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Abstract

The incorporation of a small volume of carbon fibers into a cement matrix can lead to multiple benefits including improvements
in durability and tensile strength. In this paper, the smart material property of the composite which is its ability to respond to
electrical stimuli was exploited. It was found that electrical resistance techniques which had previously been only applicable as
investigative tools in fracture mechanics studies of metals could now be extended to the field of carbon fiber-reinforced concrete
fracture mechanics. Compact-tension specimens of carbon fiber-reinforced mortar with volume percentages between 0% and 0.6%
were tested. Fixed frequency electrical resistance measurements of 20 Hz, 100 Hz, 10 kHz and 1 MHz were taken during the tests.
Good correlations between the electrical resistance behavior and mechanical behavior were observed. In particular, the electrical
resistance may be used to provide some insight on the development and the mechanisms of the fracture process zone, and to provide
an estimate of the length of a propagating crack. In addition, the tensile strength of the carbon fiber-reinforced mortar with 0.6% by

volume of fibers increased by approximately three times over that of the unreinforced matrix.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Electrical resistance-based measurements have been
used as investigative tools in the study of fracture me-
chanics of metals for many years. The electric potential
method (EPM) was developed to aid in investigating
crack growth in metals (see for example [1,2]) and an
ASTM Standard exists for its use (ASTM E647). The
operating principle is quite simple: the electrical field in
a cracked specimen with a current flowing through it is a
function of the specimen geometry, and in particular the
crack size. For a constant current flow, the electric po-
tential or voltage drop across the crack plane will in-
crease with increasing crack size due to modification of
the electrical field and associated perturbation of the
current streamlines. The change in voltage can be related
to crack size through analytical or experimental cali-
bration curves. Assuming that the electrical resistivity
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remains constant, one could calculate the crack size a at
any instant by using

U0

7(%_%) + ag (1)

a= |(ar — ay)
In this equation, a, is the initial measured crack size, a;
is the final measured crack size, 7, and V; are the initial
and final potential difference readings respectively and V'
is the instantaneous potential difference corresponding
to crack size a. In lieu of using this expression which
depends on an accurate measurement of the final crack
size, one could use the following closed form equation
derived by Johnson [1] and appearing in ASTM E647
for a compact tension (CT) geometry

a B cosh(nY,y/2w)
— = E COS h v h,l cosh(n¥y/2w) (2)
cosh | 3= cos “cos(rag/2w)

In this equation, Y; is half of the distance between the
voltage probes and w is as defined in Fig. 1.

Tada et al. [3,4] extended the application of the EPM
to the problem of multiple small internal cracks in
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Fig. 1. Geometry of compact tension specimens.

metals. By utilizing the EPM and probabilistic in-
verse analysis, they determined volume crack densities.
Petrenko and Gluschenkov [5] applied the EPM to
measure crack velocities in ice.

It should be noted that in the application of EPM to
fracture mechanics of metals, typically direct current
(DC) is utilized. The ASTM Standard E647 allows the
use of alternating current (AC) at low frequencies with
the provision that the real resistance is used for corre-
lations with crack length rather than the impedance. In
other words the complex impedance should be resolved
into a real resistance as well as imaginary reactance. The
reason for the restriction on test frequency is that at
higher frequencies there is a skin effect in metals where
most of the current passes near the surface of the spec-
imen rather than through the bulk of the material.

The study of electrical properties of concrete is quite
advanced. Since the pioneering work of Hammond and
Robson [6], investigators have looked at using electrical
measurements for quality control [7] and assessment of
corrosion levels [8] for example. Since it has long been
recognized that DC measurements give rise to false
polarization potentials in concrete [9], modern investi-
gations almost exclusively utilize AC. Because concrete
is heterogeneous consisting of several different phases
and the interfaces between those phases, it is no surprise
that the overall electrical response is frequency depen-
dent. One widely accepted method of isolating the
electrical conduction only through certain phases and
interfaces is impedance spectroscopy. Several research-
ers have used this technique, for example, for micro-

structural characterization of concrete at various stages
of hydration [10-12].

