A Goal Orientated Approach
to Rock Slope Engineering

By Edward Button and Wulf Schubert

ock slope engineering is rapidly becoming a
key discipline in Civil Engineering as devel-
opment increases throughout the mountainous
regions of the world. The engineering require-
ments may vary considerably depending on
when the engineer becomes involved. For exam-
ple the requirements, available resources and
information, and the ultimate solution are differ-
ent if the project involved a preliminary risk as-
sessment, temporary or permanent cut slope de-
signs, or involved an actively failing slope. In all
of these situations, the solutions are governed by
risk and economics. The goal of the engineering
works is to reduce both the project and public
risks associated with a potential slope instability
or failure to acceptable levels.
In order to asses a slope’s potential instability
a multi-disciplinary approach should be used.
Engineers must work with geologists, hydrolo-
gists, geophysicists, and geodesists when evalu-
ating a specific slope. The geotechnical engineer
and the engineering geologist need to evaluate
the available information and perform site re-
connaissance to develop a site specific geologic
model and determine what material parameters
need to be evaluated and how to evaluate them.
Hydrologists are necessary to evaluate the
groundwater and hydrological system and assist

the engineer in determining its importance to the
slopes behavior. Geophysicists provide methods
to evaluate a geologic features extent in the sub-
surface, as well as monitor active brittle failure
with acoustic methods. The geodesists provide
techniques for monitoring the surface and sub-
surface deformations with unprecedented accu-
racy. All of the information must be combined
into a coherent model that can describe how the
slope is behaving and what will happen over the
course of time as environmental or engineering
perturbations occur to the system. It is the goal
of this paper to assist the geologist and engineer
in identifying what is necessary, from a proce-
dural point of view, to perform a robust evalua-
tion of a slope’s behavior. Several examples will
be shown to highlight the principles discussed
within this contribution.

Site investigations

The goal of the initial site investigation is to de-
velop a site specific geologic model that allows
the identification of active or potential failure
modes. From this, additional investigations are
designed that focus on acquiring the information
necessary to perform a robust engineering anal-
ysis and design.

Zielorientierte Behandlung von
Felsb6schungsproblemen

Die ingenieurmdfliige Behandlung von Felsboschungspro-
blemen erfordert eine intensive interdisziplinéire Zusam-
menarbeit. Ingenieure und Geologen miissen von Anfang
an mit Geophysikern, Hydrologen und Geoddten eng zu-
sammenarbeiten, um ein méglichst genaues geologisches
Modell erstellen zu kénnen. Zur Optimierung der Erkun-
dung und der Planung ist eine zielorientierte Vorgangs-
weise zu wdhlen. Fiir jede Phase des Projektes sind die fiir
die Analyse wesentlichen beziehungsweise notwendigen
Informationen zu definieren, und entsprechende Metho-
den zur effizienten Erhebung von qualitativ hochwertigen
Daten zu wiihlen. Die Aufgabe des Geologen ist es, die geo-
logische Architektur zu erarbeiten und darzustellen. Das
Modell soll die mafigebenden geologischen Strukturen, so-
wie Hinweise auf friihere aktuelle Instabilitcitsphdnome-
ne, sowie Erhebungen von potenziellen oder aktiven Versa-
gensmechanismen enthalten. In der Regel sind zusditzliche
Erkundungen in einer zweiten Phase erforderlich, um das
geologische Modell zu verifizieren und zu verfeinern, sowie
die erforderlichen Parameter fiir Stabilitdtsanalyse und

eventuelle Sicherungsmafinahmen zu erheben. Bei der Pla-
nung dieser Phase ist auf einen Zugewinn relevanter Infor-
mation und die Sicherstellung von qualitativ hochwertigen
Daten zu achten.

Rock slope engineering requires a multi-disciplinary ap-
proach. Engineers and geologists must work with geophysi-
cists, hydrologists, and geodesists to develop accurate site
geologic models. In order to optimize the investigation and
design, a goal orientated approach should be taken. For
each phase of the project the information necessary for the
engineering evaluation should be defined and appropriate
methods used to acquire quality data. The geologist needs to
evaluate the sites geological architecture to develop an engi-
neering geological map that documents what major geologic
features exist at the site including any evidence of past or
current instabilities. Potential or existing failure modes
should be identified, and further field investigations planned
to update and confirm the site geologic model and to acquire
the necessary physical parameters for both stability evalua-
tions and designing remedial measures. Throughout this
process the quantity of information will increase and efforts
need to be taken to ensure high levels of data quality.
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Fig. 1 Small block
failure in a road cut
formed by a cross joint
intersecting a major
joint.

