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Using knowledge based systems in mapping and
GIS applications was realised only recently. The first
remarkable introduction of expert systems in earth
sciences was marked by the PROSPECTOR system
which was designed to assist the geologist in mineral
explorations (Duda 1980). In geotechnology, expert
systems have found a wider application domain. A
review of 33 artificial intelligence (AI) and expert
system applications in geoscience is given in Yatabe &
Fabri (1988). Expert systems can be considered as the
AI technology products. The modest definition of an
expert system is given in Bichteler (1986) as: 'An

expert system is an intelligent computer program
which uses knowledge and inference procedures to
model human expert reasoning in a narrow,
specialisedfield". These systems, by using knowledge
and inference procedures, replicate the human's
heuristics or rule-of-thumb knowledge and allow
reasoning with uncertainty. Both of these
characteristics are also present in human problem
solving. In literature "lorcwledge system", "knowledge
based system" and "expert system" are used
interchangeably.

The basic integration of a GIS with a KBS is
termed as Knowledge Based Geographical lnformation
System (KBGIS). One of the basic components of a
knowledge based information system is a spatiat
database management system which organises spatia^
object propefiies by their locations. The second
component is a knowledge-base which organises
domain knowledge and expertise (Robinson & Frank
1987, Smith et al. 1987, Egenhofer & Frank 1990).
Two notable examples of KBGIS development for
geotechnical mapping are the KBGIS of Usery et al
( 1988), and that of Cress & Deister ( I 990). These rule
based systems support the production of geological
engineering maps. The rules are displayed in a
decision tree format, which allows the optimisation of
rules and incorporation of the needed parameters in
evaluation processes and obtain unique classes. The
facts of the knowledge base are represented in frame-
based structures.

2 AVAILABLEDATA AND
EXCAVATABILITY EVALUATION

The excavatability evaluation and classification in this
research cover surface excavations, quarries, trenches
etc. The term excavatability defines the ease of
excavating rock or soil masses by any mechanical
means like ripping, digging, bucket hoeing, dozing or
by blasting.

The excavatability classification system of Kirsten
(1988) was employed in this research. This
classification system is based on the adaption of the
Norwegian Q system (Barton 1974).The classification
system covers the excavatability characterization of

geotechnical materials from soft soil to hard rock on a
continuous basis. The class intervals are based on a
logarithmic division from 1(hand spade) to 8(blasting).

The excavatability classification system (Kirsten
1988) considers six variables, namely: mass strength
number (Ms), rock quality designation (RQD), joint set
number (Jn), relative ground structure number (Js),
joint roughness rating (Jr), andjoint alteration rating
(Ja). Each of these variables is derived from the
measured parameters of rock mass and rock material
characteristics, such as; discontinuity properties,
material strength, geometric properties, weathering,
material type, grain size, etc. The descriptions and
excavatability class rating values for each variable can
be found in Kirsten (1988).

The classification of rock masses plays a key role
in the determination of an excavation method which ir,
turn will settle the resulting payment or cost of the
civil engineering work. In practice, disputes are often
arising from the erroneous forecasting of excavation
method, tools and reimbursing costs.

The approach in the production of excavatability
map and the development of KBGIS in this research
is: 1 ) to include the engineering geologist's knowledge
in spatial analysis and interpretation, 2) to implement
the excavatability classification system as production
rules, 3) to minimize the number of required map
overlays for geotechnical evaluation. Especially
intermediate products of GIS map analysis and
calculations should be omitted. These are the mosr
cumbersome operations for an untrained user, 4) to
make full use of available data, to organize the
information base effectively and to reduce the search
path, 5) to provide user interactive consuitancy and
map production options. The resulting system should
be applicable for surface excavations made for road
cuts, pipeline trenches, foundation works, quarries for
construction materials, etc.

