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M ost serious geotechnical problems related
to rock engineering are generated by brit-
tle faults. Despite the tremendous importance of
faults in engineering practice only a little is
known about the engineering properties of faults
and their engineering geological characteriza-
tion and identification. The objective of this pa-
per is to discuss aspects of the characterization
and investigation of brittle faults and to present a
diagnostic engineering geological classification
of fault rocks.

Among the numerous attempts by structural
geologists to define narrow zones of concentrat-
ed, high shear deformation, there is general
agreement on the distinction between brittle
faults and ductile shear zones according to the
physical conditions in which the deformation oc-
curred.

Ductile shear zones are generated in deeper
parts of the crust, where metamorphic condi-
tions exist (1) which may or may not change the
mechanical properties of the affected rocks. In
ductile shearing the material integrity is not lost
during deformation. Main deformation mecha-
nisms are crystal plasticity, dynamic recrystalli-
zation, solution mass transfer, dislocation creep,
diffusion creep and grain boundary sliding.

Faults are common features of the upper
crust. They are complex structures resulting
mainly from brittle fracturing deformation. Con-
sequently, faults have the highest impact on the

rock mass properties. Faults may range from
decimetres to hundreds of kilometres in trace
length, either continuous as well as discontinu-
ously. The predominant small-scale deformation
mechanisms of brittle faults are mechanical
damage processes such as micro-cracking, frag-
mentation, grinding with rigid-body rotation and
frictional wear. These processes result in grain
size reduction, dilatancy and a dramatical drop
in strength as compared to the source rock
(“protolith”). Low-temperature solution transfer
contributes to the alteration of brittle faulted
rocks through transformation and neoformation
of clay minerals (2, 3, 4) or other secondary min-
erals (carbonates, oxides). As a result cohesion-
less “soil-like” or cemented cataclastic rocks de-
velop, such as gouge, cataclasite, breccia and
pseudotachylite (5).

Typical features of brittle faults

Brittle faults are geotechnically problematic be-
cause of their complex structure and the tecton-
ically disturbed weak rocks associated with them
(6, 7). Typically, a pattern of shear and tensile
fractures occur in a brittle fault, reflecting the
geometry of the displacement field during fault-
ing, and indicating the orientation of principal
stresses. Kinematic indicators such as slicken-
sides (striations) may be evidence of the latest
relative movements.

Ingenieurgeologische Charakterisierung
sproder Stérungszonen und Klassifizierung
von Stérungsgesteinen

Sprode Storungszonen haben eine auferordentliche Be-
deutung im Felsbau. Die geotechnischen Probleme im Zu-
sammenhang mit Stérungen sind die enorme Heterogeni-
tdt in bezug auf ihre interne Struktur, den raschen Wech-
sel von Gesteinen mit geringer und hoher Festigkeit und
die Grundwasserverhdiltnisse. Die extreme Komplexitdit
von sproden Storungen erschwert ihre geotechnische Cha-
rakterisierung und Erkundung. Die Wichtigkeit, bei der
ingenieurgeologischen Analyse von Storungsgesteinen
geometrische und geomechanische Merkmale zu analysie-
ren, die spezifisch sind fiir ,Block-in-Matrix“ Gesteine,
wird hervorgehoben. Basierend auf Erfahrungen aus der
Erkundung und dem Bau von Felsbauwerken, wie Talsper-
ren, Felsboschungen und Tunneln, sowie unter Beriick-

sichtigung neuerer Forschungsergebnisse, wird eine funk-
tionelle, diagnostische Klassifizierung von Storungsgestei-
nen vorgestellt.

Brittle faults are extraordinarily important in rock engi-
neering. The geotechnical problems related to faults in-
clude their substantial heterogeneity with regard to inter-
nal structure, abrupt variations in weak and strong rocks
components, and groundwater. The extreme complexity of
brittle faults makes their geotechnical characterization
and investigation difficult. The importance of evaluating
specific geometrical and geomechanical features of “block-
in-matrix“ rocks for the engineering geological character-
isation of fault zones is emphasised. A functional, diagnos-
tic classification of fault rocks is introduced, based on ex-
perience from investigation and construction of rock struc-
tures such as dams, slopes and tunnels, and consideration
of the results of recent research.
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Fig. 1 Blocks
embedded in matrix
(random distribution

of blocks varying in
size and orientation);
a) microscale

(thin section);

b) mesoscale
(polished surface).

Bild 1 Blécke mit un-
terschiedlicher GréBe
und Orientierung in
Matrix eingebettet
(Zufallsverteilung);

a) mikroskopischer
MaBstab (Dinnschliff);
b) mesoskopischer
MaBstab (polierte
Gesteinsoberfldche).