Bild 1 Der Verschnitt
von zwei Trennfldchen
fahrt zum Abgleiten
eines kleinen Blocks.

Fig. 2 Examples of
potential instabilities
associated with faults
or shears at different
slope scales.

Bild 2 Beispiele von
potenziellen Versa-
gensmechanismen in
Zusammenhang mit
Stérungen oder Har-
nischen in verschiede-
nen MaBstaben.

The engineer and geologist must communi-
cate throughout this process to optimize the in-
formation gained from the available resources.
The geologic mapping should foremost consider
the scale of the project. For any slope the most
important features will be discontinuities that
are continuous at the scale of the slope or
project. For example, in small road cuts individ-
ual joints can form blocks that are kinematically
free to displace (Figure 1) while in a very large
slope the same joint system may not lead to the
same rock mass behavior. At the other extreme,

intersecting major shears or faults can form very
large blocks that require extensive support mea-
sures, while the similar features encountered in
a small slope can lead to local failures associated
with the local decrease in overall material
strength (Figure 2).

Failure mechanisms

Once the site geological model is established it is
necessary to determine, given the specific geo-
logical and environmental conditions, what pos-
sible failure mechanisms may occur. Clues to
previous or ongoing deformations can often be
observed by careful evaluation of the sites geo-
morphic characteristics. By combining geomor-
phic evidence with the geological conditions pri-
mary and secondary failure modes should be
determined. Goodman and Kieffer (1) and Good-
man (2) present a review of slope failure modes
and distinguish them by a kinematic hierarchy.
This is a different approach than evaluating po-
tential slope behavior through rigorous stress
analysis, and is very practical during investiga-
tion stages as it helps to focus additional survey-
ing and testing on the key parameters necessary
for evaluating the identified failure mechanisms
and potential remedial measures.

One of the most difficult engineering decisions
is whether the rock slope can be treated as a con-
tinuum. Research work by many, including Kief-
fer (3) demonstrate that as the block size de-
creases relative to the scale of the slope, the
overall behavior approaches that of a continu-
um. If major features (with weaker material
properties) still exist within the slope or if one
discontinuity set governs the failure mode then
this assumption should be verified by performing
additional analyses of discrete block systems and
comparing the results to that of the continuum
approach.

The evaluation of more complex failure mech-
anisms requires additional care as the mecha-
nisms involved can be quite interdependent. De-
formation of one zone or mode may create addi-
tional kinematic freedom for a more critical
mode that leads to increased movements or
slope failures. Many failure modes can often be
observed in large deforming slopes, to properly
analyze the slope the underlying mechanism
needs to be determined. Then the secondary fail-
ures can be treated individually if they still pose
a risk.

One must also consider if blocks are incom-
pletely formed, rock bridges form a vital strength
component in many rock slopes. Their behavior
is very difficult to model and new approaches
that base the overall strength on cohesion loss
and friction mobilization with strain show some
promising results (4, 5, 6) as do methods based
on fracture mechanics and stress corrosion (7).
The latter is still more in the research stage and
is more difficult to apply as evaluating the cor-
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rect material parameters is difficult and time
consuming.

Triggering mechanisms

Once the potential failure modes are deter-
mined, the next goal is to identify possible trig-
gering mechanisms. Triggering mechanisms can
be either natural phenomenon or induced by
man. The most critical triggering mechanisms
usually involve changes in the slope geometry or
the hydrological system. Other common factors
include dynamic loading (most commonly from
earthquakes), static loading, loss of material
strength due to weathering, freeze-thaw cycles,
etc. and a loss of lateral support through erosion
or in some cases glacial retreat. Once the trig-
gering mechanisms are identified and appropri-
ate levels are determined which would result in
slope instability, remedial measures can be de-
veloped to both prevent that level from being
reached or to physically restrain the slope sys-
tem.

