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INTEGRATING KNOWLEDGE FOR THE IDENTIFICATION OF
CRACKS IN CONCRETE USING AN EXPERT SYSTEM

SHELL AND EXTENSIONS

by L.J. Kaetzel, J.R. Clifton,
and D.P. Bentz

National Institute of Standards and Technology

ABSTRACT

An expert system has been developed for identifying the
probable causes of cracks in concrete based on their shape and
pattern, density and location. The system uses three forms of
knowledge; 1) facts & rules of thumb, 2) databases, and 3)
digital imaging capabilities. Knowledge contained in the system
is obtained from experts in the field, photographs taken of
actual concrete failures, and the classification of the failures
into a database format. A PC based expert system shell and
computer programs written specifically for the integration and
use of the different forms of knowledge were used to implement
the expert system. This paper discusses the acquisition of the
three forms of knowledge, their representation in the expert
system environment, and extensions developed to process
information and enhance the user's interface. The potential for
the use of speech recognition for recording conditions at field
sites, and storage of large volumes of information using optical
disk technology are discussed.

Keywords: concrete cracking, database, diagnostics, expert
system, image processing, knowledge acquisition

iii



to woTT^ttxrwacx a*i *ot aoaxjroKX wxTiUoaTKimtw% T<uiaM lu M109 aMjr>«oo iri wioano
flKOTBKSnXl OMA tUrUM

B

sioAff .t.a l»a«
f^looaomT tOM wb^bttMJd XnaoiisIX

palYllzJnebi ial l>^qoX'»v«t tte»d ^sH star^aY^ J^oqxa riA
*

bail ®q4ffa iiaxirf rro baaed artartoac-? rrl cj^ofi-xo asa^Bo alcLsdo™^^ ‘
^

lo BiTtoi aaau sa^taYd artT ^dOlSaool bna ^

(£ btiB laaaadB^Bb (S tdai/it<;r ariXin i adosl (i tai^bsIii^rDC
fta^i^Y® ftl bafiiaJ'nao •ipboIvoaX .aal^illdBqeo ^ni^eisi iB^flpIb

io naMe:}' adqirrpo^o^q ,bXBl5 af|7 r* a^*t?i9qx* «roT5 beals:fdo ai
noivsoiliaaBlo ad^J bao ^aarjL/XXiil a^aianoo XBLr.!>ag

bns IXaria madcYB baasd 3*? A .SBBrioi aaBdB:^Bb a :

-

bnr> fro £:tfi’ipd:tiTi “lat n»:!^di,jv aLsu&xpoxq i:6:fLqiaod' *
i

^nd'isXqai oS h3uu '91^ apbalWimC ^uanol ^na^a55ib artf 5o dan ’

arit noi:fi aliipoB asaaLoaib laqi^q sjtriT .ms^by^ J^acjxa 3ttf 1
J^aqxiB aciJ^ fix oo^JB^frsia'TqBi ,apbdXwor?3( lo ajno!t deidi

aaaooiq o^ baqoXavab Brt^Bni*SicB jbOB ^J’/fmanoxlvna ».'?aY*xci Xsx^aa^oq sfTT BDit&dn^ bas noi:tsirJdlai
oXdil du 8rjoi.tibiioo BnibrtooB^ xol ifioi^lapoodi: rfooaqa io mBU^

l^otdrio pnian noXr^s^i^o^ni Jo naBuriav ai/XBX. to opB'xota boa ^sdOia
.bitaaiiocib axa YP^J^^wnloaO ^aib

'

^'loqxo aDi^a*>ftpjsxb «aaaiie^Bb ^pcri^tooio a^BTonoo tabtovY^^
noiXiaXupoB apbevXworDC