Fig. 2 Lenticular
shaped blocks em-
bedded in matrix
(anastomosing pattern,
significantly aniso-
tropic); mesoscale.
Bild 2 Linsenférmige
Blécke in Matrix
(anastomisierend,
anisotrop), meso-
skopischer MaBstab.

Fig. 3 Randomly dis-
tributed serpentinite
blocks in an ophiolitic
tectonic melange (NW-
Greece); macroscale.
Bild 3 Serpentinit-
blécke in ophiolitischer
tektonischer Melange;
NW-Griechenland;
(Zufallsverteilung;
makroskopischer
MaBstab).

Fault zones typically exhibit substantial het-
erogeneity, consisting of randomly occurring
units of more or less undeformed, unaltered stiff
rock fragments which are surrounded by a
mainly soft, weak matrix. Occasionally, the ma-
trix may be cemented by secondary formed min-
erals, which results in a considerable hardening
of the fault rocks.

There is an abundance of geological names
for the fragmented fabric of fault zones (gouge,
breccia, tectonic chaos, etc.), as well as for the
individual hard components (such as horses,
knockers, clasts, tectonic inclusions, etc.). These
hard fragments are simply termed blocks in this
paper. The mainly lenticular shaped blocks em-
bedded in the matrix of fault zones, show a gen-
erally fractal distribution of dimensions, ranging
from the microscale to hundreds of metres in
length (8,9, 10, 11). The matrix typically consists
of highly sheared fine-grained clayey, silty gouge
and intensely fractured, brecciated rocks (Fig-
ures 1, 2, 3 and 4). The matrix often appears to
flow around the blocks in an anastomosing pat-
tern. The ratio of weak gouge matrix to rock
blocks of different sizes, shapes and strengths is
extremely variable. The distinction between
fragments and matrix is basically a matter of the
scale of observation and engineering interest.
Medley (11) has introduced the term “bimrocks”
(“block-in-matrix”-rocks) to avoid the confusing-
ly rich and complex geological terminology relat-
ed to mixed and fragmented rocks.

Another factor subject to substantial varia-
tion in fault zones is groundwater. Groundwater
elevation plus pressure head, where confined, as
well as flow direction may be very heterogene-
ous within faults and may naturally destabilise
the ground and thus demand suitable drainage
and support measures. It is important to under-
stand that a fault may act as both an aquifer and
an aquiclude (6, 12).

Investigation

To successfully cope with severe geotechnical
problems, which usually are encountered by
construction work in a fault zone, a realistic
three dimensional geological model based on a
geotechnically relevant investigation and char-
acterization of the fault zone has to be estab-
lished. A sound geotechnical assessment of
faults, followed by three dimensional modelling,
has to continue through all design stages from
feasibility, preliminary, detail and final design to
construction.

Brittle faults are often concealed under con-
siderable thicknesses of overburden, and their
presence must be inferred indirectly from field
evidence. Surface features helping to locate and
trace brittle faults are linear depressions associ-
ated with seeps or swamps, landslides, creeping
areas, or scarped linear relief features (Fig-
ure 5).
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The typical morphological features which in-
dicate faults can be evaluated prior to any geo-
logical field work by the study of satellite images
and aerial photographs. Examination of stereo
pairs of aerial photographs allows a three-di-
mensional analysis of fault structures. This re-
sults, for example, in the differentiation of low
angle thrusts and high angle faults. Occasionally
offsets may be observed by imagery analysis. A
useful technique in detecting faults and related
discontinuity structures is remote sensing such
as infrared scanning and airborne radar. A com-
bined morphostructural analysis, based on air-
borne radar and digital elevation models was
successfully performed recently to evaluate Qua-
ternary transfer faulting in Taiwan (13).

Rock exposures may provide important indi-
cations such as fault slip data, concentrations of
major joints and severe fracturing. As a conse-
quence of the scale independence of most fault
structures even small-scale features in outcrops
reflect the architecture and significant charac-
teristics of a concealed larger fault.

An important engineering geological under-
taking is to estimate whether a fault is tectoni-
cally active or not. A fault is commonly consid-
ered to be active if fault displacements are veri-
fied within the Holocene or Pleistocene period.
Geologic field evidence for the recognition of
fault activity is provided by stratigraphical and
morphological analyses (6).