The developed system was implemented on a pilot
study area. The available data layers for that area are:
an engineering geological map of the region, base
maps, areal photos, remote sensing images, digital
terrain model, database of rock and soil masses,
database of laboratory test results on rock and soil
samples, rock and soil mass classifications (Hack
1996), and hydrogeological data. A fieldwork of ten
days was carried out in the pilot study area. During
this fieldwork, the geotechnical chpracteristics and
behaviour of rock and soil units at exposures were
observed, the zones of faulting and geodynamic
phenomena were identified, the weathering profile and
terrain units were investigated, and some information
on surface hydrology and groundwater were collected.
The fieldwork practice was extremely useful to acquire
the qualitative engineering geological knowledge that
is important for knowledge base development.

3 DESIGN OF KBGIS

Two basic consideration
research are: 1) a compr,
the area for the selecter
excavatability, and, 2) to r
users of the knowledge bt
explanatory front-end an
plotting the results.
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relevant engineering ge<
attribute database. The a
class value to the field
primarily be based on mei
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3.2 Excavatability evalue

The interpolation of excavi
is carried out in the follov

A) After the informatj
base are prepared, the syr
class values to the observa
a database file (Table 1).

B) The value assignn
area involves the spatia
functions. The point inforn
classes can be mapped as a
of the existing raster mr
georeferencing. The othe
geomorphology, structuri
soils, and geotechnical s
together with the point-ra
classes. Then, the attribul
from these map layers for fl
point-raster map of excava

The relationship bet
excavatability class value

592



e69

f
I
I
i
I

'I eJnBI{ uI ueAIS sI lueurdole^ep Ieporu
I€nldecuoc eql Jo uollsluesard I"Jrqd€J8 V 

'selqel]?^

uortcerrp Surddrr pue sra,(z1 IIos 
'qldep epnlcul

eseq eSpeyrroul aql uI selru eql 'esuc slql uI 'ecllres

.{cuellnsuoc eAqJ€JeluI eql sI ecu3relul puoces eqJ
'peluese:der eq uec le^el qldop euo Jo sonp^

sselc .{lrllqeleleJxe aql ,(1uo deur CZ € uo :sI 13ql JoJ
uoseer ureur eql 'as?q e8pe1,tou1 eql ruoJJ pepnlcxa
eJe,^N SelqsrJEA qldep uolls^ecxe pue uolleuuoJul

Iros eqJ 'Qsee sp.re.,rlo1 1se,t ruo.g) uoqce'ttp Surddu ro;
enp^ tlneJap € Jo slseq eql uo pedole,tep s€,^A elnpotu
srql;o eszq e8pal,l.rou>l eqJ 'uorlcnpord deur clleluotn€
roJ alnpou tndlno deur eqt sr ec€Jretul tsrg eq1,-

'udlsef

ruelsfs eq1 ur pepnpul eJ? seceJJelul Jesn ul€ut o,l[J

uBtsap atopatut tasn F't

'sasruerd ur?uec Jepun en1e.t ,{ltltqelerrucxe ue u8tsse
ol IIeJ III,4^ Iepou eql esr,rreqlo 'eseq e8pe1,tou1
aqt ur pelsort eJ? secu?lsul elru elqlssoo Ip leql
tuuuodrur sr 11 'esod:nd {1rytqe1e,r.ecxe loJ €ele Ielol
eql selenple pue eseq uoneuuoJul pqeds stql sesfpue
eseq e8pe1,r,rool puoces er1J 'lepout oql Jo eseq (lreJ)
uorleuJoJur pertnber eql saleldruoc selqel eseqelep
olur s.(ey:e.ro deur relse; Jo uolsreluoc eql (J

'(t etqel) e8peprou>l qurnqr

Jo elru puE ,4Aoq-,^Aou)I JO uolsnlcul eql s. Aoll€ pue
'uoDeurJoJur aleldurocut pue astce;drut <ul?uoJun qll.lA
srsfleue eql suoddns 'Elep elq?lle^€ eql Jo esn IInJ
seleru qceordde srql 'ure s.{s eqt Jo oseq e8pel,uoul
eqt ur pel)c€1 Sureq reql€r lnq 'SIC 

Jo sts,{1eue

1ult,(1eue 01 Uel lou elu lapou stql ut suotlelado
srs,{1eue prleds 'f11ecr;rceds erotr l 