The use of electrical resistance in fracture mechanics
studies of concrete has not received much attention until
recently. Perhaps this is because the electrical resistance
techniques were previously not believed to be readily
applicable to concrete and because of the added com-
plexity of the fracture problem in concrete. The concrete
fracture problem is more complex than the metal
problem in certain respects. Linear elastic fracture me-
chanics predicts that stresses can approach infinity at a
sharp crack tip. This would imply catastrophic failure
even with infinitesimal applied load. Since this is not the
case in practice for real materials, a certain range of
inelastic zone must exist at the crack tip. In metals, this
inelastic zone is a yielding zone. In concrete, there are
many complicated mechanisms acting around the crack
tip. These mechanisms consume a part of the external
energy caused by the applied load and thus can be re-
garded as toughening mechanisms. Typically the influ-
ences of each of these mechanisms are lumped together
to define a conceptual fracture process zone.

One of the toughening mechanisms in the fracture
process zone is microcracking. Due to the high stress
state near the crack tip, microcracks develop at pre-
existing flaws. Such flaws result from water-filled pores,
air voids and shrinkage cracks. In fiber-reinforced con-
crete, fiber bridging is also a toughening mechanism.
After the matrix has cracked, the fibers can still transmit
tensile stress across the two crack faces until the fibers
pull out or break. Some other examples of toughening
mechanisms are friction between crack faces resulting
from the tortuous nature of the crack, crack-branching
where secondary cracks develop from the main crack
and aggregate bridging across the crack faces.

It is of much interest in the concrete fracture me-
chanics field to study experimental methods that may
shed light on the length of a traction-free crack, the
mechanisms of the fracture process zone, the size of the
fracture process zone and how it varies with crack
propagation. A discussion of various experimental
techniques used in fracture mechanics of concrete is gi-
ven by Shah et al. [13]. These techniques include laser
holographic interferometry useful for monitoring sur-
face crack propagation, acoustic emission useful for
evaluating microcracking and dye penetration useful for
evaluating crack shape across the thickness of the test
specimen.

Chen and Chung [14] first reported that carbon fiber-
reinforced concrete may have a smart material property,
that is, the ability to sense damage. Recent investiga-
tions have shown that addition of carbon fibers to
concrete gives the material a unique capability to re-
spond to interrogation by electrical techniques [15,16].
Peled et al. [17] applied electrical measurements to
fracture mechanics studies of carbon fiber-reinforced
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mortar (CFRM). They performed investigations on
double cantilever specimens using impedance spectros-
copy techniques. The loading was stopped at various
stages and the specimen subjected to a sweep in fre-
quency (including DC). Based on the notion that DC
resistance depended on the matrix only, and being able
to identify the frequency at which only fibers contrib-
uted to conduction, they were able to predict uncracked,
bridged and open area.

In the present investigation, electrical resistance
measurements were recorded during fracture testing of
CFRM. The tests were uninterrupted, that is, a contin-
uous ramp function (displacement control) was used and
electrical measurements were made at a fixed AC fre-
quency. Compact tension geometry was utilized. Elec-
trical resistance measurements were supplemented with
displacement readings from several gages placed along
the crack front. Good correlation was found between
the electrical behavior and mechanical behavior. In
particular, it was possible to identify process zone de-
velopment and growth of the traction-free crack.

2. Experimental setup

The proportions used in preparing the base mixture
for the CFRM specimens are shown in Table 1. Carboxy
methylcellulose was added at a dosage of 1 kg/m? of the
mixing water to aid in the dispersion of the carbon fi-
bers. The use of a high quantity of silica fume and high-
range water-reducing admixture is recommended for
carbon fiber-reinforced concrete [18]. Since silica fume
acts as a cement substitute, appropriate constituents
were proportioned according to the total cementitious
material content (that is, Portland cement plus silica
fume) rather than just the cement content.

The cement was Type I1I Portland cement. The silica
fume met ASTM 1240 requirements. The sand was
ASTM C778 graded Ottawa sand. The high-range wa-
ter-reducing admixture met the specifications of ASTM
C494 Type A and F. The fibers used in this study were
RK 10 carbon fibers. These were isotropic polyacrylo-

Table 1
Mixture proportions for carbon fiber-reinforced mortar

Constituent Content per unit Ratio by weight to
volume of mortar total cementitious
(kg/m?) material

Cement 632 0.87

Silica fume 95 0.13

Water 436 0.60

Sand 726 1.00

High-range water 0-11 0.00-0.15

reducer
Methylcellulose 1 kg/m? of water NA

Carbon fibers 0-1 vol.% of mortar NA

nitrile (PAN)-based fibers of 8 pm diameter and 6 mm
length. The fibers were coated with 1-2% sizing to keep
multiple fibers together for ease of handling. The sizing
was water-soluble and the fibers were readily dispersible
in water.