^

^pfilaaaooitq opooil ^ftr3:taY>i

-i



CONTENTS

1. INTRODUCTION 1

2. EXPERT SYSTEMS AND CONDITION ASSESSMENT 1

3. CRACKS EXPERT SYSTEM KNOWLEDGE BASE 2

4. CRITERIA FOR SELECTING EXPERT SYSTEM DEVELOPMENT
TOOLS 3

5. ADAPTING THE EXPERT SYSTEM SHELL TO THE USER
ENVIRONMENT 4

5.1 Enhanced User Interface 4

5.2 Interfacing Specialized Capabilities 4

6. EXPERT SYSTEM DESIGN 5

6.1 Method of Integrating Knowledge Forms 5
6.2 Computer Hardware and Software Capabilities .... 5

7. EXPERT SYSTEM SHELL EXTENSIONS

7.1 Computer Image Processing
7.1.1 Image Capture and Display 6

7.1.2 Image Processing of Cracks 7

7.1.3 Explanatory Capabilities 8

7 . 2 Future Enhancements
7.2.1 Automating the Knowledge Acquisition

and User Input Process 8

7.2.2 Knowledge Base Storage 9

8 . SUMMARY 9

9. ACKNOWLEDGEMENTS 9

10. REFERENCES 10

LIST OF FIGURES

FIGURE 1. CRACKS SAMPLE SESSION FOR EARLY CONCRETE .... 11
FIGURE 2. PORTION OF CRACKS KNOWLEDGE TREE 16
FIGURE 3. PROCEDURE FOR DESCRIBING IMAGES 17
FIGURE 4. CRACKS DATABASE SCHEMA 18
FIGURE 5. EXAMPLE OF CRACKS PHOTOGRAPH 19
FIGURE 6. EXAMPLE OF CRACKS DRAWING 2 0

iv



FIGURE 7. CRACKS EXPERT SYSTEM CONFGURATION 21
FIGURE 8. CRACKS EXPERT SYSTEM KNOWLEGE LINKAGES 22
FIGURE 9. CRACKS IMAGE ACQUISITION 23
FIGURE 10. EXAMPLE OF IMAGE PROCESSING OF A CONCRETE CRACK . 24

LIST OF TABLES

TABLE 1. CRACKS COMPUTER PROGRAM EXTENSIONS 25
TABLE 2. COMPUTER HARDWARE CAPABILITIES 26
TABLE 3. COMPUTER SOFTWARE CAPABILITIES 27
TABLE 4. IMAGE PROCESSING CAPABILITIES 28

V



1 . INTRODUCTION

Expert systems are potentially powerful tools for the
building industry [1]. The use of these systems will aid
designers, facility's managers, inspectors and educators design
and construct better buildings and structures, making maintenance
management decisions for the repair of structures and assuring
that buildings meet accepted guidelines, practices and building
code requirements for safety and performance. In addition, the
knowledge of high-level experts will be preserved in these
systems. Examples of early expert systems developed for the
building industry include; WATERPEN, WINDLOADER, TIMBER EXPERT-
expert systems for building construction [2]; RAILS - an expert
system for railroad construction [3]; DURCON - an expert system
for designing durable concrete [4,5].

The acceptance of expert system technology will depend
largely on the availability and maturity of tools (shell programs
and languages) for developing the systems. In the past three
years for example, the number and quality of expert system shells
for use on desktop microcomputers has grown rapidly. Central
processor speed, cost of computer equipment, and wide-spread use
of these systems for a multitude of applications has created an
attractive platform for expert systems development. Yet to be
accomplished, however, is the capability of development tools to
relieve the domain expert/developer's need to become a computer
expert.

In this paper, an expert system for diagnosing the causes of
concrete cracking is described. The emphasis is on the methods
used to integrate knowledge and to enhance the user interface
through explanatory feedback. The implementation of computer
imaging and voice systems to aid in the interpretation of expert
system recommendations and conclusions is also presented.

2. EXPERT SYSTEMS AND CONDITION ASSESSMENT

Condition assessment of buildings includes the determination
of percent area of deterioration of painted surfaces (e.g.
chipping, peeling) and diagnosing the causes of failures in
materials, such as concrete (e.g. cracks, deterioration) and
roofing materials. Current practice in assessing the condition
is to rely on human observations made by inspectors. These
methods are often subjective and vary between individuals.
Unlike human observations, expert systems are consistent, and
when combined with automated techniques such as image processing,
produce quantitative results which can be validated by acceptable
test methods.

Another advantage of expert systems for condition assessment
is the ability to measure the rate of deterioration of structures
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by comparing observations taken at different time periods. This
information is important to facility's managers who must make
decisions concerning maintenance. As funding allocations for
building maintenance are reduced, the ability to make accurate
estimates on costs and schedules becomes more important.