Detailed structural geologic field investigation
on certain fault-related kinematic indicators
(e.g. slickenplanes and striae) are the precondi-
tion for paleostress analyses which make it pos-
sible to reconstruct the deformation history of
the project area. Based on such analyses exten-
sional and compressional regions can be distin-
guished. Such differentiation may have geotech-
nical implications. For example, in extensional
regions, which are characterised by normal or
oblique-slip extension faults, an open-jointed
rock mass or joints healed by secondary miner-
als may prevail at depth. The initial stress situa-
tion may be characterized by lack of confining
pressure, whereas in compressional regions, in-
dicated by thrusting, reverse faults, strike-slip
faults and oblique-slip contraction faults, a high
confining pressure may exist.

In order to obtain reliable information on the
geometry and mechanical properties of faults,
we also need subsurface investigations which in-
clude trenches, core drilling and geophysical
surveys.

Exploring brittle fault zones by means of core
drilling is a very exacting job and requires an
experienced geologist, a particularly skilled
drilling crew, and high-quality drilling equip-
ment. Both equipment and drilling technique
must be selected to suit the particular ground
conditions of the fault zone. Washing out of fine-
grained gouge and disturbance of the shear
structures must be avoided. A common example

of poor practice in the drilling of “block-in-ma-
trix”-rocks is alternately dry and flush drilling.

Better results have been obtained by drilling
in faults continuously with double or triple tube
core barrels and using a polymer as a flushing
agent which avoids the disintegration of the drill
core and promotes drill hole stability by the for-
mation of a transparent filter skin on the bore
hole wall.

Core logging by the engineering geologist
should in particular record the proportion of
fine-grained gouge matrix and blocks, the de-
gree of alteration and fracturing, as well as the
surface properties of discontinuities and their
inclination to the borehole axis. A kinematic
structural analysis has been recently developed
which is performed on selected drill cores (14,
15). This is a combined analysis by means of the
Acoustic Borehole Televiewer, a visual inspec-
tion of the drill cores and a computerised evalu-
ation of the detected distinctive features (surface
characteristics and geometric pattern of discon-
tinuities). Together with surface outcrop data
the results facilitate the differentiation of struc-
tural domains along the borehole axis and the

Fig. 4 Lenticular
blocks embedded in
matrix which shows
ductile and brittle
deformation features
(N-Thailand); macro-
scale.

Bild 4 Linsenférmige
Blécke in Matrix mit
duktilen und spréden
Charakteristika (Nord-
thailand); makrosko-
pischer MaBstab.

Fig. 5 Fault escarp-
ment, indicated by
steep clear-cut slope
(North Eastern Ana-
tolian Fault, Turkey).
Bild 5 Stérungs-
verlauf markiert durch
steile, ebenfldchige
Hangmorphologie
(Nordostanatolische
Stérung, Trkei).
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Fig. 6 Engineering
geological classifi-
cation of cataclastic
rocks (fault rocks).
Bild 6 Ingenieurgeo-
logische Klassifizierung
von Kataklastischen
Gesteinen (Stérungs-
gesteinen).
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establishment of a 3D conceptual model of the
rock mass discontinuity-bound kinematics.

Borehole in-situ-testing in faults should rou-
tinely be limited to hydraulic tests, such as Lu-
geon or slug and pulse tests. We do not recom-
mend the performance of dilatometer or pres-
suremeter tests used in a drill hole to obtain data
relating to the deformability of a rock mass. The
extreme variability of a fault zone, with alterna-
tions of soft and hard rocks, renders the execu-
tion of the test both risky and time-consuming,
and the data obtained can only be used with high
uncertainties.

For an adequate characterization of the me-
chanical properties of the tectonically disturbed
rock mass, one must mainly rely on laboratory
testing of core samples. Bear in mind, however,
that the reasonable determination of rock mass
parameters decreases with increasing weak-
ness of the rock concerned. Conventional labo-
ratory analyses should include triaxial and di-
rect shear tests, swelling tests and quantitative
clay mineral analyses. The risk of disturbing
core samples, the problems involved in sample
preparation and, finally, the extreme variation
of test results all make it extremely difficult to
obtain representative mechanical data. Experi-
ence has shown that, to be on the conservative
side, drained direct shear tests on disturbed
samples of grain size fraction < 40 pm should be
used. However, by focussing only on the fine-
grained matrix the potentially substantial me-
chanical contributions of blocks will be ignored.
Medley (11, 16), Lindquist (17, 18) and Good-
man & Algren (19) show the vital importance of
including blocks in the determination of
strength and deformation properties of “block-
in-matrix” rocks.

Breccia
—| Siliceous If

Pseudo-
tachylyte

The routine field instrumentation required for
the hydrogeological investigation of fault zones
are stand pipes or piezometer installations in
boreholes, which provide a continuous, long-
term check on the groundwater situation. But
due to the complex conditions along fault zones,
a substantial number of such installations is of-
ten needed.