Compact tension specimens were cast in a specially
fabricated mold. The geometry of the CT specimens
complied with that specified in ASTM E399 as described
by Tada et al. [19]. The dimensions are indicated on
Fig. 1. The CT specimens were cast as blocks 243.8 x 254 x
101.6 mm with two pin holes of 50.8 mm diameter. The
load line location of the specimen is indicated on Fig. 1 by
the tensile force, P. An initial notch of 101.6 mm was
sawn into the specimen using a diamond blade that was
approximately 3.2 mm thick. The notch was then sharp-
ened by hand using successively finer diamond wire down
to about 8 pum thickness. Thus, the initial notch length
measured from the load line was 50.8 mm. The dimension
w was 203.2 mm, thus the normalized initial crack length
a/w was 0.25. The specimens were removed from the
mold after 24 h and continuously moist cured until the
day of the test. The specimens were allowed to dry for
several hours prior to the test and all specimens had
similar moisture conditions. Specimens were approxi-
mately 18 months old at the time of test.

A four-electrode configuration was utilized for the
electrical measurements as depicted in Fig. 2. Current
was supplied through the outer rings and potential dif-
ference was measured between the two inner rings. The
potential sensing rings were placed approximately 50.8
mm apart from each other centered on either side of the
notch. The electrodes were created by painting thin
strips of silver paint around the specimen. Copper wire
was then wound tightly over these strips. Electrical tape
was used to enhance the contact between the copper
wire and silver paint. The rings primarily served as the
electrode while the silver paint ensured continuous
contact around the specimen, even at the corners, which
aided in creating uniform electric potential.
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Fig. 2. Location of electrodes. Dimensions are in mm.
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On both sides of the specimen, four linear variable
differential transformers (LVDTs) were placed ahead of
the expected path of the crack. Another LVDT was used
to monitor crack mouth opening displacement
(CMOD). For the purpose of identification, the LVDTs
were numbered 14 sequentially with LVDT1 being the
closest to the notch tip. Further, the notation ‘f” was
used for LVDTs on the front side and ‘b’ for those on
the back side. Aluminum fixtures were used to hold the
LVDTs. Acrylic blocks were also provided for the
LVDTs to bear against. The fixtures were attached to
the specimen using epoxy. The locations of the LVDTs
are shown in Fig. 3. The CMOD gage had a range of
+2.54 mm while the other LVDTs had ranges of either
+1.02 or £0.25 mm. The gage length for each LVDT
was 114 mm.

Clevises for loading the specimen were fabricated out
of stainless steel. The loading pins were made of high-
strength aircraft aluminum. Special collars with ball
bearings were used at each end of the pin. These ensured
that the pins could rotate freely and would not bind up
causing undesirable stresses in the specimen.

The fracture tests were performed on a 250-kN ca-
pacity closed loop control servo-hydraulic system. The
tests were controlled by displacing the actuator (at the
load line location) at a constant rate of 0.002 mm/s.
Electrical resistance and reactance were measured using
an inductance, capacitance, resistance (LCR) meter ca-
pable of testing at frequencies between 20 Hz and 1
MHz. A computer was utilized to simultancously collect
and synchronize resistance and reactance readings from
the LCR meter, load and actuator displacement from
the test frame as well as displacement readings from the
9 LVDTs coming through a signal conditioner. The
experimental setup can be seen in Fig. 4. The figure
shows a specimen secured in the loading clevises with the
pins. The top clevis is attached to the load cell and
the bottom clevis to the actuator. The figure also shows
the four front LVDTs, the CMOD gage and the four
electrodes around the specimen.
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Fig. 3. Location of LVDTs. Dimensions are in mm.

Fig. 4. Experimental setup.

3. Results

A total of 24 specimens were fracture tested including
6 specimens with no carbon fibers. The remaining 18
specimens were created with 0.2%, 0.4% or 0.6% by
volume of carbon fibers. For a set of specimens with a
particular volume of fibers, separate tests were con-
ducted at AC frequencies of 20 Hz, 100 Hz, 10 kHz and
1 MHz.

The electrical resistance behavior during fracture tests
from the plain mortar specimens proved not to be re-
peatable and hence these are not presented in the paper.
It was concluded that no smart behavior was apparent
for the plain mortar specimens.