3. CRACKS EXPERT SYSTEM KNOWLEDGE BASE

Different forms of knowledge are needed to make expert
decisions about the condition of a structure. These often are
represented in the form of:

o facts, expert opinion, guidelines, rules of thumb
o descriptive information (building characteristics)
o visual information (photographs, drawings)

The CRACKS expert system makes use of the above three forms
of knowledge to make conclusions concerning the probable cause of
non-structural cracks in concrete. An example session from
CRACKS is presented in Figure 1.

Facts, expert opinion and rules of thumb were obtained from
experts. For the most part, it was obtained from narrative text
prepared by experts to describe the relevant information
necessary to make a judgement about the cause of concrete
cracking. Interviews were conducted with experts to obtain
information on correct diagnostic procedures. From these
interviews, a knowledge hierarchy was developed. The process of
developing a hierarchy contributed to the development of the
expert system by providing a graphical representation. This was
then translated into the expert system shells' production rule
language. A portion of the CRACKS knowledge tree is presented in
Figure 2.

Descriptive information about the structure or structural
element such as its type, size or type of materials used in
construction is stored in the database component of the knowledge
base. This information is obtained from the building owner or
from field inspections and tests. Each archival image stored in
the CRACKS expert system is represented by a corresponding
database record which describes it. The process used to describe
the image is illustrated in Figure 3. The database schema is
shown in Figure 4. Once an image is described and stored in the
database, it is used in the expert system for making conclusions
about the cause of concrete cracking. Fields contained in the
database such as ''type_problem" and "element" are used to locate
images which relate to a specific failure mode.

The CRACKS imagebase consists of digitized photographs and
drawings stored in the computer. This information was obtained
from two sources; 1) field investigations in which the cause of
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cracking was determined, such as plastic shrinkage or alkali-
aggregate reactions; and 2) from technical reports such as The
Concrete Society Report on Concrete Cracking [6]. Images are
used within the expert system for the visual display of cracking
problems. This visual display assists the user in determining
the type of cracking which relates to the specific problem by
allowing the user to view many types of cracks. Figures 5 and 6

are examples of images which are stored in the CRACKS imagebase.

4. CRITERIA FOR SELECTING EXPERT SYSTEM DEVELOPMENT TOOLS

Work at the National Institute of Standards and Technology
(NIST) in developing expert systems has focused primarily on the
expert system domain application instead of developing tools for
expert systems. These include expert systems for concrete
durability [4,5,7], maintenance of painted structures and
concrete cracking. The criterion for selecting the expert system
tools currently in use is:

o knowledge representation (rule-based, frame based)
o shell environment for rapid implementation and
maintenance

o extensive interface capabilities for external data
and user developed programs

o available for personal computer environment
o quick interactive response to user

Several expert systems shells were investigated and tested.
These included. Insight^ M.l^, and EXSYS^. In 1986, when expert
system tools were being evaluated, there were 30+ shell programs
available for personal computers. Most of these programs were
developed for particular market applications and had limited
capabilities (such as external calls) or were too expensive. The
evaluation resulted in the selection of the Insight product. The
speed of the expert system shell, the editing and debug
facilities available for developing expert systems was adequate
for the intended applications. At that time, it lacked the
external interfaces for passing information between the expert
system and user programs. This was later improved and Level 5

'insight formerly a product of Level 5 Research is now
called Level 5 PC, a product of Information Builders [8].

^M.l is a product of Teknowledge[9]

.

^Exsys is a product of EXSYS, Inc. [10].
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PC^ now hosts one of the most extensive interfaces availeJ^le for
personal computer-based expert system development tools.

5. ADAPTING THE EXPERT SYSTEM SHELL TO THE USER ENVIRONMENT

In the development of expert systems, it is crucial that the
specific needs of the user are met. In selecting an expert
system shell progreun, it became obvious that some requirements
could not be met with a commercial product. Therefore, it was
necessary to extend the capcd)ilities of the expert system tool by
developing special features that improved the user interface and
to provide access to external capabilities such as computer image
processing. The computer programs developed to enhance the
CRACKS expert system are listed in Table 1. Some user interface
facilities do exist in the Level 5 shell program. These include;
1) the 2dDility to give the user explanations of why a question is
being asked and, 2) display information on the computer screen to
provide background information, 3) display a question in a
precise format.