'(g alqeJ)
resn eq],{q peuSrsse s1q8re,r,r lueJeJJip qll^\ selqelle^
lus^eler Jo seclJlelu uollsnlE^e uo pesuq st sts,{1uue
pnedg 'qcreaser slql ut sts,{yeue prleds ;o srseq
eql s? ue)Fl e;e,u (7 e1qe1) 'c1e scnueu,(poe3 '1tos
'sploJ/stlneJ',(Soloqdrouroe8',(8o1oe8 uo uoqeuiloJul

lerleds pue '(t atqet) senlel sselc ,(111tqe1ea'ecxe

Jo uollnqlrlslp eql ueo,llleq drqsuorlela: eq;
'(Z alqel) .ftl1tqe1e,recxe ;o deru relsel-lutod

eql uo slurod uol]e^Jesqo eql ro; ste,(e1 deu eseql uorl
pJlJEJlXe eq ueJ sJnJeA elnqtJl le aql 'u3tlJ sesselJ
,(111qe1e.recxe ;o deru relse:-1utod eql qll/r\ .reqla8ol
pe,(eldsrp oq uec sllun-qns Ierluqteloe8 pue 's1tos
'scrueufpoe8',{3o1oe3 FJnlJruls',{Soloqdroruoe8
',(8o1oa8 lsfel:e,,ro deur reqlo aq1 'Surcue;e;eroe8

roy (,(8o1oe8 '3e) sapl deu :elser Surlsrxe eq1 3io
euo 8ursn,{q ,(e1re,ro Jelser u se peddeu eq uec sesselJ
flrlqelelecxe eql uo uol1euuo;ut lutod oI{J 'suoqcun}

SIC qll^ Surlpueq ulep lerleds eql se^lo^ul ueru
,(pnls eqt Jo lse: eql ol lueuru8tssu en1e,t eq1 (g

'( 
I  elqEJ) elrJ eseqelep E

ur ruoql slnd pue sJutod uoue,uesqo oql ol senpl ss€[J
,{1rlqe1e.lecxe su8tsse urelsfs eql'pe:ederd eJ? aseq
e8pel.trou>1 sql pus es?q uoll€IuJoJul eql JoUV (V

:uorqseJ 8ur.ano1o; eql uI lno pelu?c sI
weJe ot slutod uro:; ,{1qtqe1e,r.ecxe;o uor1e1ofue1u1 eq1

watn lo uouDnlota ,Q1qqow,ntcxg 7'5

'sreleure:ed peJnseallr Jo Jequnu tunrululltr Jo slseq
eql uo senpl u8tsse qcrq,t selru leqlo JeAo aouepecerd
eleq plnoqs sreleuerud pe:rnber 11e;o asn eldrue eleur
qJrq,r sslnr esoql 'splo/r\  JJt{ lo uJ 'pe,{eqo aq plnoqs
salqelJel eql ot lueruu8rsse enl?A FclqcrcJelq E 'eseq

e8pe1.r,rou>1 eql uI selru uotlcnpo:d oql 8ullcrulsuoJ
elrqi[ 'aseq e8palmoul leqt uo Sutlesiut urnl
ur pue (eseq e8pe1,uou1 lsrr;) ruro; leur8uo slr uI selru
uorlcnpo.rd olur ruels,{s uoqecqtsselc rQlllquplecxe eqt
Suqelsue;1 ,(q peqslldurocs€ eq uec slutod uotleruesqo

l€ uorlBJrJrss€lc pu€ uollenp.te ,{1t1tqe1e,recxe eqJ

slurod uo1louasqo fi) uouonluta Q1rqorurccxg I'F

'serlrluenbTsetgedo:d pe;nseeur uo peseq eq fpreruud
plnoqs slurod uollulresqo plalJ eql ol onle^ sselc
,(111qe1e,recxe ;o lueuru8rsse eqJ €seqelep elnqlJll?
eql uI perols elep lecrSoloe8 Sur,reeut8ue lu?AeleJ
eql II? Iuou lrJeueq plnoqs uoll€nl?Ae ,{lqrqulelecxe
eql 'rue1s.{s uollecIJIsselJ ,(1rpqe1e,r.ecxe aql olul
elep srqt Jo uorleclldde lcexoc e fq pue '519 uI perols
elep lecrSoloe8 Suueeut8ue Sutlstxe;o asn lueIcIJJa ue
,{q peqsrlduroccu ,{p.red eq uec eltlcefqo lsrlJ eql

