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ABSTRACT: The observational approach in rock and underground engineering often is interpreted as “design
as you go”, implying that there is no or only a very basic design available prior to start of construction. Spec-
tacular cost- and time overruns are the consequence of a lack in preparation of the observational approach.
Appropriate preparation includes a thorough investigation and ground characterization as a basis for selection
of the alignment, assessment of possible failure modes, and assignment of appropriate construction methods
to each section of the tunnel.

With a serious observational approach, the design is continuously reviewed during construction to account for
the uncertainties, and updated if required. To optimally adjust the construction to the actual ground condi-
tions, a sound preparation of the project is required.

Even if the preparations prior to construction are perfect qualified personnel is required on site to successfully
implement the observational approach. They need to have a sound understanding of kinematical and me-
chanical processes to be able to make the optimal adjustments to the real ground conditions. Rock mass and
site specific criteria for assigning construction methods to the ground conditions and requirements have to be

developed. Advanced tools for data collection and interpretation assist in making the right decisions.

1 INTRODUCTION

A sound and economical tunnel design depends on a
realistic geological model (Riedmueller and Schu-
bert, 2001), a quality rock mass characterization,
and the assessment of influencing factors such as
primary stresses, groundwater, and kinematics. De-
spite this requirement it is still current practice to
base the tunnel design primarily on experience, ba-
sic empirical calculations, and standardized rock
mass classification systems (Bieniawski, 1974,
1989, Barton et al., 1974, Barton, 1998). Addition-
ally, the on site decisions on excavation and support
modifications are frequently based more on intuition
than on analyses.

To overcome the shortcomings of the current
practice during design and construction, a structured
and coherent design procedure has to be followed. In
the following the basic procedure during design and
construction according to the Austrian guideline for
the geotechnical design for underground openings
(CeGG, 2001) will be briefly outlined. Following
this approach, the design is developed step by step.
The transparent presentation of all design steps dur-
ing construction allows adjusting the construction
methods to the actual ground conditions and re-
quirements. Appropriate  monitoring and data

evaluation methods are devised during the design,
which can be modified as more information is avail-
able during construction.

2 DESIGN PROCESS

The basic procedure consists of 5 general steps to
develop the geotechnical design, beginning with the
determination of the Ground Types and ending with
the definition of excavation classes. During the first
two steps statistical and/or probabilistic analyses
should be used to account for the variability and un-
certainty in the key parameter values and influenc-
ing factors, as well as their distribution along the
projects route (Goricki, 2001, Goricki et al. 2002).
The probabilistic analyses are then continued
throughout the entire process as necessary, resulting
in both a risk analysis and a distribution of excava-
tion classes on which the tender documents are
based (Goricki et al., 2002).

The five steps to be followed are outlined below.

2.1 Step 1 — Determination of Ground Types (GT)

The first step starts with a description of the basic
geologic architecture and proceeds by defining geo-



technically relevant key parameters for each ground
type. The selection of parameters used should focus
on such parameters, which are expected to dominate
the behaviour of the rock mass and have a signifi-
cant influence on the construction method, time and
costs (Liu et al., 2001). A Ground Type is a group of
rock masses having similar physical and/or hydrau-
lic parameters. Not necessarily each lithological unit
leads to a separate Ground Type, if the properties of
different units are the same within acceptable limits.
In general also alternating layers of different rock
types are grouped in one GT. The number of Ground
Types elaborated depends on the project specific
geological conditions and on the stage of the design
process.

Special care has to be taken when evaluating rock
mass parameters. With empirical relationships,
which frequently are based on ratings, completely
unrealistic results for the rock mass strength and de-
formability are obtained under certain circum-
stances. A check on the plausibility of the results is
thus advisable.

2.2 Step 2 — Determination of Ground Behavior

The second step involves evaluating the potential
rock mass response to tunnel excavation considering
Ground Type and local influencing factors, includ-
ing the relative orientation of relevant discontinui-
ties to the excavation, ground water conditions,
stress situation, etc. This process results in the defi-
nition of project specific Ground Behaviours.
Ground Behaviour in this context is defined as the
reaction of the rock mass to the excavation of the
underground opening without consideration of se-
quential excavation steps and support.