5.1 Enhanced User Interface

For the CRACKS expert system, special facilities were
developed. The extended facilities provided by CRACKS are:

o a chronology of the knowledge base development and
changes

o storage of information during expert system execution
to provide background information for conclusions

o a printed record of the conclusions and line of reasoning
in graphic form

The development of these extended capabilites for CRACKS
involved writing computer programs in C and PASCAL programming
languages. The programs are "activated" at precise times during
the firing of the expert system rules.

5.2 Interfacing Specialized Capabilities

Visual information such as photographs and drawings enhance
the interpretation of results and can often better describe
failure modes for materials and structures. Computer image
processing is one way of interfacing this form of information to
the user. In addition, computer image processing can be used to

^This and other trade names and company products
are identified to specify adequately the work presented.
In no case does such identification imply recommendation
or endorsement by the National Institute of Standards and
Technology.
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automate the process of analyzing a view of a structure and
provide a consistent and accurate method of obtaining
quantitative statistical information. Preliminary research
indicates that statistical results obtained from image processing
can be used in the firing of expert system rules. Computer
programs have been developed for CRACKS to capture, enhance and
display computer images during a session. As additional computer
image processing capabilities are developed, they will be
integrated into the system.

6. EXPERT SYSTEM DESIGN

The design of the CRACKS expert system promotes the use of
several forms of knowledge and the latest computer hardware
technology. The knowledge forms have been described earlier in
this paper. This section will describe the methods of
interfacing the knowledge and the hardware and software
configuration. Figure 7 shows a configuration of the CRACKS
expert system.

6 . 1 Method of Integrating Knowledge Forms

The design of the CRACKS mechanism for integrating knowledge
permits the communication of information between the expert
system inference engine rules, database files and stored images
through the Level 5 "activate” feature and user developed
programs. An example of the use of this mechanism is described
in the following scenario.

Given that a cracking problem exists which is caused by
plastic shrinkage, and the expert system needs to search all
examples of images which relate to this type of problem. An
expert system rule would be fired which uses the Level 5 "locate”
function to search the database field "type_problem" which could
contain a value identifying the problem as plastic shrinkage. If
a record is located containing the type problem, then the value
of that record is placed in the context. The Level 5 "activate"
function is then called to execute the user developed program
which displays the image on the image screen. This process
continues until an end of file condition is detected on the
database file. Figure 8 shows an example of the expert system
knowledge base linkages.

6.2 Computer Hardware and Software Capabilities

A major consideration in selecting computer hardware and
software for the CRACKS expert system was the desirability of
providing a low-cost computer environment for the end user. For
this reason, a microcomputer system was chosen, and much of the
computer software was purchased commercially. Since many field
sites already have computer systems similar to this type, the
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typical user is familiar with their use.

Specifying the computer hardware and software for the expert
system involved identifying the most important features. These
were:

o fast central processing unit
o fast transfer of information within the computer

system (high-speed data bus)
o ability to store large amounts of information

in the knowledge base (database, images)
o available image processing hardware and software
o programming language and libraries meet the interface

requirements of the expert system shell program

The computer hardware and software described in Tables 2 and
3 met all of the requirements. In addition, it provided a
platform for future enhancements and expansion of the expert
system to include an expanded rule base for a more complex
application domain, and the ability to store large volumes of
information.

7. EXPERT SYSTEM SHELL EXTENSIONS

7.1 COMPUTER IMAGE PROCESSING

7.1.1 Image Capture and Display

Computer image processing involves the acquisition,
processing, storage and retrieval of photographs and drawings. A
video camera is used to digitize the source drawing or photograph
of a concrete crack and store it in the computer. A computer
hardware board called a frame grabber provides the analog-digital
conversion of the image and stores the information in a frame
buffer in units called pixels. At this point, the digitized
image can be enhanced, processed or stored on the computer's
magnetic disk. Figure 9 shows the steps needed to acquire and
store a photograph in the CRACKS expert system. Once the image
is stored on disk and a database record is established to
describe the image, it is available for use by the expert
system's inference engine.

Two categories of computer software are needed to accomplish
the acquisition and storage. The first involves the use of a
library of image processing programs to perform the imaging
functions. This software is written specifically to operate with
the image processing hardware board. Table 4 lists the
capabilities of the imaging software used for CRACKS. The second
level of computer software is the application program. It
defines the functions needed to perform the imaging operation by
calling the appropriate sub-programs from the imaging library.
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The following excunple demonstrates the calls to the image
processing sub-programs library needed to initialize the imaging
hardware and retrieve an image from disk.