Material parameters

In addition to having the correct system geome-
try, appropriate values for the strength and de-
formability are essential for any engineering
evaluation. The evaluation of engineering mate-
rial parameters should consider the identified
failure modes and mechanisms, as well as poten-
tial remedial measures. This information should
be used to determine where and how samples
are acquired and to develop appropriate testing
procedures that simulate the correct boundary
conditions. Data quality should be the focus of
the investigation, a few correct samples and ap-
propriate tests are much more valuable then a
huge number of tests that are not directly appli-
cable to the engineering analyses. Laboratory
results are very valuable if the tests are part of
the overall evaluation but can be misleading if
not directly related to the problem under investi-
gation. Bliimel and Semprich (8) discuss these
concerns as well as how different boundary con-
ditions can be simulated in the laboratory with
modern testing equipment.

Examples

Figure 3 shows a wedge failure in a foliated
rock mass created by the intersection of a cross
joint and a slickensided foliation plane. To
evaluate this failure mechanism the joint and
foliation planes orientations and dip (as well as
their variability) are necessary as are the
strength properties of the surfaces. In this case
deformability is not necessary as elastic defor-
mations are not really of concern. What is im-
portant, and often impossible to measure in
space is the curvature It should be noted that
the cross joint is not planar (evident by the

intersection line) and therefore

curved
predicting the safe excavation depth given the
location of the intersection above the slope
would have conveyed false security. In many

Fig. 3 Wedge failure
in a foliated rock mass.
Note the curved line
of intersection indi-
cating non-planar joint
surfaces.

Bild 3 Keilversagen
in geschiefertem Ge-
birge. Der gekriimmte
Verschnitt zeigt, dass
die Trennfldchen nicht
eben sind.
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Fig. 4 Simplified geologic cross section of the Eiblschrofen.

Bild 4 Vereinfachter geologischer Schnitt durch den Eiblschrofen.

Fig. 5 The first major block fall at Eiblschrofen on the 10% of July.

Bild 5 Der erste Felssturz am Eiblschrofen vom 10. Juli.

Fig. 6 Photo on the 12" of July.
Bild 6 Foto vom 12. Juli.

Vermessungspunkte

cases joints or faults associated with complex
deformations are curved. This characteristic
often results in increased stability if the block
movement is restricted due to dilation. In other
cases where dilation does not restrict block
movement the difficulty in projecting the fea-
tures in space can lead to errors in the analysis.
This case demonstrates several difficulties as-
sociated with a relatively simple failure mode.
These problems are not restricted to this exam-
ple but are encountered in many projects asso-
ciated with complexly fractured and or folded
rock masses where joints and faults are often
curved.

The next example focuses on the difficulty in
determining triggering mechanisms when mul-
tiple mechanisms may be acting on the system.
In this example a dolomitic rock mass experi-
enced several large block failures over a period
of several months. A major fault zone separates
the failing dolomite rock mass and phyllites that
extend towards the mountain peak. A simplified
geological section is shown in Figure 4. Fig-
ures 5, 6 and 7 show the progressive initial fail-
ure of the dolomite over a period of four days.

The first figure shows the initial slope failure
which involved a wedge, created by a major
shear plane (open fracture right side of the fail-
ure) and a highly weathered filled joint (evident
by the coloring). The additional kinematic free-
doms introduced by the first failure coupled with
continued movement of the entire slope induced
several additional wedge failures over the next
several days and weeks. There are two possible
triggering mechanisms for this case. High pre-
cipitation amounts throughout the winter and
spring increased the ground water levels in the
phyllites behind the dolomite. This increased the
load on the dolomite, which acts like a buttress
for the phyllites, gradually toppling the slope.
The toppling caused previously stable blocks to
fail (9). Indeed throughout the Alps large land-
slides were reactivated in the spring-summer of
1999 consistent with the climatic influence as a
probable mechanism (10). The other potential
influencing factor is a mine located some 400 to
450 m beneath the slope (11). A previous mine
cavity failure propagated to the surface, result-
ing in a typical sink hole type depression at the
surface, however the stability of the dolomite
was not compromised in this event. A failure in
another section of the mine has not been proved
or disproved due to lack of access. So this influ-
ence is still debatable.