One starts with dividing the alignment into geo-
technical units or sections, which exhibit same rock
mass types, influencing factors and boundary condi-
tions. The rock mass response to the excavation is
then analysed in each section. The knowledge of the
rock mass behaviour without the influence of con-
struction measures is an important basis for the de-
sign of appropriate excavation and support methods.

The sophistication of analysis methods depends
on the stage of the project and the complexity of the
expected rock mass behaviour. In early project
stages and for rather homogeneous rock mass condi-
tions, closed form solutions (Feder, 1978, Hoek,
1999) will be sufficient, while for the detail design
or strongly anisoptropic materials appropriate nu-
merical methods will have to be used. Systemati-
cally each section is checked against all possible
failure modes. This in general requires applying dif-
ferent methods of analysis. For example jointed rock
masses will show a tendency to severe overbreak up
to chimney type failure in a low stress environment.
The same rock mass may be perfectly stable under
medium stress, while other failure modes, like

spalling or shearing will have to be expected under
high stresses.

Each characteristic behaviour identified is de-
scribed with respect to applicable Ground Types,
ground water conditions, failure mode or combined
failure modes, and quality and quantity of displace-
ments. In the Guideline eleven basic categories of
Behaviour Types are listed. For the ease of commu-
nication, the behaviours evaluated should be as-
signed to one of the basic categories. Distinct delim-
iting criteria for each Behaviour Type evaluated
have to be used. For example the volume of over-
break may serve as criterion for distinguishing be-
tween different behaviours within the basic category
“discontinuity controlled overbreak”. The depth of
expected failure zone may serve as a criterion to dis-
tinguish between the category “shallow stress in-
duced failures” and “deep seated stress induced fail-
ures”. The delimiting criteria have to be shown in
the geotechnical report. It is quite obvious, that
combinations of failure modes can occur, for exam-
ple overbreak combined with swelling, or shear fail-
ure combined with overbreak.

2.3 Step 3 — Determination of excavation and
support and evaluation of System Behaviour

Based on the defined project specific Ground Be-
haviours, different excavation and support measures
are evaluated and acceptable methods determined.
Section by section construction methods and meas-
ures can be assigned. Once a range of applicable
construction measures is assigned to each section,
the expected system behaviours have to be assessed
and described. The System Behaviour (SB) is a re-
sult of the interaction between the rock mass and the
selected excavation and support schemes. This in-
cludes the definition of the spatial and transient de-
velopment of displacements, and other relevant phe-
nomena. This helps during construction identifying
the “normal” tunnel performance and assessing the
severity of deviations. Very rarely the initial as-
sumption for the chosen construction measures will
be the optimal one, so an optimization process is re-
quired. As there is always more than one solution to
the same problem, generally more than one con-
struction method has to be analysed. As this process
may result in a frequent change of construction
methods in heterogeneous ground conditions, ho-
mogenization of the methods is required to arrive at
a reasonable overall program.

The evaluated System Behaviour has to be com-
pared to the defined requirements. If the System Be-
haviour does not comply with the requirements, the
excavation and/or support scheme has to be modi-
fied until compliance is obtained. It is emphasized,
that different boundary conditions or different re-
quirements may lead to different support and exca-
vation methods for the same basic Ground Be-



Figure 1. Result of a numerical simulation to determine the
Ground Behaviour (upper left), the System Behaviour after di-
viding the face into two sequential excavation steps (upper
right), the System Behaviour after installation of support in the
top heading (lower left), and the System Behaviour after exca-
vation of bench and installation of support (lower right)

haviour within one project. A shallow tunnel in
weak ground may serve as example. When built in
open space, surface settlements will be a minor issue
and the excavation and support can be optimised
with respect to construction costs. In built up areas
the excavation and support methods have to be de-
signed to limit surface settlements. Methods of ex-
cavation and support and costs will be quite differ-
ent in both cases.

Regulations with respect to safety factors, loads
to be assumed, life cycle of primary support, etc.
vary strongly in different countries. This also must
lead to different designs for the same ground behav-
iour in different environments.

Once the acceptable excavation and support
methods have been determined both risk and eco-
nomic analyses should be performed to allow appro-
priate assessments during the tender process.