'stlnser eq1 Sutttold
ro Surluud'Surfeldsrp ,(q pue pue-1uoq froleueldxe
ue Surpr.tord ,(q ure1s,(s pesuq e8pel.lnoul eqt Jo sJesn
pquelod;o spaeu eqt ,(;sr1es o1 (7 'pue ',{l11geplecxa

loJ esec s1q1 ur 'esofund pelcelas eql roJ sere oql

Jo uorlezrJelJeJeqt ellsueqeJduroc e (l :eJe qJJeJSaJ
srql ur u8rsep SIC$X Jo suolpraplsuoJ Jlseq o.,llJ

:addu6gsdxg - SICS)I dO NCISAC €

'lueurdole,rep eseq
teqt a8pel.,\roul pcrSoloel
a:rnbce ol InJesn,(1arue4x
'palJelloc eJeA\ Jel?i!\punc
uorpruroJul eluos pue'pe
pue ey;o-rd Suueqleel\ eq
crureu,(poa8 pue 3ur11nu
e:e,Lr se:nsodxe le sllun
pu? scrlslJelc?JeqJ pJIu
Suunq 'uere ,{pn1s lopd
uel Jo lro^\plelJ v 

'"lep

1ce11) suorleclJlssBlc ssl

Iros pu€ {Jor uo s}lnseJ
'sesseru 

IIos pu? {JoJ .
lulr8rp'se8erut Sutsuas
eseq 'uor8er eql;o deur
:eJu eere l€ql roJ s:e,{e1 u
1o1d e uo pelueureldrur s

ro; saruenb 's{roA\ uollel
psor JoJ epstu suoll?^?c
plnoqs ure1s,(s 3ut11nser r
pue,{cuellnsuoc eAIlc?J(
qJr€es eq] ecnpeJ 01 pue
eq1 ezrueS;o ol '?lep (
o1 (y '-tesn pourcrlun IIB
lsour eql eJE eseql 'pel

pue sts,{1eue deu 515
.( l lercedsg'uol lenle^e
deru pe:tnber Jo Jeqlun
uorlcnpo;d se rualsr{s uo,
luerueldurt o1 (7 'uoqele;

e8pel.,lroul s.1sr?oloe8 3r
qcleeser srqt ur slgg)I .
,{lrpqelelecxe Jo uollcnl

'slsoc 3r
uorleA€cxe gto Sutlsecerc
uego ere selndsrp'ecqct
eql Jo lsoc ro lueur,ted
ur qcrq/{ poqleul uow^?
e1o: ,(e1 e s,(e1d sesseu

u?r elqerre^ qc?e JoJ sen
pue suorlducsep eqJ'a
'Surreqlee.al'serlredord
'seruedo.rd,(lrnutluocst

I?rjel€lu lsor puB sseur
eql luo4 pe^lrep sI s€
3u4nt uo1tonl1o luto[ pt
'(sy) nqunu atnpruts l
ns wot'(qfiy)uotiou8t
qJ Suatls s sout : tleuteu'
uatsrl)I) ruels,{s uoqecr
'(8ur1se1Qg o1 (epeds pur
? uo pes?q eJe sl?AJelu
3 uo {cor preq 01 IIos u(

J) 0srul/sp/lss/) IleluL < 1 Y L < Z

L <' IVA < € slnnll'pr crlluolop {le{leqcsny{

9 < - I V A < t df3-slc-rss IlEIIeqcsnIN elpplhtr

8 ? ' IV, \  < t alrlnlrcleJ cnnxolop {p{eqtsnl l Ja^\o'I

( I 3J) auolspues ur?tspu€slung8 <' IVA < E
(zI-I Ipf) alrlnlr3lPc / einlsr.l8c IsPI' l8 < T Y A < S