Information necessary to analyze this failure
includes orientation data of major features, es-
pecially noting which joints have opened, where,
in which direction, and how deep if possible.
Strength data for the dolomite including both,
discontinuities and intact rock, the intact rock is
necessary to evaluate the strength of rock bridg-
es that gradually fail as the load conditions
change. Ground water levels in the phyllites, the
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orientation and strength data, as well as the geo-
metry and failure characteristics of the potential
mine collapse need to be known. This is an im-
portant consideration for evaluating the trigger-
ing mechanisms. A slope monitoring program
was initiated after the failure. This data assists
in modeling the post failure behavior, however
no monitoring data was available before the fail-
ure. So the magnitude and style of the failures
development are not available for calibrating the
model.

By examining the joint orientation data, po-
tential failure modes can be distinguished, in-
cluding toppling, sliding, and multiple wedges.
Figure 8 shows a summary of the joint and fault
orientations provided in a geological report (12).
When displayed in this manner individual modes
are difficult to distinguish, ideally in a geologic
report accompanying the summary would be in-
dividual plots showing which discontinuities re-
sult in which failure mechanism. In addition to
this, the spatial characteristics and relationships
of these discontinuities are important for evalu-
ating the slope behavior.

Figures 9 and 10 show a slope excavated in a
sequence of sandstone and claystone. The thick-
ness of the claystone layers ranged between 10
to 30 cm. The initial slope was cut at angles be-
tween 50° and 56° taking advantage of the sand-
stones strength. Immediately after the excava-
tion the slope began to deform. The deformation
in the weak claystone resulted in brittle fractur-
ing of the thicker sandstone layers forming
blocks which were then able to detach, slide and
fall into the excavation. This process continued
until the slope approached the original slope an-
gle. No additional support was implemented and
it was necessary to acquire more land to accom-
modate the final stable slope.

One must consider how the components of a
complex system will interact if and when defor-
mation begins. Even though a component or in-
dividual feature may make up only a small por-
tion of the rock mass if it is considerably weaker
and continuous it may control the entire slope
response. Overlooking these features and their
importance can potentially lead to problems as
demonstrated with this example.

Conclusion

Rock slope engineering is a complex field that
requires engineers and geologists to work to-
gether towards a common goal. The engineer
requires specific information to solve the prob-
lem at hand and must be aware of how the geo-
logy influences the slope behavior. The geologist
must approach the project from a perspective of
the engineer, what is necessary to describe the
engineering behavior of the rock mass while
supplying accurate information about the sites
geologic architecture. It is tempting to provide a
complete description of the geologic develop-

Fig. 7 Photo on the
14t of July.

Bild 7 Foto vom
14. Juli.

Fig. 8 Measured
joint orientations (low-
er hemisphere) at the
western part of the
Eiblschrofen The dash-
ed line represents the
slope orientation.

Bild 8 Kluftdia-
gramm des westlichen
Bereichs des Eibl-
schrofens. Die strich-
lierte Linie zeigt die
Orientierung der
Béschung.

Fig. 9 Photoof a
failing rock cut show-
ing the original slope
height and approxi-
mate angle. Note the
shallow dipping clay-
stone beds forming
the breaks in the
slope.

Bild 9 Flach einfal-
lende Tonsteinlagen
fiihren zu Béschungs-
versagen.

Fig. 10 Close up of
one claystone layer
and fracturing of the
overlying sandstone.
Bild 10 Detailansicht
einer Tonsteinlage mit
dartiber liegendem
Sandsteinblock.
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ment of a site. Much of this information has pur-
pose in developing relationships between differ-
ent materials, discontinuity sets, their distribu-
tions and material properties. It is up to the engi-
neering geologist to interpret these relationships
and communicate to the engineer the locations,
relationships, and conditions of important fea-
tures. Together they must develop a geologic
model with appropriate material properties that
can be evaluated using today’s techniques. The
investigation phase of a project lays the ground-
work for all further engineering work. Focusing
the investigation on acquiring quality informa-
tion about the key geologic structures, their ma-
terial properties, and confirming the geologic
conditions that influence the slopes behavior op-
timizes resource utilization. An accurate geolog-
ic model is essential for meaningful rock engi-
neering analyses.
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