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Abstract

The paper presents how geotechnical knowledge can be used for the analysis of geodetic deformation data. With
this contribution the application field of NATM-tunnelling (New Austrian Tunnelling Method) is addressed. The de-
formation analysis is based on heuristic rules which are implemented in a knowledge-based system.

Kurzfassung

In diesem Beitrag wird dargestellt, wie geotechnisches Wissen fiir die Analyse geodatisch hergeleiteter De-
formationen genutzt werden kann. Der Beitrag behandelt eine wichtige Thematik der Neuen Osterreichischen Tun-
nelbaumethode. Die Deformationsanalyse stiitzt sich auf heuristische Regeln, welche in ein Wissensbasiertes Sy-

stem implementiert wurden.

1. Introduction

The geodetic monitoring of 3-d displacements
during tunnel excavation has become a standard
procedure for tunnel projects. In NATM-projects
(New Austrian Tunnelling Method, [3]), the im-
mediate geotechnical interpretation of the peri-
odically observed displacements must be seen
as an integral part of the tunnelling method. As
a consequence, qualified and experienced geo-
technical experts are needed on site.

Currently, geotechnical interpretation is based
mainly on the daily analysis of numerous types
of sophisticated displacement diagrams to-
gether with many other listings and graphics
showing further project data — a time consuming
manual work. For realizing up to date analysis of
large data volumes or online analysis of automa-
tically monitored data, e.g. when robotic tache-
ometer systems are used, this manual procedure
is obviously unpracticable. Until now, there ex-
ists no means by which these tasks are mana-
ged quickly, automatically and sufficiently reli-
able.

A knowledge-based approach is presented
which shall assist interpretation work through an
automatic analysis of the displacements by use
of heuristic rules. These rules thus provide ex-
pert knowledge for the detection and interpreta-
tion.-of specific deformation phenomenas thus
building the core of a knowledge-based system
[1]. Three different examples using geotechnical
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knowledge to evaluate geodetic data, are pre-
sented.

2. Example ONE: How to Find an Explanation
for Reactivated Deformations

In general any unexplainable deformation be-
haviour leads to an uncertainty which must be
solved quickly (the causes of the deformations
must be found) in order to ensure safe continua-
tion of the project. Such a case can occur when
deformations that have been consolidated in the
past suddenly become reactivated. Whether
such a reactivation is really unexplainable de-
pends on the current situation on site. In case
of NATM-tunnelling, deformations must be ana-
lysed together with the excavation progress. If
e.g. an excavation face (e.g. bench, invert) ap-
proaches or passes the deformation area (situ-
ated in or above a tunnel) the reactivation of de-
formations usually is expected and explainable.
On the other hand, any reactivation that can not
be explained (e.g. by excavation activities) is
alarming and perhaps critical for the construc-
tion progress. Fig. 1 characterizes the geotech-
nical interpretation steps which handle this pro-
blem.

Modelling these steps by conventional pro-
gramming would lead to a complex code con-
sisting of numerous interlocked IF - THEN state-
ments, logical expressions (AND, OR, NOT) and
loop commands. Therefore a rule-based system
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was chosen here. With this system the interpre-
tation process can be modeled in a modular,
transparent and much more flexible way. With
respect to a better understanding of rule based
inferencing the use of WHENEVER instead of IF
is more appropriate. The decisive difference and
advantage is that by use of rules the interpreta-
tion must not necessarily be processed top-
down. The developed rule-based system can
ask all the questions shown in fig. 1 dynamically
at the same time but does not have to ask them
sequentially (as with IF-THEN). Further, the
questions can remain permanently active in
memory but do not have to be repeatedly asked
(as with loops). To elucidate let's transfer the
problem into heuristic rules:

Rule 1: WHENEVER deformation data match
the pattern “Reactivation”
produce a fact that marks
this data as “reactivated”

THEN

The precondition of the rule consists of a re-
presentation of an abstract deformation pattern

called ,Reactivation”. At implementation level
this pattern is defined in a more or less empirical
way as a time series of deformation data show-
ing increasing deformation velocities during the
last 3, 4 or 5 epochs. The action of the rule is to
add (assert) a meaningful information (a fact) to
the working memory describing which point,
which epoch, etc. is concerned. This is com-
pleted for all such incidents thus the knowl-
edge-based system becomes aware and mindful
of them.