Prior to fracture testing, impedance spectroscopy was
performed on several specimens. The specimens were
subjected to a sweep in test frequency between 20 Hz
and 1 MHz. A typical test result for a specimen with
0.6% by volume of fibers is shown in Fig. 5. This plot of
imaginary impedance (reactance) versus real impedance
(resistance) is referred to as a Nyquist plot. Frequency
increases from right to left on the graph. Only a single
arc representing bulk electrical conduction could be
seen. At low frequencies represented by the right hand
side of the bulk arc, more of the electrical conduction is
through the matrix than the fibers; at higher frequencies,
more of the conduction is through the fibers than the
matrix [20]. This is attributed to the development of a
polarization layer of charge transfer resistance and
double layer capacitance along the surface of the fibers.
This serves to make the fibers insulating at low fre-
quencies. At high frequencies, these layers vanish en-
abling the fibers to contribute significantly to the bulk
electrical conduction. The absence of a secondary arc in
Fig. 5 means that the frequency at which conduction is
entirely through the fibers could not be determined. This
implies that within this range of test frequencies, the
measured bulk electrical conduction had contributions
from both the matrix and the fibers.



F. Reza et al. | Cement & Concrete Composites 26 (2004) 873-881 877

151

Reactance (ohm)

-101

-5

0 5 10 15 20 25 30
Resistance (ohm)

Fig. 5. Impedance spectroscopy of specimen containing 0.6% by vol-
ume of fibers.

In the discussion to follow, a somewhat idealized
notion of the crack growth process is assumed. At any
point in time, in the crack plane (that is the plane ahead
of the original notch tip) there is an uncracked area
where the matrix is intact and a cracked area. The
cracked area may consist of both a physical crack and a
fracture process zone. The physical crack is defined such
that tensile stresses cannot be transmitted across the
crack faces, in other words the faces are traction-free.
The fracture process zone is assumed to lie ahead of the
physical crack tip. The fracture process zone includes
the toughening mechanisms of microcracking, fiber-
bridging and other phenomena as discussed in the in-
troduction.

Obviously, as the fracture test progresses the un-
cracked area decreases and the cracked area increases. It
was hoped that the CFRM would act as a smart mate-
rial and the resistance would be sensitive to these
changes similar to resistance behavior in metals. In the
traction-free portion of the crack there is no means of
electrical conduction across the crack face. Therefore an
increase in the traction-free area should logically cause
the overall resistance to increase. In metals, the inelastic
zone that develops is a yielding zone and this is not
expected to change the resistance significantly. In other
words, in metals the electrical resistance change is sen-
sitive only to the growth of the traction-free crack and
not the inelastic zone. The results obtained in this study
showed that electrical resistance in the CFRM was re-
sponsive to the propagation of a traction-free crack but
was also apparently sensitive to the fracture process
zone.

The electrical resistance behavior at 1 MHz frequency
during fracture testing for a specimen with 0.6% volume
of fibers is shown in Fig. 6. The resistance values R have
been normalized with respect to the initial resistance Ry
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Fig. 6. Resistance and load versus time for specimen with 0.6% by
volume of fibers tested at 1| MHz. Normalizing values were the initial
resistance of 3.72 Q and ultimate load of 12.45 kN.

at the start of the test. It is observed that initially, there
is little to no observable change in resistance. However,
around time ¢ =440 s, a significant change occurs
characterized by a nonlinear increase in resistance. This
is followed by a period of approximately linear increase
in resistance after approximately 600 s of elapsed time.
For evaluative purposes the load versus time plot is
superimposed on the graph. The load values P have been
normalized with respect to the ultimate or peak load Py;.
The first increase in resistance occurs prior to peak load
being achieved at approximately 97% of the ultimate
load. The end of nonlinearity in the resistance behavior
begins in the post peak region. Similar plots are shown
in Figs. 7 and 8 for specimens tested at 10 kHz and
100 Hz respectively with 0.6% by volume of fibers. In
Fig. 7, the first increase in resistance begins at time
t = 600 s which corresponds to a load of 91% of the
ultimate load. In Fig. 8, the first increase in resistance
begins at time ¢+ = 640 s which corresponds to a load of
11% of the ultimate load.

