns the brittleness and hence the risk for dilatancy of

unlithified argillaceous sediments (Jones and Addis,

1985; Ingram and Urai, 1999). Also, the water content

and the strain rate control the deformation behaviour

of clay (Arch et al., 1988). Are we, in the present

case, dealing with open fractures, or are the faults

sealed and closed? Why are both brittle and ductile

structures observed on the same samples? Shear

dilatancy versus pore collapse and compaction are

important processes to consider in this matter, and

their contribution to the failure of the Boom Clay in

the URF is treated in this paper.
4. Experimental procedure

4.1. Sample preparation

Boom Clay material containing centimeter-scale

slickensides (i.e. polished and striated fault planes,

Fig. 1b) was sampled during gallery excavation, both

from collapsed blocks at the open gallery front and

from the sidewalls (Fig. 1a). Only at the first few

meters of excavation oriented samples could be taken

from the front because of collapse danger. Where

possible, cylindrical oriented samples were taken us-

ing a slow rotating hand drill (Fig. 1a). The samples

were cut to cubes or slices with two sides parallel to the
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(subhorizontal) sedimentary bedding and two sides

parallel to the movement direction (Fig. 1c). After

precutting ditches were provided, the cubes were

subjected to very slow drying in atmospheric condi-

tions and subsequent controlled breaking parallel or

perpendicular to the movement direction (Fig. 1c).

This technique allows the observation of unaltered

surfaces on samples as less disturbed as possible.

The process of drying could have had influence on

the microporosity and microcracking because desic-

cation cracks tend to develop upon drying due to water

evaporation and unequal swelling of the clay particles

at the samples edge and more to its centre. That is

why, for comparison, several samples have been

investigated in undried (‘wet’) conditions using envi-

ronmental SEM techniques, allowing for nonvacuum

condition imaging of fresh samples. The same samples

were subsequently dried and subjected to conventional

SEM analyses. These tests showed that, when dried

slowly enough (1–2 weeks) under atmospheric con-

ditions, the differences between the ‘wet’ and the ‘dry’

samples regarding microcracking were negligible.

4.2. Porosimetry

Porosity and pore-size distribution of undisturbed

Boom Clay were measured on slowly air-dried cylin-

drical samples (3� 5 cm) by mercury injection. In-

jection results need to be interpreted cautiously, as

applying the technique to soft rocks is ambiguous

(Schlömer and Krooss, 1997). Sample drying and

injecting mercury under pressure influences the clay’s

microstructure to certain extent, and the accessibility

of small and isolated pores affects the measurement

results. The obtained Hg porosity therefore only

represents the porosity accessible for mercury, which

is used here as an estimation determining the order of

magnitude of the effective porosity.
Fig. 2. SEM images of undisturbed Boom clay structure. (a) View

on the bedding plane (bed) and on a section perpendicular (sec). (b)

View on section perpendicular to the bedding, with interstitial pores

(p). (c) View perpendicular to the bedding, showing clay particles

warped around silt grain (s).
5. Results and discussion

5.1. Microstructure observations

5.1.1. Preferred orientation of clay minerals

SEM (in secondary electron mode) images of all

investigated Boom Clay samples show a well-devel-

oped preferred alignment of the clay particles parallel
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to the bedding surface (Fig. 2). This bedding shows a

distinct porosity of the larger pores, caused by the

granulometry (presence of silt particles) and the

irregularity of the individual clay particles (Fig. 2b).

In general, an open structure was observed with a high

porosity. No flocculation was seen, and clay particles

tend to wrap around silt particles (Fig. 2c). This

indicates compaction corresponding to the slightly

overconsolidated nature of the clay. Fig. 3 and Table

1 show the pore-size distribution obtained by mercury

porosimetry of two representative samples. It shows

that the majority of the pores has radii in the order of

0.01 Am. The connected porosity (reachable by mer-

cury) lays around 28%. The images and the Hg

porosity show that the (nondeformed) Boom Clay is

an uncemented fine-grained compacted mud with a

well-developed particle alignment (bedding) and a

high porosity. The (subhorizontal) bedding is used

as a reference anisotropy to distinguish deformation

bands in the following sections.

5.1.2. Dilatancy by bedding activation

A type of dilatancy observed in several samples is

presented in Fig. 4, where bedding planes oblique to
Fig. 3. Cumulative mercury intrusion versus pore si
the fault plane are activated and dilate. As such,

fracture porosity is created. The amount of displace-

ment by this mechanism is in the order of tenths of

millimeters. This type of failure occurred in several

fault blocks coming from the excavation front at

different levels and therefore is supposed to exist over

the whole extend of the gallery. It is not excluded that

those fractures are connected to the main fault plane

by secondary, oblique shear planes, undergoing even

less displacement in the order of micrometers (Fig. 4b).