Rule 2: WHENEVER 1. there is a fact that marks
data as “reactivated”

2. excavation data match
the pattern “Close En-
ough”

produce a fact that de-

scribes this link

THEN

The rule consists of two preconditions to be
regarded as connected by the logical AND-
statement. The first is fulfilled if there exists at
least one of the previously mentioned facts pro-

Is there new
deformation data ?

Conclusion:
"Nothing To Do"

Have deformations
been reactivated ?

Conclusion:
"No Such Problem"

asking (searching)
for further problem

Is there an excavation . COnCIUS|9n. asking (searching) for
face close enough ? No Explanation by an other explanation
Excavation possible !"

l Yes

Conclusion:
"Explanation by
Excavation possible !"

Fig. 1: Interpretation steps
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duced by rule 1. The second consists of another
abstract pattern “Close Enough” specifying that
excavation data prove excavation activities to
be a possible cause for a detected reactivation
incident. For that certain distances in space as
well as time constraints must be considered
which are defined according to assumptions of
the expert. If both conditions are fulfiled the
rule adds a meaningful fact to the working mem-
ory expressing that there is (possibly) a connec-
tion between reactivation and excavation. The
rule fires for each excavation activity meeting
“close enough” and links it to the reactivation in-
cident (e.g. a reactivation can be explained by
more than one excavation activity). As can be
seen, linking is performed whenever new exca-
vation data or new deformation data is accessi-
ble. So rule 1 and rule 2 together keep track of
both data.

For continuing interpretation (fig. 1) rule 3
could be specified by simply modifying the se-
cond precondition of rule 2 now assuming the
opposite case that there is no excavation data
matching the pattern “close enough”. Thus the
corresponding “No Explanation” - conclusion
could be processed and stored. This somehow
would mean that the normally large volume of
excavation data has to be checked twice for
each reactivation incident. To speed up runtime
performance rule 3 is alternatively designed as
follows:

Rule 3: WHENEVER 1. there is a fact that marks
dataas “reactivated”

2. there is no fact describ-

ing a link to excavation

data
THEN conclude (display and
store) that there is no expla-

nation

Adopting this method, the system must know
that it cannot begin applying rule 3 before rule 2
has been used which serves as an example that
asking all questions at the same time is not al-
ways efficient. This meta-knowledge was imple-
mented by an appropriate hierarchical structur-
ing of rules. The majority of rules were kept at
equal level.

By additional rules the knowledge-based sys-
tem is able to continue forward-reasoning down
to a theoretical final conclusion:

“The phenomena could have been caused by
the excavation,”

which in case might be reached or not. At the
same time further (either independent or de-
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pending) interpretational problems can be
handled by other rules allowing for similar hori-
zontal and vertical conclusions. If the user is not
really interested in all problems he/she can pre-
select the desired ones in a configuration dialog.
The selection is then transferred into facts trig-
gering only the relevant heuristic rules.

The system can be called heuristic as the ar-
rangement and composition of the rules was
mainly driven by common sense, efficiency as-
pects and some good advices of experts. Sys-
tem tests proved that the software can process
even large data volumes within acceptable
times. What has to be observed more critically
is the error budget. Wrong conclusions might be
drawn especially when there are inaccuracies,
errors and/or missing data. This problem was
realized at an early stage and as a consequence,
a knowledge-based error detection method also
based on heuristic rules was implemented (see
example 2 below).

With regard to the problem of wrong conclu-
sions it is emphasized that the original intention
was to develop a support system where the hu-
man expert still has the last comment. All final
conclusions of the system are therefore reported
in the form of insecure statements (“could”).