2.4 Step 4 — Geotechnical report — baseline
construction plan

Based on steps 1 through 3 the alignment is divided
into “homogeneous” regions with similar excavation
and support requirements. The baseline construction
plan indicates the excavation and support methods
available for each region, and contains limits and
criteria for possible variations or modifications on
site.

The plan summarizes the geotechnical design and
should contain information on the geological condi-
tions, relevant geotechnical features, limitations (e.g.
surface settlements, blasting vibrations, etc.), as well

as warning criteria and remedial measures for the
case when acceptable limits of behaviour are ex-
ceeded.

2.5 Step 5 — Determination of excavation classes

In the final step of the design process the geotechni-
cal design must be transformed into a cost and time
estimate for the tender process. Excavation Classes
are defined based on the evaluation of the excava-
tion and support measures. The excavation classes
form a basis for compensation clauses in the tender
documents. In Austria the evaluation of excavation
classes is based on ONORM B2203-1 (2001). In
other locations the local or agreed upon regulations
should be used.

The distribution of the expected excavation
classes along the alignment of the underground
structure provides the basis for establishing the bill
of quantities and the bid price during tender.

3 CONSTRUCTION

Even with a good geological and geotechnical inves-
tigation and an up to date design, the adjustment of
excavation and support to the local conditions has to
be done on site in order to achieve an economical
and safe tunnel construction. The uncertainties in the
ground model increase with increased overburden
and the complexity of the geological conditions.
Considerable effort and expertise is required to con-
tinuously update the ground model, predict ground
conditions ahead of the face, identify possible fail-
ure modes, assign appropriate excavation and sup-
port methods, and predict and verify the system be-
havior. The increased information gathered during
construction allows a more precise ground charac-
terization, and thus an optimal adjustment of the
construction method to the ground behavior and re-
quired system behavior.

Many serious problems during tunneling arise
from so called unexpected geological conditions.
This may involve the late detection of faults and
fault zones, but also the inflow of ground water. To
minimize damages and losses due to such condi-
tions, efficient and continuous site engineering is re-
quired.

To allow successful implementation of an obser-
vational approach, several technical and organiza-
tional conditions have to be fulfilled. During con-
struction a similar procedure is followed, as in the
design stage. This includes the identification of the
designed Ground Types, assessment of the associ-
ated Ground Behaviours, and assignment of appro-
priate construction methods to the specific condi-
tions. This process is supported by the evaluation of
the results of the continuing investigation and moni-
toring process. On site the implementation of a



monitoring program targeted to the expected behav-
ior must be implemented in an appropriate density.
Processing, evaluation and interpretation of monitor-
ing results has to be done sufficiently rapidly to al-
low mitigation measures to be implemented in time.
Last, but not least, the site organization shall allow
an efficient decision making process and a rapid im-
plementation of required measures.

3.1 The role of on-site engineering

Although the general nature of the ground may be
known prior to construction, an accurate prediction
of the internal structure is impossible. Thus the
ground model has to be continuously improved dur-
ing construction. Monitoring and data collection
have to focus on the specific problems associated
with project. An important part of the on site activi-
ties of geologists and geotechnical engineers is the
prediction of the ground conditions in a representa-
tive volume ahead of the tunnel face and around the
tunnel. Only if a relatively accurate model exists,
can appropriate excavation and support methods be
selected, and the expected system behavior be pre-
dicted. A second very important task is the monitor-
ing of the system behavior after excavation, and the
assessment of its compliance with the prediction.

3.1.1 Geological tasks

On many sites the site geologist is used only to
document the actual geological conditions. This usu-
ally is done in the form of face maps, with a later
compilation into longitudinal sections and plan
views. This may help in defending or supporting
claims, but is not sufficient to allow for a reasonable
adaptation of the construction to the actual condi-
tions. To fulfill the requirements of an observational
approach, the geologist has to continuously update
the geological model, incorporating the observations
on site. As many of the decisions during construc-
tion have to be made prior to the excavation, like
round length, overexcavation, lining thickness, etc.
the geologist also has to predict the ground condi-
tions ahead of the face and in a representative vol-
ume around the tunnel. To enhance the accuracy of
the prediction, a continuous observation of trends of
certain parameters is required. For efficient data
management and evaluation data base systems with
advanced statistical and probabilistic features can be
used (Liu et al. 1999). Basis for the geological mod-
eling ahead of the face in general is the observation
of trends of structures, recorded in the excavated
section. Traditional manual face mapping increas-
ingly is supported by up to date 3D image systems
(Gaich et al. 2004, 2005). Figure 2 shows an exam-
ple of a 3D model of a tunnel face with measure-
ments of discontinuity orientations taken from the
image. In this way an unbiased evaluation of the
geological situation is possible. In contrast to hand