The exploration of fault zones by direct inves-
tigation methods should be supplemented by
geophysical methods. We recommend gamma-
log measurements as suitable geophysical bore-
hole logging. This method facilitates the record-
ing of fault segments dominated by clayey goug-
es. Conventional geophysical field surveys con-
sist of refraction seismic methods and resistivity
methods. More recently reflection seismic meth-
ods were successfully applied to get a better un-
derstanding of the fault pattern along a tunnel
alignment. For the route selection of the Koralm
base tunnel (Iength 32 km, maximum overbur-
den 1 700 m) which will be part of the Austrian
high speed railway, high resolution reflection
seismics were performed to obtain information
of the fault structure at depth (20). A satisfacto-
ry image of the fault structure including relative
movements could be achieved down to a depth
of 2 000 m. A problem with this method is the
interpretation of seismic anomalies in terms of
significant structural features and the precise
allocation of the identified structures.

Classification of fault rocks

The classification of fault rocks as found in struc-
tural geology proposals is typically either based
on the parameters fabric, texture, clast size and
maitrix percentage (1, 21) or on a genetic-micro-
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structural description in a rate of strain vs. rate
of recovery reference frame (22).

More recent and reasonably applicable
schemes, based on the former classifiers, are
thought as guidelines to present usage only,
since the terminology applied to fault rocks is by
no means generally agreed upon (5, 23). An ex-
tensive discussion of fault rocks is presented by
Snoke et al. (24).

Besides of some problems with definitions in
the classifiers, major drawbacks of the men-
tioned classifications in engineering geological
application are that they generally do not con-
tain much geotechnically valuable information
and are not applicable to classify the rocks of a
brittle fault zones as a whole. The latter is a con-
sequence of the close interlacing and complex
relationships of different fault rock types within
the fault zone.

The first geotechnical classification of fault
rocks was presented by Brekke and Howard
(25). An “engineering geological classification of
fault rock” was introduced by Zhang et al. (26).
In both classifications the heterogeneous nature
of rocks generated by brittle faulting is not well
defined. D’Elia et al. (27) and Manfredini et al.
(28) have classified “structurally complex rocks”
but without further differentiation of the catego-
ry “chaotic mixtures of weathered blocks in a
clayey matrix” (which are commonly olisto-
stromes).

Due to the shortcomings of previous attempts
to classify the highly complex and variable fault
rocks, we here propose a diagnostic functional
classification which is based on our experience
from investigations for, and construction of, rock
structures such as dams, slopes and tunnels; and
on the results of recent research (11, 16, 17, 18,
29, 30, 31, 32).

According to conventional engineering geo-
logical usage, the term fault rocks generally
only applies to the products of brittle faulting
and the potential subsequent alteration or ce-
mentation of the fault by migrating fluids. Clas-
sification proposed here considers both matrix
and block characteristics, as well as secondary
cementation since all it is the combined contri-
butions of these components together deter-
mine the performance and strength of the fault-
ed rock mass.

The basic classification of the rocks produced
by brittle faulting, for which we suggest the term
cataclastic rocks, consists of the differentiation
between the cohesive or noncohesive (cohesion-
less) character of the faulted rock, i.e. whether it
has the properties of hard rocks or else of soil-
like material (Figure 6).

For cohesive cataclastic rocks, the strengths
of both fragments and cementing material, as
well as the degree of cementation, determine the
rock properties. Cemented fault rocks (fault bre-
ccia, pseudotachylyte) may be subject to the
same characterization methods as used com-

monly for hard rocks. In view of our experience it
is geotechnically more important to differentiate
fault breccias by their degree of cementation and
type of cement than by the size of clasts (mega-
breccia, breccia, microbreccia), as has been sug-
gested elsewhere in the structural geological lit-
erature (5).

The differentiation of cohesionless cataclastic
rocks is based on the identification of geotechni-
cally significant blocks, in which blocks have a
strength contrast relative to matrix, and the
block sizes and block volumetric proportions are
sufficient that they influence the mechanical be-
haviour of the fault rocks (11, 17).

Blocks are mechanically distinct from matrix
if there is a contrast between the strength or
stiffness of the blocks and the strength or stiff-
ness of the matrix. For example, based on the
laboratory experience of Lindquist (17), Medley
(11) proposed a minimum strength contrast
based on friction angle ratio (tan ¢ of weakest
block)/ (tan ¢ of matrix) of between 1.5 and 2.0.