3. Example TWO: How to Find and Analyse an
Error in Deformation Data

As mentioned, the knowledge-based system
must reason over actual measuring results. In or-
der to avoid wrong conclusions due to bad qual-
ity of input data, error detection is needed in ad-
vance. (In practice the geotechnical expert does
not consider error detection as a separate inter-
pretational task — in other words: “It’s not their
job to find errors”.) So as long as data quality
problems are seldom he/she apriori trusts in the
data provided. He/She is however able to recog-
nize (possibly) incorrect data by specific charac-
teristics or signs mostly driven by experience
and common sense. Further, to become sure,
he/she begins to investigate the problem in de-
tail. A typical error investigation strategy is briefly
described as follows:

1. Discovering of a characteristic error sign (e.g.
an unexpected deformation) more or less by
accident.

2. Determining of its relevance for the interpreta-
tion If the sign is rather small it might be con-
sidered irrelevant and neglected by the ex-
pert.

If the sign is strong it still might be irrelevant
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(e.g. if the corresponding data has no influ-
ence on the interpretation at all).

3. Deriving of a hypothesis (of a possible error

cause, error type) from a known correlation
between the sign and a cause.
If various causes could be responsible the
best one is chosen first (the most obvious,
frequent or probable, the easiest to be
checked, etc.). Now the sign becomes a
symptom.

4. Searching for further symptoms supporting
the hypothesis
The search is driven by the distinct intention
to prove the hypothesis.

5. Searching for signs, facts, hints, features, etc.
contradicting the hypothesis
Now the search is driven by the opposite in-
tention to disprove the hypothesis. Which
kind of search is started first depends on effi-
ciency criterias. Investigations show that for
psychological reasons experts usually try to
verify (especially their own) assumptions first
even if their falsification would mean less ef-
fort.

6. Evaluating of all gathered aspects for deriving
a verification certainty.

The question is: “Can the hypothesis be esta-
blished as a diagnose ?”

We may decide to stop and establish the hy-
pothesis as a diagnose or to go back to point
3 deriving and evaluating an alternative hypo-
thesis. If none of these can finally be verified
sufficiently (better: satisfactory) either the in-
itial error assumption is cancelled or the inve-
stigation result remains a list of possible but
uncertain causes.

A knowledge-based system for handling this
complex strategy needs an appropriate way to
represent and propagate uncertainty — a problem
which leads to the various concepts of probabil-
istic reasoning. Among those, the Certainty Fac-
tor Method [4] was chosen because it represents
a pure heuristic approach especially developed
for rule-based expert systems.

Certainty Factors - a brief introduction:

Each premise (condition) P4, Pa,...,P, of a rule
(e.g. the statement: “there is an error sign”) is at-
tributed with a numeric parameter (a certainty
factor) cfy, cfy,...,.cf, describing its degree of
membership to the concept true. The parameter
interval lasts from -1 (not true) to +1 (true). A cer-
tainty factor cfx = 0 means that there is nothing
known about the truth of P,. Also, each rule Ry,
Ro,...,R, itself (e.g. the statement: “from the error
sign can be concluded an error cause”) has a
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certainty factor cfry, cfr,,...,.cfr, expressing the
strength (the truth) of the relation between the
premises and the conclusion. When a rule Ry is
executed, all involved certainty factors cfy,
cfy,...,cfn of its n premises and cfr are processed
to obtain a certainty factor cfc, for the conclu-
sion C,. In rule based expert systems a common
way is to calculate:

cfe, = min (cfy, fp,...,Cf,) * offy. )

If by two different rules Ry, Rz the same con-
clusion is drawn the now concurring different va-
lues of cfcy and cfc, must consequently be pro-
cessed to a final cfc which can be completed as
follows:

if : cfcy,cfco > 0
if : cfcq,cfco <0

cfcy + cfcy — cfcy + cfcs
fo — cfcy + cfcy + cfcy * cfcy
cfc = cfey + cfcy

1 — min{|cfcy|, cfcal)

@

if : cfcy * cfc, < 0)

If further rules lead to the same conclusion the
algorithm is applied sequentially. The mathema-
tical operations for processing the certainty fac-
tors are thus chosen intuitively. They heuristically
approximate the human way of propagating un-
certainty.