sketches and discontinuity orientation measurements
with the compass, the information gathered from the
images is complete and accurate, as the images are
calibrated and scaled. Orientations of joints can be
measured from joint planes or joint traces. The
evaluation software also offers options to measure
bedding thicknesses, joint bridges, areas and dis-
tances.
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Figure 2. 3D image of a tunnel face with measurements of dis-
continuity positions and orientations, and statistical evaluation
of discontinuity data with JointMetrix3D Analyst

A series of evaluated images of successive exca-
vation faces allows predicting the rock mass struc-
ture and quality of a representative volume ahead of
the face and around the tunnel by extrapolation.
This, combined with the structural geological
evaluation can lead to a pretty reliable geological
model, forming the basis for predicting ground be-
havior, which again is the basis for the determina-
tion of required construction measures.

3.1.2 Geotechnical tasks

The information gathered by the site geologist is
further processed by the geotechnical engineer,
forming the basis for decisions on construction
method, monitoring layout and reading frequency, to
name a few tasks only. To allow decisions to be
taken in time, all data recording and evaluation has
to be done quasi in real time, and the relevant data
have to be always available to all parties involved in
the construction. Internet based information plat-
forms can be used for that purpose, allowing also
off-site experts to keep track with the information
flow. Based on the geological model, the geotechni-
cal engineer has to update the ground model by as-
signing properties to the geological features. Then
the ground behavior (ground reaction on excavation
without support) for the section ahead is evaluated,
possible failure modes identified, and excavation
and support methods assigned. To support the geo-
technical modeling, the monitoring results of the
previously excavated sections can be used. In a next
step, the system behavior (combined behavior from
ground and construction measures) is predicted and
compared to the requirements, like serviceability,



compliance with limitations (subsidence, vibrations,
etc). Based on the recommendation of the geotech-
nical engineer the Engineer under consideration of
contractual aspects fixes the construction measures.
In case those deviate from those recommended by
the geotechnical engineer, the expected system be-
havior has to be re-evaluated.

The geotechnical engineer also has to determine
the detailed monitoring layout and program, which
should be targeted to capture the expected behavior.
Once the expected system behavior is determined
and the monitoring conducted, the observed behav-
ior is compared to the predicted one. Deviations
from the normal or predicted behavior have to be as-
sessed, and in case of unacceptable developments
mitigation measures proposed. Warning and alarm
criteria and respective mitigation measures are laid
down in a geotechnical safety management plan,
jointly developed by the designer and geotechnical
engineer on site.

3.1.3 Advanced analysis of displacement monitor-
ing data

The geological modeling preferably is supplemented
by an analysis of the monitored displacements. It has
been shown, that the trend of the spatial orientation
of the monitored displacement vector can be used to
identify changes in the rock mass quality ahead of
the tunnel face (Schubert et al. 1995, Steindorfer
1998, Grossauer et al. 2003). Figure 3 shows the re-
sults of a series of numerical simulations, where the
development of the stresses, displacements, and dis-
placement vector orientations for a tunnel crossing a
weak zone are shown.

Figure 4 shows an example of an Alpine tunnel,
where the displacement vector orientation trend
(L/S) significantly changes already when the face is
several tens of meters ahead of a fault zone. At this
project, the normal displacement vector orientation
in quasi homogeneous ground was in the range of 4°
to 9° against the direction of the advance. From
about station 1100m a deviation of the vector orien-
tation from the normal range can be observed. The
peak of the deviation is reached right at the transi-
tion between sound rock and fault zone. With further
progress of the excavation through the fault zone,
the trend of the displacement vector orientation first
tends to the normal range again. When the heading
is within the fault zone, the trend of the displace-
ment vector orientation deviates to the opposite side
of the normal range, indicating the stiffer rock mass
behind the fault zone. For extended fault zones, the
displacement vector orientation generally returns to
the “normal” range again, until the influence of the
boundary to the more competent rock mass is indi-
cated by another deviation. This information can be
used to estimate fault zone extensions.