5.1.3. Dilatancy by Riedel Shear and en-echelon

tension

During brittle faulting, secondary Riedel Shears

develop at a small angle to the movement direction.

These planes move (millimeter order of displacement)

in the same sense as the (centimeter-scale displaced)

master-plane (Fig. 5a and b). Along the Riedel planes,

dilatancy occurs through pull-apart by fault drag in the

movement sense (Fig. 5b). A detailed view of the

relation between the bedding and the Riedel shear

planes (Fig. 5c) shows how the clay particles are

reoriented between the shear planes under micromet-

ric scale shear. Note that only the major Riedel planes
ze for undisturbed (not fractured) Boom Clay.



Table 1

Pore parameters and porosity deduced from Hg injection

porosimetry

Sample Results

M40401H10 total intrusion volume 0.1525 ml/g

total pore area 18.150 m2/g

median pore radius (volume) 0.0275 Am
median pore radius (area) 0.0099 Am
average pore radius (2V/A) 0.0168 Am
bulk density at 0.0007 MPa 1.8842 g/ml

apparent (skeletal) density 2.6441 g/ml

porosity 28.74%

stem volume used 35%

threshold pressure 0.0136 MPa (calc.)

characteristic length 45.7401 Am
M404001BV4 total intrusion volume 0.1608 ml/g

total pore area 20.877 m2/g

median pore radius (volume) 0.0238 Am
median pore radius (Area) 0.0106 Am
average pore radius (2V/A) 0.0154 Am
bulk density at 0.0007 MPa 1.8112 g/ml

apparent (skeletal) density 2.5551 g/ml

porosity 29.1156%

stem volume used 53%

threshold pressure 0.0528 MPa (calc.)

characteristic length 11.8128 Am

Fig. 4. (a) Example of dilatant bedding activation (arrows) in the

vicinity of a normal fault slickenside (F). Movement is sinistral in

the picture orientation, the missing block moving away from the

viewer. (b) Possible connection between dilatant sheared bedding

and controlling fault plane.
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(Fig. 5b) display dilatancy, whereas the minor planes

(Fig. 5c) remain tight (see further).

In several places, en-echelon tension gashes ad-

joining normal faults are observed. Generally, they are

oriented oblique to the bedding plane. Their (micro-

metric to millimetric) opening is perpendicular to the

shortening direction (Fig. 6). This type of failure

occurs mainly in the vicinity of high-strain normal

faults.

Fig. 7 gives an example of bedding dilatancy, the

strength of which was high enough to fracture a pyrite

core. Although pure bedding dilatancy can be a result

of drying (desiccation) the clay sample, comparison

between ‘wet’ microscopy (environmental SEM, at-

mospheric conditions) and ‘dry’ (normal SEM, vacu-

um conditions) showed the occurrence of this type of

dilatancy in both circumstances. Therefore, these

structures are believed to result from the original clay

deformation during failure.

5.1.4. Diffuse deformation in anastomosing shear

bands

Apart from the evidences for brittle dilatancy, the

investigated samples showed several zones with clear
ductile deformation features. Most apparent are scaly

fabrics (Maltman, 1987; Agar et al., 1988). They

occur as parallel, anastomosing surfaces of compacted



Fig. 5. (a) Normal fault plane with secondary Riedel shear. Arrows

indicate movement of the missing block (hanging wall). (b)

Perpendicular view showing dilatancy (small full arrows) along

Riedel shear plane having the same displacement as the main plane

(indicated by the larger half arrows). (c). Close-up of figure (b),

showing the relation between bedding (b) and Riedel shear planes

(s). The bedding is reoriented by slip along the shear planes.

Fig. 6. Example of en-echelon tension gashes opening oblique to the

bedding plane, perpendicular to the shortening direction (arrows).
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and aligned (reoriented) clay particles inside which a

porosity reduction can be supposed. Fig. 8 gives an

example of such ductile shear zones. Compared with
the brittle expressions of fracturing, ductile deforma-

tion was rarely observed. On the contrary, samples

taken from Boom Clay at the surface in outcrops often

display ductile deformation (work in progress,

Dehandschutter et al., 2003).

One of the few forms in which ductile shear

deformation has been observed are listric secondary

(micrometer-scale) shear zones oblique to the main

movement plane (Fig. 9). The ductile zones occur as

micrometric strands with a strong reorientation and

compaction of the clay particles.