An example is now given to imitate the above
interpretation strategy by applying the Certainty
Factor Method. It shall be analysed if there is a
systematic height error of the instrument station
in the measured vertical deformations. At first
rule 4 is designed for detecting an abstract pat-
tern “Strong Settlement”. Its conclusion (fact) is
considered to be an initial and relevant error
sign for a specific cause (steps 1, 2 and 3 of the
strategy).

Rule 4: WHENEVER 1. deformation data match
the pattern “Strong Set-
tlement”

2. there is no fact so farthat
marks the related epoch
and station as suspi-
cious

produce a fact that marks

the related epoch and sta-

tion as suspicious

THEN

The rule fires exactly one time for all measur-
ing epochs and instrument stations having at
least one measurement showing the pattern.
The system now knows all suspicious epochs
and stations that have to be further investigated.
Now (and only for them) there is applied the Cer-
tainty Factor Method. The following initial cer-
tainty factors for the following three statements
(rules) are defined as:
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cfr; = 0.3 6 ®*¥-9: From one strong settlement
incident there can be con-
cluded the error.

If there is only one measurement available
(which shows the sign) the error is concluded with
a certainty of 0.3 thus staying rather uncertain. If
there are more measurements showing the sign
the certainty of concluding the error from one
such sign becomes a function of the similarity of
all signs. The function models the expectation
that a height error of the station should be visible
in all measurements in the same size. The less
that one sign meets this expectation the less there
can be concluded the error from it. This aspect is
implemented by multiplying 0.3 with an exponen-
tial term considering the difference between the
size of the sign to the mean size of all signs. The
rule models step 4 of the strategy producing a list
of positive certainty factors.

-0.1: From an inconspicuous measure-
ment there can be concluded the er-
ror.

If a measurement from the suspicious station
appears as normal it is treated as if it would
slightly contradict the hypothesis with a negative
certainty of -0.1.

Cfr2

cfrs =-0.5: From a measurement showing a
strong heave there can be con-
cluded the error.

If a measurement shows a strong heave which
indicates an opposite than initially expected di-
rection of deformation, the case is regarded as
a strong irritation. As a consequence, it contra-

dicts the hypothesis with a high negative cer-
tainty of —0.5. The last two rules model step 5 of
the strategy producing a list of negative certainty
factors.

Finally, all certainty factors were processed by
eq. 2 giving a final certainty of the hypothesis.
Fig. 2 shows an example of the vertical deforma-
tions of 7 points measured at Oct. 27 for which
the system states: “A systematic height error of
the station could have happened. For this kind
of error a certainty of 0.87 was derived.” By
studying fig. 2 the reader is invited to compare
this result with his/her own assumptions.

By applying this method, the knowledge-
based system is how able to offer an additional
explanation for the interpretational problem dis-
cussed in chapter 2 (fig. 1) which says:

“The phenomena could be caused by an error.”

4. Example THREE: How to Find Remarkable
Deformations by use of Rating Knowledge

During tunnel design deformations are prog-
nosed by use of diverse techniques (e.g. numeri-
cal simulations) providing the knowledge of how
the planned tunnel (the rock) is expected to de-
form under certain conditions. Besides these of-
ficial prognoses, the expert also has his/her
own individual and much more extended expec-
tations (usually derived from experience). During
tunnel excavation the measured deformations
are compared with the prognosed and expected
ones. Unexplainable big differences between
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Fig. 3: Empirical rating model

them can be an alarming sign for the geotechni-
cal expert on site. An automatic detection of
such a situation makes necessary the represen-
tation of the prognoses and expectations as
well as the expert knowledge of how to rate their
deviation(s) from reality. In the developed knowl-
edge-based system, prognoses and expecta-
tions can be specified by defining deformation
curves, vectors, values, etc. and assigning them
to distinct measuring objects (points, sections,
areas). The rating knowledge is represented by
empirical rating models (fig. 3) which can be se-
lected, configured and assigned to a prognose
or expectation.