{ setup image board )

sethdw (registerbase , memorybase , bwflag )

;

initialize;
sclear{ 128, wait)

;

{ retrieve image from disk }

if {readim(0, 0,511, 511, filename, comline) <0) then
write (‘error reading image file ');

This example was written in the PASCAL programming language
and is an excerpt from the program used by the CRACKS expert
system. The user would see the image display screen clear and
the image identified in the parameter “filename” in the call to
sub-program "readim” would be displayed.

Currently, only capture and display facilities are used by
the CRACKS expert system. Image enhancement and image processing
functions can also be performed using a pointing device such as a
mouse or joystick. These operations are not available in CRACKS
and must be performed separately. They will be incorporated in a
later version. Research on the feasibility and application of
image processing with CRACKS is described in the next section.

7.1.2 Image Processing of Cracks

Within the knowledge tree of CRACKS, several questions are
asked concerning the geometry of the unknown crack patterns (such
as single or multiple cracks, random or parallel orientation, and
diameter of the overall crack pattern) . Since CRACKS has been
designed to incorporate imaging capedjilities, it may be possible
for the computer to automatically evaluate (via image analysis)
the geometry of the crack patterns, thus reducing the knowledge
required from the expert system user. To successfully implement
this automated analysis, two issues must be addressed. The first
concerns the quality of the photographs of cracks obtainable by
field personnel. If the crack patterns cannot be isolated from
their background, quantitative evaluation of their geometry will
not be possible. Fortunately, research in this area for other
building materials such as coatings [11] has shown that if the
human observer can identify the defects in the photograph,
generally, software can be developed so that the computer can
also execute this task.

The second issue concerns what statistics can best
characterize (distinguish) the various possible crack patterns.
Based on the current knowledge tree for CRACKS, three likely
candidates are the number of cracks and orientation and the
expanse of individual cracks. Once cracks have been isolated.
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producing a binary image of black cracks on a white background
(see Figure 10) , and counting the number of individual cracks is
an easy task for the image processing computer. As each
individual crack is found, a number of features can be
characterized (area, perimeter, etc.) can be determined. Based
on the moments of individual crack areas, orientation and
eccentricity (a measure of the expanse of a crack) may be
determined using standard formulas [12]. These values would then
be utilized by the expert system to assist in determining the
probable cause of the observed cracking. For example, if the
system determines that a few, parallel (similar orientations)
cracks are present, probeible causes would include, rebar
corrosion or settlement before hardening. Finally, these
statistics could be continuously added to the database to be
accessed by the expert system, so that the knowledge base could
become more refined as time progresses and thus, the system would
actually improve its performance in terms of correct automatic
identification of crack patterns utilizing image analysis of
crack pattern geometry.

7.1.3 Explanatory Capabilities

The importance of an enhanced user interface was discussed
previously in this paper. The computer programs which were
written to accomplish this are described in Table 1.
Specifically, the functions provided by these programs are to:

o manage the display text screen (initialize, clear)
o provide file management for text files generated
during a CRACKS session

o display conclusions made by the expert system
o provide printed reports of conclusions and line of

reasoning

7 . 2 FUTURE ENHANCEMENTS

7.2.1 Automating the Knowledge Acquisition and User Input
Process

The current method of obtaining user input and knowledge for
the expert system is to request responses from the user during a
session and to catalogue the characteristics of a photograph or
drawing in the expert system database and imagebase. A more
reliable and consistent way of obtaining this information could
be to develop automated methods of acquiring field information
such as using voice recorded observations about the condition of
a structure and play this back to the computer. This method is
currently being evaluated at NIST. The intent is to provide a
field inspector with guidelines on how to perform the field
inspection, how to obtain the most desireable photograph of the
cracking and how to record this information so that the expert
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system can use it during the session. It is also possible to
have the computer analyze the photograph (image) and reduce the
number of rules required to reach a conclusion. In addition to
the site specific problem, this method could also be used to
develop a large inventory of )cnown problems and reduce the work
necessary to catalogue images by having the computer
automatically characterize and classify the image. This
procedure would involve image processing to obtain a "signature"
of the cracking pattern.