It is hypothesized that the initial nonlinear increase in
resistance may be associated with the development of
the fracture process zone, while the linear portion may
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Fig. 7. Resistance and load versus time for specimen with 0.6% by
volume of fibers tested at 10 kHz. Normalizing values were the initial
resistance of 6.61 Q and ultimate load of 12.32 kN.
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Fig. 8. Resistance and load versus time for specimen with 0.6% by
volume of fibers tested at 100 Hz. Normalizing values were the initial
resistance of 20.65 Q and ultimate load of 12.84 kN.

be associated with growth of a traction-free crack. It was
observed that the start of nonlinear increase in resis-
tance appears to begin earlier in relation to the load
value when measured at lower frequencies. This phe-
nomenon may be due to microcrack coalescence ahead
of the initial notch tip. Since the matrix contributes
more to the overall bulk conduction at lower frequen-
cies, the electrical resistance measurements are more
sensitive to microcracking of the matrix than the higher
frequency measurements. It appears that the readings at
higher frequencies do not start increasing until fiber
bridging in the fracture process zone has been initiated.
This is because the fibers are more dominant in the bulk
electrical conduction at higher frequencies. The fact that
nonlinearity ends after the peak load may indicate that
the process zone is not fully developed at the peak load
but rather still growing. The final linear regime in the
electrical behavior associated with the growth of the
traction-free crack is similar to that observed in metals
and hence many of the mathematical models relating
crack length to resistance derived for metals may be
applicable to concrete at this stage.

Fig. 9 shows the displacement versus time record
obtained from the LVDTs for the same specimen used in
Fig. 6, that is, the specimen tested at 1 MHz. In addition
to the CMOD measurement, only the readings from the
front gages are shown for the sake of clarity. At very
large crack opening the CMOD and the displacement at
LVDTI exceed the range of the gage and this causes the
observed flattening out of the curves. In general, three
distinct patterns can be seen. Initially, there is little to no
measured displacement. This is followed by a period of
nonlinear increase in displacement which is probably
induced by the fracture process zone and then a linear
increase which likely indicates that the traction-free
crack has progressed beyond this gage location. An
enlarged view of this graph is shown in Fig. 10. The
inelastic deformation is assumed to localize on the crack
plane ahead of the physical notch tip. The nonlinear
increase in resistance for the specimen tested at 1 MHz
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Fig. 9. Displacement versus Time for specimen with 0.6% by volume
of fibers tested at 1 MHz.
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Fig. 10. Enlarged view of displacement versus time for specimen with
0.6% by volume of fibers tested at 1 MHz.

was found to begin approximately at time z = 440 s.
From Fig. 10, it is observed that at time ¢ = 440 s, the
first gage ahead of the notch tip, that is LVDTIf, was
already recording some activity. At this point the
CMOD was 184 um and the LVDT1 displacement was 46
pum. This seems to indicate that the process zone had al-
ready begun to develop. Fig. 11 shows a plot of the dis-
placement record for the same specimen used in Fig. 8,
that is the specimen tested at 100 Hz. The start of non-
linear increase in resistance was detected at approxi-
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Fig. 11. Enlarged view of displacement versus time for specimen with
0.6% by volume of fibers tested at 100 Hz.
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mately ¢ = 640 s. Interestingly, from Fig. 11, it can be
seen that this occurs roughly at the same time that the
first gage ahead of the notch tip begins to detect some
activity. The CMOD at this point was 22.8 um and the
LVDTI1 displacement was only 3.65 um. These results
seem to indicate that electrical measurements at lower
frequencies are more sensitive initially to the process
zone development possibly because of microcrack coa-
lescence in the fracture process zone which affects the
matrix conductivity significantly but not the fiber con-
ductivity. From the displacement records in Figs. 9-11, it
is seen that the displacements all begin at zero and form
a baseline in each graph. Starting with the crack tip gage,
the displacements measured by each gage rise steadily
leaving the baseline while the gages further from the
original crack tip location remain on the baseline. From
these graphs it appears that the crack tip is moving in a
stable manner.

The crack profiles at various times during the fracture
of the specimen tested at 1 MHz are shown in Figs. 12
and 13. Fig. 12 shows the record obtained from the front
gages and Fig. 13 shows the record from the back gages.
It is observed that after the peak load, that is after time
t =500 s (T500), the crack profile is reasonably linear.
This observation is consistent with the approximately
linear post-peak electrical resistance behavior which is
associated with the growth of the traction-free crack. It
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Fig. 12. Crack profile obtained from front gages for specimen with
0.6% by volume of fibers tested at 1 MHz.