The rating model allows us to transfer the dif-
ference between a real and prognosed (ex-
pected) measuring result (e.g. the difference in
settlement [mm], the difference in vector orienta-
tion [], the difference in deformation velocity
[mm/d], etc.) into a numeric rating value and an
associated linguistic variable. The transfer func-
tion might either be linear (as exemplified in fig.
3), exponential, logarithmic or determined by
any other mathematic equation that best serves
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fo approximate the users way (wish) of rating. In
addition, a rating tolerance can be specified for
maintaining the rating value equal to zero in
case of small differences and an empirical mea-
suring accuracy for putting the rating value to a
worst-case value by simply adding the measur-
ing accuracy to the difference before rating.

As soon as we input the knowledge into the
system heuristic rules apply it to the incoming
deformation data. The rules ensure that all devia-
tions which exceed user-definable evidence lim-
its (e.g. all deviations reaching the very high - le-
vel) are detected and reported automatically.
Rule 5 below shows the principle structure:

Rule 5: WHENEVER 1.
2.

thereis deformation data
there is a prognose for
this data

there is arating model for
this prognose

the calculated rating va-
lue exceeds an evidence
limit

produce a fact

3.

4.

THEN
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As can be seen, more than one prognose may
exist (e.g. from different numerical simulations)
as well as more than one rating model (e.g. from
different experts). However the rule evaluates all
of them thus becoming aware of all evident
cases. Alternatively, by a simple modification of
the rule the knowledge-based system becomes
able to offer another answer to the interpreta-
tional problem discussed in chapter 2 which
says:

“The phenomena was prognosed, maybe
there is no problem at all.”

In order to provide more information about this
kind of answer the system additionally outputs
context information to the prognose (prognosed
by whom, when, based on what, etc.) which has
to be input in advance (together with the prog-
nose).

5. Conclusion

It is shown how interpretation of deformations,
occurring during the construction of a tunnel,
can be based on a knowledge-based system.
The system is thought to support the geotechni-
cal expert on site by reducing his/her interpreta-
tion time and effort which is necessary in case
deformation monitoring is done frequently with
automatic monitoring systems. Classical defor-
mation analysis methods, only based on geome-
trical data, can not be used here, as in addition,
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information such as geological data, data about
the excavation progress, data from simulation
calculations, etc. have to be included in the eva-
luation process. This paper shows with three ex-
amples how heuristic rules can be developed
and used in such a knowledge-based system.
With the developed rules, deformations reacti-
vated by the construction process, measure-
ment errors and differences between prognosed
and measured deformation data can be ana-
lysed.

References

[1] CHMELINA, K.: Wissensbasierte Analyse von Verschie-
bungsdaten im Tunnelbau, Dissertation, Inst. of Geodesy
and Geophysics, TU-Vienna, 2002.

[2) BONISONE, P., DECKER, K.: Selecting uncertainty calculi
and granularity: an experiment in trading-off precision and
complexity. In: Proc. of Workshop on Uncertainty and Pro-
bability in Artificial Intelligence, S. 57-66, Los Angeles, CA,
1985.

[8) MULLER, L., FECKER, E.: Grundgedanken und Grundsitze
der ,Neuen Osterreichischen Tunnelbauweise’. Clausthal,
Trans Tech Publications, 1978

[4] SHAPIRO, St.C.: Encyclopedia of Artificial Intelligence. John
Wiley & Sons, Inc. Publishers - New York, 2nd edition, 1992.

Contact

Dipl.-Ing. Dr. Klaus Chmelina: Geodata ZT GmbH Wien,
Geyschlagergasse 14, A-1150 Vienna, Austria, email:
chmelina@geodata.at

Univ.-Prof. Dr. Heribert Kahmen: Institute of Geodesy
und Geophysics, TU-Vienna, Gusshausstrasse 27-29,
A-1040 Vienna, Austria, email:
hkahmen@pop.tuwien.ac.at

91