As a general rule it can be stated, that the higher
the stiffness contrast between faulted rock and
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Figure 3. Distribution of stresses along the sidewall of a tunnel
when the tunnel penetrates a weak zone (top).

Development of displacements, when the tunnel penetrates a
weak zone (center). Trend of displacement vector orientation
(bottom). The different lines show the influence of different
stiffness contrasts between soft and stiff rock (Grossauer,
2001)

neighboring rock mass, and the longer the fault zone
is, the larger is the deviation of the displacement
vector orientation from the normal range. It has been
shown by Grossauer (2001), that this is valid up to a
certain critical length of a fault zone. As for fault
zones with an extent of less than about three to five
tunnel diameters, a certain arching between the more
competent rock masses can be observed, also the
displacement magnitude within the fault zone is
smaller than in a fault zone with a large extension.

Displaying the spatial displacement vector orien-
tation in stereographic projection, the orientation of
faults outside the tunnel profile can be determined
with some accuracy. Naturally also the virgin stress
field and anisotropy of the rock mass influence the
displacement vector orientation. Thus for each pro-
ject the range of “normal” displacement vector ori-
entation will be somewhat different.



3.1.4 Prediction of displacements

Once the geological-geotechnical model for the
region ahead of the face has been established, the
support and excavation measures can be determined,
and the expected displacement development pre-
dicted. Sellner (2000), based on research conducted
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Figure 4. Deviation of the displacement vector orientation
from the “normal” several diameters ahead of a fault zone.
When the excavation passes the fault zone the deviation in the
opposite direction indicates stiff rock mass ahead again.

by Sulem et al. (1987) developed software (GeoFit®)
allowing the prediction of displacements considering
varying excavation sequences, advance rates and
different supports. With this tool it is not only possi-
ble to predict the development of the displacements
and the final displacement magnitude, but also the
effect of different supports. Figure 5 shows such a
prediction of the displacement development for a
shallow tunnel in a tectonic mélange. The excava-
tion was done in a top heading-bench-invert se-
quence.

The shotcrete-rock bolt support is supplemented
by a temporary shotcrete invert in the top heading.
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Figure 5. Predicted development of the displacements for a top
heading-bench-invert excavation sequence. In the top heading
a temporary shotcrete invert is installed

Based on an assumed construction progress, the de-
velopment of the displacements for the top heading
without temporary invert is predicted (dashed line).
Then the temporary invert is added, showing in a
decrease of displacements. In a third step the addi-
tional displacement caused by the bench and invert
excavation are predicted. This approach allows an
assessment of the effectiveness of various support
types and the influence of the construction sequence
on the development of displacements in a very early
stage. With some experience, the displacement de-
velopment can be predicted already a couple of
hours after excavation, if readings are taken in suffi-
ciently short intervals. If it for example shows, that
displacements would be in an unacceptable range,
support can be increased, and the efficiency imme-
diately simulated.

During excavation, the measured displacements
can be compared to the predicted ones (Figure 6).
The big advantage of such a tool compared to tradi-
tional plots of the displacement history only is the
fact that also for unsteady advance a clear assess-
ment of the normality of the system behavior is pos-
sible.
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Figure 6. Comparison of the measured displacements (circles)
to the predicted ones (full lines)

It has been shown in many applications that the
empirical formulations used in GeoFit® for the pre-
diction of displacements very well reflect the ground
reaction. Deviations from the predicted displacement
development thus can be attributed to unusual be-
havior or failure in the ground — lining-system. A
reasonable application of the software however
needs quite some experience.