5.1.5. Fault tips in ductile compaction settings

Ductile shear bands with particle displacements

(rotations) of a few micrometers are observed at fault

tips, where strain dies out. Clay particles are reor-

iented and aligned perpendicular to the principal



Fig. 7. Bedding dilatancy fracturing of a pyrite core.

Fig. 8. Example of ductile shear bands in the Boom Clay at the URF

(between arrows).
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shortening direction without the loss of cohesion (Fig.

10). In this way, the tips of the dilatant fault planes

end in nondilatant ductile shear bands. They are

indicative for porosity loss through compactive pore

collapse.

5.2. Deformation mechanism and clay rheology

Physically, clay and mud are transitional between

rock and soil, and therefore argillaceous material

exhibits a mechanically transitional behaviour. In

addition, muds are transitional in time and tend to

transgress from rock-like behaviour to soil-like be-

haviour within a relatively short time period (Jones

and Addis, 1986). Various experiments showed that

clay deforms by brittle failure at low mean effective

stresses and by ductile shear at high mean effective

stresses (Bishop et al., 1965; Horseman et al., 1996).
Water content also influences the clay behaviour, the

latter getting more ductile with increasing water

content (Arch et al., 1988). Distinction between brittle

and ductile behaviour is based on the shear stress–

shear strain relation (Fig. 11). If distinct peak strength

is followed by strong strain weakening (failure) dur-

ing progressive shear strain, we define the deforma-

tion as brittle. If peak strength is undefined, elasticity

is weak (low Young modulus) and strain hardening

dominates, failure is called ductile (Fig. 11).

Several experimental studies report the develop-

ment of ductile shear bands in clay during deforma-

tional experiments (Tchalenko, 1968; van den Berg,

1987; Arch et al., 1988). Scaly fabrics observed in

different mudstones showed a variety of microfabric

geometry (plastic and dilatant), ascribed to different

structural (and mean effective stress) levels of the

different clays and to changes in pore-fluid pressure

and strain rate (Agar et al., 1988; Takizawa and

Ogawa, 1999). The deformation of the Boom Clay

can be described by an elasto-plastic constitutive

model to explain the coexistence of brittle and ductile

fabrics, based on amount of shear strain, where shear

strain is concentrated along both ductile (non-dilatant)

and brittle (dilatant) shear bands.

5.3. Elasto-plastic deformation of the Boom Clay

A general observation made about the microfabric

of the disturbed zones along the whole excavated

gallery is the coexistence of both brittle and ductile



Fig. 9. Examples of ductile shear bands occurring as compacted secondary listric faults.
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structures in the same leading fault zones. Fig. 12

illustrates the stress situation of the Boom Clay at the

URF at Mol at different time points in Mohr–Cou-

lomb space. Stress circle 1 shows the initial stress

situation corresponding to a vertical r1 and a hori-

zontal r3 deduced from a k0 value of 0.8 (Horseman et

al., 1993). Total vertical stress is 4.6 MPa, and

assuming a hydrostatic pore pressure of 2.2 MPa,

effective vertical stress is 2.4 MPa and effective

horizontal stress is around 1.9 MPa. The differential

stress is thus 0.25 MPa at a mean effective stress of

2.15 MPa. This stress condition is clearly unfavoura-

ble for brittle failure. However, due to the void created

by the horizontally excavated gallery, the horizontal

(axial) stress (r3) drops at the (unsupported) gallery

front, whereas the vertical stress reduces much less at

the gallery front due to fast sidewall support (Fig. 12,

circle 2). This has a consequence that the Mohr–
Coulomb failure criterion is passed and failure can

occur on planes favourably oriented relative to the

maximal compression direction. Because this direc-

tion changes in function of the position in the gallery

(close to the centre or close to the front), a variety of

slip planes will develop (Dehandschutter et al., 2002).

As a result of gallery excavation, the least principal

stress will drop towards zero, virtually creating con-

ditions of high differential stress-inducing shear faults

(Fig. 12, circle 3). Effective normal stress is now

sufficiently low for brittle and hybrid shear fractures

to develop (Engelder, 1994).

Dealing with soft sediment deformation, we have

to consider volumetric strain and plastic transitional

behaviour of the clay (Maltman, 1994; Petley, 1999).

Fig. 13 proposes a schematic diagram of the (elasto-

plastic) stress path followed by the Boom Clay during

the excavation of the gallery to explain the develop-



Fig. 10. Ductile shear zone developing at the fault tip where shear

strain extincts. Deformation is accommodated by a reorientation of

the clay particles in sinistral simple-shear conditions, without loss of

cohesion. The principal shortening direction here is upper-right–

lower-left of the photograph.