7.2.2 Knowledge Base Storage

Inherent with image processing for condition assessment is
the need to maintain large quantities of images. The largest
magnetic disk capacity available on microcomputers today is
nearly 300 megabytes. This will not be adequate for future
archival needs for expert systems. Giga bytes of storage will be
needed to store the hundreds, even thousands of images to support
a complex expert system for condition assessment of structures.
These requirements plus the need to represent the images in a
database will require storage technologies such as optical disk.
As the performance (speed) of these devices improve, it will
become feasible to integrate these devices into automated
maintenance systems. This technology is being investigated at
NIST and is being used in work involving an automated maintenance
management system for condition assessment [13].

8 . SUMMARY

This paper has described the design and implementation
considerations of an expert system tool to aid field inspectors
in determining the cause of non-structural failures in concrete.
This system will be a valuable tool in automating the acquisition
of field information, in presenting a hypothesis on how known
failures relate to site specific problems, in preserving the
knowledge of experts, and in providing a record of the condition
of structures at different ages.
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** CRACKS EXPERT SYSTEM **

National Institute of Standards and Technology

This knowledge based system is intended to assist
users in assessing the causes of cracks in concrete.

Images of cracks in concrete from known causes are
integrated into the expert system.

This system deals only with non-structural causes
of cracks.

TO BEGIN THE SESSION PLEASE PRESS THE 'STRT' FUNCTION KEY (F3)
OR THE 'ENTER' KEY

Would you like to see the factors considered in
identifying the causes of cracks in concrete?

Yes

> No

7 , 9 . 7 . ?, 7 . •?. 9 . 9 , 9 . 7 . 9 , 7 .'?. 9 .?.?. 9 .

What is the age of the concrete when the cracks were first
observed?

> Before Hardening

Don't Know

After Hardening

Figure 1. CRACKS sample session for early concrete.
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What do the cracks look like? are they;

Random

Diagonal

Over reinforcement

In thin walls

> View crack patterns

Depress the enter key when
finished viewing image

Depress the enter key when
finished viewing image

Figure 1 . CRACKS sample session for early concrete.
12



Depress the enter key when
finished viewing image

Depress the enter key when
finished viewing image

What do the cracks look like? are they:

Random

Diagonal

> Over reinforcement

In thin walls

Figure 1 . CRACKS sample session for early concrete.
13



7 .?.?.?.?.?.?.?.?.?.?.?.?-?-?-?-?.?-?-?-?.?.?.?-?.?.?.?.?.?-?.?.?.?.

What type of element is this?

Thick section

> Slab

**********************************************************************
The following is a list of all the conclusions CRACKS can make
concerning the probable causes of pattern cracks in concrete
for this session:

*

* This crack may be a plastic shrinkage crack. An example
* of a plastic shrinkage crack is displayed on the image
* monitor.

14

Figure 1 . CRACKS sample session for early concrete.



Figures. Example of CRACKS photograph



Alkali-aggregate

reaction

20

Figure

6.

Example

of

CRACKS

drawing



?*?*?*?*?*?*?*?*?*?*?*?*?*?*?*?*?*?*?*?*?*?*?*?*?*?*?»*^**^»*^»*^»*^**^

Do you want to access the utility functions?
By selecting "YES" you may: 1. Print conclusions

2. Display chronology
By selecting "NO” you may: 1. Conduct another session

2. End sessions

Yes

> No

Select "Recycle” to do another session or "End Session" to
quit.

Recycle session from beginning

-> End session

C:>

Figure 1 . CRACKS sample session for early concrete.
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(Pattern)

(Type)

(Pattern)

(Type)

(Pattern)

(Type)

(Pattern)

(Type)
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Figure

3.

Procedure

for

describing

images.
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Figure

4.

CRACKS

database

schema



Remote

Site

Specific

Knowledge

Expert

System

Knowledge
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Figure

7.

CRACKS

expert

system

configuration.
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Figure

8.

CRACKS

expert

system

knowledge

linkages



Figure 9. CRACKS image acquisition.
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Figure

10.

Example

of

image

processing

of

a

concrete

crack
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Table

1.

CRACKS

computer

program

extensions.



Table

2-

Computer

hardware

capabilities.
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Table

3.

Computer

software

capabilities.
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Table

4.

Image

processing

capabilities.
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