The previous example shows an excavation with
a very steady advance rate. In such cases the inter-
pretation of displacement history diagrams is pretty
simple, as the displacement rate should continuously
decrease with increasing distance between face and
measuring section. More challenging is the assess-
ment of the normality of the system behavior in case
of an unsteady advance. Figure 7 shows an example,
where a weak zone in the ground to the left of the



tunnel led to overstressing, showing in a pronounced
deviation from the predicted displacement develop-
ment. If the comparison between predicted and
measured displacements is done routinely, such de-
viations can be easily detected, and mitigation meas-
ures implemented in time.
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Figure 7. Typical example of the deviation of the system be-
haviour from the predicted development

3.1.5 Check of lining stresses

For shallow tunnels in urban areas usually a pretty
stiff lining is used to minimize ground deformations.
As such linings tend to fail in a brittle mode at low
levels of deformation the evaluation of the dis-
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Figure 8. Development of lining utilization factor for a stiff
lining, using predicted displacement development (upper dia-
gram), and lining utilization for a ductile lining (lower dia-
gram)

placements only does not provide a reliable indica-
tion of the state of stress. The results of 3D optical
monitoring can be used to evaluate the strain devel-
opment.

With an appropriate material model, considering
time dependent hardening and strength development,
as well as the effects of shrink, temperature and
creep, the actual stress level in the lining can be
evaluated (Schubert, P. 1988, Aldrian 1991, Rokahr
et al. 2002, Hellmich et al. 1999, Macht 2002, Tun-
nel:Monitor, 2006).

The evaluation of stresses in the lining not only
can be done after monitoring results are available,
but also can be predicted on the basis of the pre-
dicted development of the displacements. This is
particularly important in cases, where the tunnel has
to be constructed in weak ground under high pri-
mary stresses. Damages to stiff linings are a com-
mon problem under such conditions. A change of
the lining characteristic from a stiff lining to a duc-
tile lining can be advisable. Figure 8 shows a predic-
tion of the lining utilization on the basis of predicted
displacements. It can be seen, that with a stiff lining,
the capacity of the shotcrete would be exceeded af-
ter approximately one day. Integrating ductile ele-
ments into the lining (Moritz, 1999), leads to a re-
duction in the lining stresses to a maximum of about
50 % of its capacity.

Appropriately using the tools available for the
processing and interpretation of the monitoring data
allows a continuous control of the tunneling process,
thus minimizing the “surprises”.

4 CONCLUSIONS

The uncertainties associated with underground
construction call for continuing design during con-
struction. A continuous adjustment of the excavation
and support methods to the actual rock mass condi-
tions contributes to safe and economical tunneling.

A prerequisite for successful application of such
an observational approach is an appropriate basic
design, which should incorporate means and tools to
cope with difficult conditions. Another must is the
implementation of an adequate monitoring system,
allowing the acquisition of accurate data in due time.
The huge amount of data obtained during excavation
needs to be processed, evaluated and interpreted. For
an efficient decision process the results have to be
available practically in ,real time*, which requires
equipping the site with advanced software for data
management and evaluation. Quite some progress
was made in this respect over the last decade.

Interpretation of geological, geotechnical, and
monitoring data due to the complexity of the ground
and the interaction between ground and construction
still relies a lot on education and experience. Re-
sponsible owners account for this by hiring qualified



geotechnical personnel for the site assistance. Not
only can qualified staff contribute to reduce acci-
dents and damages, but can also identify opportuni-
ties to make the construction smooth and economi-
cal by optimally adjusting construction methods to
the encountered ground. Hard- and software for the
collection, processing and evaluation of monitoring
data have enormously improved over the last dec-
ade. Last but not least, the contractual setup has to
allow the continuous optimization of the construc-
tion.

Internet has made it possible to involve also off-
site experts at comparatively low costs in real time.
All data can be made available on a server, which al-
lows following up the construction from any part of
the world. This way, offsite experts can give advice
on a sound basis at any time required without the
necessity to visit the site. It is quite clear that data
transmitted in such a way cannot replace the per-
sonal impression. Thus for the time being, compe-
tent staff on site is still a very important element of a
successful implementation of an observational ap-
proach in tunneling.

Advances in modeling ground and system behav-
iours, as well as monitoring techniques have made
tunneling less risky. The observational approach has
changed from a “design as you go” procedure with
many surprises and costly delays to an engineering
approach with a flexible response to the actual
ground conditions.
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