9 <' IVA < €

L < ' IVA < €

lecrSoloe8 qoee f,oJ s6nle^ ,{:epunoq ssulc,tlllqele^etxg I elqeJ



tne  spat ra l  e lements  o t  excava lab l l l t v  kno base
Numerical designation Variable Levels Explanation

t:r]tllltr,:
l 0 Carboniferous granites (H)

30 Carboniferous slates (Hs)

50 Lias I calcisilrite/calcilutite (Jd1 1-12)
70 Buntsandstein sandstone (Tg1)

90 Lower Muschelkalk dolomitic calcilutite (Tg21)
1 0 Middle Muschelkalk sst-cls-gyp complex (Tg22)
30 Upper Muschelkalk dolomitic calcilutite (Tg23)
50 Keuper mar l  ( /sst /c ls/ lmsr)  (Tgi)

0 concave, gentle undulatjng flat

40 convex. elongated-rounded hil l

lo convex, gentle undulating flat

100 dissected-sharp-ridge

130 gentle slopes

160 rounded hill

190 steep dissected slope

210 steep knoll hill

240 steep slopes

3
not faulted zone

faulted zone

4
geodynamically inactive area

0 l geodynamically active area

5
no geotechnical sub unit is mapped separately

z1 geotechnical sub units are mapped septrately

6
i'1{;i

there is no soil unit at pixel location

6 there are soil units at pixel locatron

Table 2. Class for

Table 4. An example rule in the knowledge base of Expert

map production (excavatability map in this case), 2) to
increase the accuracy and reliability of map products
by including the knowledge into the processes of map
making, 3) to provide a consultancy service for the
prediction of likely excavatability conditions at
selected location, 4) to embrace the flexibility within
a single system in order to use the same system
architecture for other special purposes (like site
suitability for solid waste disposal, suitability for
urban development, load admissibility etc.) with
modifying its knowledge base.

3.5 Components of the system

The architecture of the developed system,
ExpertMapper, is characterized by a loose integration
of heterogenous software components (Itwis, DbaseIV,
Geosoft) with an expert system shell (VP-Expert)
(Figure 2).

VP-Expert (1989) is a simple rule-based expert
system development tool with backward and forward
chaining mechanism with simple unceftainty handling
as confidence factors. It supports data and file
exchange with database, spreadsheet, and text files.
However, it has limitations in handling the large
knowledge base files and can not handle spatial data
directly from GIS.

.3f1=1e

Excavatability clssifi catior
obsewations/experience

Figure 1. Procedure for devek

E)<PER-T

-r

3.4 Implementation strate gy

The developed KBGIS was aimed
following tasks: 1) to automate the

Figure 2. System architecture

to perform the
special purpose
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Table 3. An example ofthe evaluation matrices used to construct

Variables
desisnation

2 3 4 5 6 Resulting
class

1 0 1 0 I I L':l: l :Q.:l:t:

2 10 40 I I

3 l 0 40 I .lrl:rlllll,,,,,4
4 l 0 to I [iitli!
5 l 0 70 5
6 l0 130 :t
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by VP-Expert as spatial information base.
Geosoft (1994) is a map processing and modelling

software. In this system, Geosoft is used as the output
module.

3.6 Knowledge acquisition and lcnowledge base
optimization

The knowledge acquisition for the excavatability
evaluation of point observations in the engineering
geological database is based almost entirely on
quantitative data. The classification system and
accompanying tables for the ratings of engineering
geological variables are well structured to acquire
knowledge in the form of rules. Therefore, in some
instances, rule induction mechanism was employed. At
some field observation points, the measured
parameters do not include all the required values for
the variables of excavatability classification system.
The reasons behind this are numerous. During the
general purpose engineering geological mapping
campaign the outcrops are analysed either for mapping
purpose, or for detailed slope analysis, they may or not
be sampled for laboratory testing, or the outcrop is
difficult for taking any useful measurement other than
dip and strike reading. When the measured engineering
geological parameters are scarce then the production
rules in the knowledge base infer for the worst
condition within that particular engineering geological
unit. In other words the highest excavatability value is
assigned to the observation point. For example, the
value assignment to the variable
mass_strength_number in the following rule is based
on the highest UCS (Unconfined Compressive
Strength) value of the unit Tgl in the database,
because, all the premises of the rule are unknown. If
any of the premises in the rule is known, then some
other rule will pass and assign a value for the goal
variable before this rule is checked.