The discrimination of block sizes from matrix
materials is not a trivially easy task when blocks
sizes in fault zones may range between millime-
ters and hundreds of meters. Indeed, block size
distributions in brittle faults will often be frac-
tal; that is, obey negative power laws with rela-
tively few large blocks and increasing numbers
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Fig. 7 Transition from
blocky rock mass into
“bimrock” (central part
of picture); mesoscale.
Bild 7 Ubergang

von blockigem Gebirge
in ,,Block in Matrix*“
Gesteine (mittlerer
Bildabschnitt); meso-
skopischer MaBstab.
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of ever diminishing smaller blocks. Following
the procedure of Medley and Lindquist (8) our
diagnostic classification proposes the minimum
size of blocks to be 6 cm, which is 5 percent of
an assumed reasonable scale of engineering in-
terest of 1.2 m. All material with maximum
block sizes which do not exceed 6 cm (corre-
sponding to the gravel size limit) would then be
defined as “matrix”. Within this matrix the pa-
rameters grain size distribution, plasticity and
content of critical clay minerals are of geotech-
nical interest.

After defining “block-in-matrix” rocks on the
basis of strength contrasts between blocks and
matrix as well as block sizes, further differentia-
tion is achieved by determining the volumetric
block proportion, which strongly influences the
shear strength of a block-in-matrix rock mass
(11, 16,17, 18, 19, 30, 32). Based on the work of
Lindquist (17) Medley (11) defined limiting volu-
metric block proportions in “block-in-matrix”
material. Geotechnically significant blocks in a
“block-in-matrix” rock mass are influential at
volumetric block proportions (proportion of vol-
ume of blocks to total rock mass volume) be-
tween about 75 % and 25 %. If a “block-in-ma-
trix” rock mass within a brittle fault falls be-
tween within these limits, we suggest that the
“block-in-matrix” fault rock be called a “tectonic
bimrock*®.

For “block-in-matrix” rocks with volumetric
block proportions > 75 % the term “blocky rock
mass” can be used (Figure 7). “Block-in-matrix”
rocks with a volumetric block proportion of
< 25 % are assigned to the matrix independently
from block sizes.

As shown by Lindquist for physical model me-
langes and other “block-in-matrix” materials, as
volumetric block proportion increases the total
strength of the tectonic bimrock increases. The
strength properties of tectonic bimrocks can
thus be evaluated using a simple and direct rela-
tionship between the angle of internal friction of
tectonic bimrocks and the volumetric block pro-
portion (17).

The differentiation of the matrix generally fol-
lows the standard procedures used to describe
and classify soils in soil mechanics (Unified Soil
Classification System, British Standard Institu-
tion). The principal classification parameters are
particle size distribution (or grading) and plastic-
ity, from which the soil name can be deduced.
Following the engineering soil description, we

suggest differentiation between gravel, sand, silt
and clay dominated cataclasite, to yield one of
G-, S-, M- or C-cataclasite. The name cataclasite
is used as a generic term for cohesionless, soil-
like matrix material which is a product of rock
deformation (cataclasis) accomplished by perva-
sive brittle fracturing and comminution of the
grains (5). The name coarse-grained (> 63 pm) or
fine-grained (< 63 nm) cataclasite is used if fur-
ther differentiation is not required, or not possi-
ble. Instead of fine-grained cataclasite the term
gouge, which is very common in engineering ge-
ology, can be used. Gouge can be further differ-
entiated into clayey or silty gouge, if possible.

Conclusions

For the engineering geological characterization
and classification of brittle faults and tectonical-
ly disturbed rocks a comprehensive knowledge
of the fault’s internal structure and its material
properties are required as this is absolutely cru-
cial in order to establish a reliable engineering
geological model of faulted rocks.

Contrary to the common practice in engineer-
ing geology of simplifying a fault into a uniform
zone limited by planar planes, the complex het-
erogeneous fault structure has to be investigated
and represented in detail. For the assessment of
geotechnical properties it is most important to
examine fault kinematics, deformation mecha-
nisms and mechanical as well as hydraulic prop-
erties.

Despite the problems in characterizing com-
plex fault zone features and the great difficulty
to classify the intricate cataclastic rocks a sim-
ple functional classification scheme has been
introduced. We are convinced that the applica-
tion of this classification will contribute to the
improvement of the engineering geological ex-
amination of brittle fault zones. Additionally,
detailed investigations in faulted rocks, at the
usual scales of engineering interest, will yield
data on specific bimrock features such as block
size and block volumetric proportion, data
which can be used to optimise the design and
construction of structures built on or in the
faulted rock mass.
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