= 1600
S 1400+
2 0od —=—T200
E ved —>¢—T400
2 800 1 —%—T500
[ ——
g e00; 0o
2 40071 T800
S 2001
5
(8] 0

-100000 0 100000 200000 300000

Gage Location (mm)

Fig. 13. Crack profile obtained from back gages for specimen with
0.6% by volume of fibers tested at 1 MHz.

is also observed that the gages on either side record
similar activity, indicating that the crack growth (both
physical crack and process zone) progresses approxi-
mately evenly along the sides, though it is not neces-
sarily uniform across the width.

It follows that since the resistance is sensitive to crack
propagation, it could be used to estimate crack length.
One difficulty in being able to accurately monitor crack
length in concrete that is common to any experimental
technique is the tortuous nature of the crack growth. An
example of this is shown in Fig. 14 for one of the test
specimens. In the figure, the crack propagating from the
original notch tip has been digitally enhanced for easy
visual identification. Still, any technique that can pro-
vide an estimate of the crack length is a useful tool in
fracture mechanics studies and has the potential to be
applied to practical structures as well. The analytical
expression relating crack length to resistance change
given by Eq. (2) was used to obtain an estimate of the
crack length. Fig. 15 shows the calculated normalized
crack length and the normalized resistance change as a
function of crack opening displacement measured by
LVDT]1 for the specimen tested at 1 MHz. It should be
noted that it has been assumed that the CFRM obeys
Ohm’s law, therefore the normalized potential difference

Fig. 14. Tortuous crack growth.
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Fig. 15. Normalized resistance and crack length versus displacement
for specimen with 0.6% volume of fibers tested at 1 MHz.
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Fig. 16. Load versus crack mouth opening displacement for specimens
containing various volumes of carbon fiber reinforcement.

V/Vy is the same as the normalized resistance R/R,.
Also, Eq. (2) was derived for an initial normalized notch
a/w of 0.25 which was the ratio used in these experi-
ments. This is the value obtained when V/V; is 1. As
seen in Fig. 15, the final resistance was approximately
twice the initial value, and the estimated final crack
length was also approximately double the starting value.
The slight nonlinearity observed towards the beginning
is believed to be due to the influence of the fracture
process zone on the electrical resistance.

The addition of carbon fibers to a concrete matrix not
only provides the material with the smart property dis-
cussed above but also leads to improvements in me-
chanical properties. One of the benefits of adding high
modulus fibers to concrete is the increase in tensile
strength over the unreinforced matrix. Fig. 16 shows
typical load versus CMOD plots for CFRM specimens
with increasing fiber volume content obtained from these
experiments. There was almost threefold increase in ten-
sile strength at 0.6% fiber volume content. Also, the
tensile strain capacity of the composite was improved
considerably.

4. Conclusions

Electrical resistance techniques have been and con-
tinue to be used as an aid in fracture mechanics studies
of metals. These techniques had previously been inap-
plicable in the case of concrete. Recent investigations
have shown a smart material capability in carbon fiber
cement composites in that they are responsive to elec-
trical interrogation schemes. In this paper, results from
compact tension tests on carbon fiber-reinforced mortar
specimens have shown that resistance techniques could
potentially be used as an aid in the fracture mechanics
studies of concrete. It was found that similar to the case
of metals, resistance change was responsive to the
growth of a traction-free crack and thus could be used to
estimate crack length. Unlike the case of metals how-
ever, the resistance change was also found to be sensitive

to the fracture process zone. In particular, resistance
measurements made with low frequency current were
sensitive to microcrack formation and high frequency
measurements were sensitive to fiber bridging.

In addition to its use in fracture mechanics studies,
electrical resistance might be a useful tool for monitor-
ing crack growth in real structures. One potential ap-
plication of this technique might be in concrete
pavement management. Currently, several state trans-
portation departments use a sophisticated digital image
system to monitor and make decisions regarding pave-
ment repair and design. This involves periodic photog-
raphy of the pavement and subsequent use of pattern
recognition software to evaluate crack growth by careful
pixel-by-pixel superposition. Potentially, electrical re-
sistance techniques could be used in remote sensing of
the pavement. This could be more cost effective and
would offer the advantage of real-time monitoring to
capture the effect of moving loads, temperature changes,
etc. on the crack growth.
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