RULE ]]C
IF geoJormation = TSl AND ucs = UNKNOWN AND
point load_strength = UNKNOWN AND rock,mnterial_strength
= UNKNOWN AND averhge_strength = UNKNOWN
THEN MASS-STRENGTH_NUMBER [Ms] = SS

The knowledge acquisition for the area,
interpolation of the excavatability is based both on the
point excavatability class values and the distribution of
these class values within each engineering geological
unit. The distribution of excavatability class values is
related to the geology, terrain units, sub-units, faults,
and geomorphology of this engineering geological unit
(Tables 1-4). There is a direct relation between the
excavatability class values and the underlying rock or
soil mass. terrain class. disturbance of the rock mass
by faulting, and existence of sub-units with differing
geotechnical characteristics. The excavatability class

range within some engineering geological units is
quite wide. The wider range in excavatability class
values is an indication of nonuniformity of rock mass
characteristics within the same unit. This property is a
valuable qualitative knowledge and should be fully
represented rather than being averaged or generalized
as in GIS interpolations. The production rules in a
knowledge based system is a very suitable method of
representing this knowledge. This approach increases
the reliability of excavatability evaluation by
delineating small areas with different excavatability
class values within each unit, and also simolifies the
spatial analysis operations by omitting thi need of
producing intermediate map products(by products)
until the final map is produced in GIS.

The most critical stage of the knowtedge base
development is the optimization of rules in the
knowledge base. The size of each knowledge base and
the number of facts in the information base have direct
influence on the ease ofthe optimization process. The
main considerations in the knowledse base
optimization process are: 1) the correct and iomplete
representation and evaluation of all possible
combinations of facts in the information base. 2) the
avoidance of repeating rules in different combinations,
3) inclusion of rules which may not be necessarily
used with the existing information base but will be
needed when another information base is incoroorated
into the system, and 4) optimal placement of iules in
knowledge base for faster inferences.

In order to attain these goals the knowledge base
has to be checked in slow execution mode while all the
information bases attached to the system. The non-
passing conditions should be found and the knowledge
base must be modified. For large knowledge base-s.
evaluating multi variables, this process should be
repeated so many times until the knowledge base
handles every possible combination offacts.

3.7 Operational modes

In automatic map production mode, the expert system
reads all the field values for the first record from the
engineering geology database (first database), uses
these field values to assign a value for each variable of
the excavatability classification system in its
knowledge base, and then puts (writes) these assignec
values to the excavatability classification database
(second database). This process continues in a loop
fashion until no records are found. When this stase is
reached. the expert system wil l  ask user to enaer a
value for each variable in the knowledge base. If no
value assignment is made then the consultation will be
finalized and the control will be returned to the
inference engine.

In interactive consultancy mode, the user tells the
system for which location it should calculate the
excavatability. The expert system returns the

calculated excavatability c
an interactive consultanc'
asks the user to enter the (
planned excavation, anc
excavation works. Then,
likely excavation depth pl
excavatability class of e
suggested method of ex,
explanatory text.

3.8 System testing andfu

The system was tested on
were started with the subl
and reasoning checks. T
these sub-knowledge I
information bases was car
the system testing, the
integrated system desigr
bases (attribute and graphi
The system validation is
sample applications pft
information bases. Howe
such large scale integratei
are usually slow and dt
Therefore a considerable a
the system tests.

The printed map refle
mapped area quite in (
criticized, as for any other
in representing excavatal
vertical variations within
units. The excavatability
on volume models of the

Therefore, the resean
integration of three dime
artificial intelligence devr
model construction of
completed and the decisi<
under construction. The
development will be discr

4 CONCLUSIONS

The production of spe
geological maps and the
geological conditions
accomplished using expe
research a Knowledge Bas
System (KBGIS) for pr
maps, called ExpertMal
implemented on a pilot str

The construction and
bases are found to be the n
system development. The
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