Fig. 11. Distinction between brittle and ductile failure in a shear

stress– shear strain diagram.

Fig. 12. Mohr–Coulomb diagram showing the various stress states

for the Boom Clay before (circle 1) and during (circle 2) gallery

excavation. Circle 3 shows the hypothetical circle for a total drop of

sigma 3, indicating strong differential stress causing failure and

intense faulting in the clay massif, in agreement with the

observations.
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ment of the different microstructures initiating at

different stages during deformation. Some stages in

the stress path are denoted by numbers:

(1) Early, burial-related consolidation along a k0 stress

path. Deformation occurs by volumetric strain

(porosity reduction) and accentuates bedding

anisotropy and clay particle alignment (Fig. 2).

(2) At the onset of excavation, differential stress is

increased and mean effective stress reduced (by

the opening of the gallery). The stress path

follows the plastic yield surface and ductile

deformation takes place in the low strain zones

(Section 5.1, Figs. 5 and 8).
(3) At a certain strain level, peak strength is reached

and brittle faults with dilatancy develop (Section

5.1, Figs. 4–7), up to the residual strength

envelope (4).

(4) At the clay’s residual strength level, shear strain

ceases and faults are blocked.

It is obvious that, depending on the convergence of

the clay and hence on the support of the lining and the

speed of excavation, strain can attain different amounts
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in different adjoining zones of the same clay, allowing

both ductile and brittle fabric to occur close to each

other.

Fracture porosity and related fluid flow will occur

only in case of dilatancy of the clay body, associated

to shear strains under differential stress. In general, the

onset of dilatancy is controlled by the critical state line

and the critical state friction parameter M (Fig. 13,

compressive strength/mean effective stress ratio,

Ingram and Urai, 1999). As long as critical stress

ratio is not reached, strain will be first volumetric for

normally consolidated sediments, and later, when the

plastic yield surface is reached, ductile. If the stress
Fig. 13. Model for the deforming Boom Clay at the URF during

gallery excavation. (a) Shear stress– shear strain diagram illustrating

the concept of transitional clay behaviour. 1. k0 strain path.

Deformation by volumetric strain (void ratio reduction). 2. Plastic

failure. 3. Brittle failure. 4. Residual strength. (b) Differential stress

( q) –mean effective stress ( pV) diagram illustrating the possible

effective stress path followed by the Boom Clay during deformation

(dashed line). P.S.: peak strength. R.S.: residual strength. k0: normal

consolidation line.
path passes the critical state line at peak strength,

brittle failure will occur with resulting fracture poros-

ity (e.g. Roscoe and Burland, 1968; Wood, 1990; see

Fig. 13).
6. Conclusions

The Boom Clay, deformed by stress concentration

during gallery excavation at 224 m below the surface,

shows a wide variety of microstructures (centimeter to

micrometer scale), ranging from pure dilatant brittle

faults and tension gashes to plastic and compacted

ductile shear bands. Both types of shear zones occur

very close to each other on the same hand-piece

samples. It is clear that most of the dilatant (open)

fractures are due to dynamic deformation and are not

merely artefacts created by desiccation or decompres-

sion. The clay deformation described here provides a

good example of brittle–ductile transitional behaviour

in undrained conditions, mainly controlled by fracture

orientation and shear strain, and changes in the local

confining pressure. This is due to the nature of the

deformation, caused by gallery excavation. Ductile,

plastic deformation occurs in relatively low strain

zones (micrometric displacements), where a reorien-

tation of the clay particles together with a reduction of

pore space along the shear zones determines the local

fabric, which is closed. In high strain zones (centi-

metric displacements), affected by larger strain rates

(block collapse), a brittle, dilatant fabric dominates.

An explanation for the observed transitional fabric is

found in the elasto-plastic constitutive model applica-

ble for weak clays with high water content. After the

plastic yield surface has been reached, ductile defor-

mation takes place by compactive particle reorienta-

tion, up to the moment where shear strain attains a

level where cohesion is lost and brittle, dilatant

fractures (faults and joints) develop.

This study contributes to the understanding of

transitional mudstone deformation by providing a

microscopic morphological description of deformed

mudstone, sampled at depth (224 m). Dilatancy, the

process responsible for fracture porosity and perme-

ability increase creating preferential pathways and

possible fluid flow with increase in hydraulic conduc-

tivity in an otherwise impervious mudstone, is shown

to be possibly caused by formation of large macro-
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scopic dilatant shear fractures (faults and joints) and

by microcracking prior to macroscopic failure (brittle

dilatant response).
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