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Abstract

Structural health monitoring by dc electrical resistance measurement is
reviewed. The technique is valuable for evaluating composites and joints,
provided that the materials involved are not all electrically insulating. The
measurement pertains to either the volume electrical resistivity of a bulk
material or the contact resistivity of an interface, and it can be performed in

real time during loading or heating.

1. Introduction

Structural health monitoring refers to the monitoring of the
integrity of a structure for the purpose of hazard mitigation,
whether the hazard is due to live load, earthquake, wind, ocean
waves, fatigue, aging, heat or other factors. This monitoring
mainly entails non-destructive sensing of the damage in the
structure.

Extensive damage, such as large cracks on the surface, can
be sensed by visual inspection and liquid penetrant inspection.
Both surface and sub-surface defects can be sensed by
magnetic particle inspection (if the material is ferromagnetic),
eddy current testing (if the material is electrically conducting
and the defect is appropriately oriented with respect to the
eddy current), ultrasonic testing (if the defect is appropriately
oriented with respect to the ultrasonic wave propagation
direction), x-radiography and other methods. However, these
techniques tend to be not very sensitive to defects that are subtle
in nature or microscopic in size. The resolution is particularly
poor for magnetic particle inspection and x-radiography. The
resolution tends to be better for ultrasonic methods, but it is
still limited to about 0.1 mm (depending on the frequency of
the ultrasonic wave). For effective hazard mitigation, it is
important to be able to detect defects when they are small
[1-7].

Recent attention on structural health monitoring has been
centered on the use of embedded or attached sensors, such as
piezoelectric, optical fiber, microelectromechanical, acoustic,
dynamic response, phase transformation and other sensors
[8-38], and the use of tagging through the incorporation of
piezoelectric, magnetic or electrically conducting particles in
the composite material [39, 40]. The use of embedded sensors
or particles tends to suffer from the mechanical property
degradation of the composite. Furthermore, embedded sensors
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are hard to repair. Attached sensors are easier to repair than
embedded sensors, but they suffer from poor durability. Both
embedded and attached sensors are much more expensive than
the structural material, so they add much to the cost of the
structure.

Electrical resistance measurement is a method which has
received relatively little attention in terms of structural health
monitoring. It does not involve any embedment or attachment,
so it does not suffer from the problems described earlier
for embedded or attached sensors. Furthermore, the method
allows the entire structure to be monitored, whereas the use of
embedded or attached sensors tends to allow the structure to be
monitored at selected positions only. The electrical resistance
method is particularly effective for detecting small and subtle
defects in composite materials and in joints. Composite
materials, such as carbon fiber polymer-matrix composites,
are lightweight structural composites that are important for
aircraft, for which structural health monitoring is critical.
Joints, whether by fastening or adhesion, are encountered in
almost any structure, and their structural health monitoring is
particularly challenging, due to the difficulty of probing the
joint interface. This paper reviews the electrical resistance
(dc) method of structural health monitoring.

2. Carbon fiber polymer-matrix structural
composites

Polymer-matrix composites for structural applications typi-
cally contain continuous fibers such as carbon, polymer and
glass fibers, as continuous fibers tend to be more effective than
short fibers as a reinforcement. Polymer-matrix composites
with continuous carbon fibers are used for aerospace, automo-
bile and civil structures. Due to the fact that carbon fibers are
electrically conducting, whereas polymer and glass fibers are
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not, carbon fiber composites exhibit electrical properties which
depend on parameters such as damage, thereby attaining the
ability to sense themselves through electrical measurement.

Within a lamina with tows in the same direction, the
electrical conductivity is highest in the carbon fiber direction.
In the transverse direction in the plane of the lamina, the
conductivity is not zero, even though the polymer matrix
is insulating, because there are contacts between fibers of
adjacent tows [41]. In other words, a fraction of the fibers of
one tow touches a fraction of the fibers of an adjacent tow here
and there along the length of the fibers. These contacts result
from the fact that fibers are not perfectly straight or parallel
(even though the lamina is said to be unidirectional), and that
the flow of the polymer matrix (or resin) during composite
fabrication can cause a fiber to be' not completely covered
by the polymer or resin (even though, prior to composite
fabrication, each fiber may be completely covered by the
polymer or resin, as in the case of a prepreg, i.e. a fiber sheet
impregnated with the polymer or resin). Fiber waviness is
known as marcelling. Thus, the transverse conductivity gives
information on the number of fiber—fiber contacts in the plane
of the lamina.

For similar reasons, the contacts between fibers of adjacent
laminae cause the conductivity in the through-thickness
direction (direction perpendicular to the plane of the laminate)
to be non-zero. Thus, the through-thickness conductivity gives
information on the number of fiber—fiber contacts between
adjacent laminae.

Matrix cracking between the tows of a lamina decreases
the number of fiber—fiber contacts in the plane of the
lamina, thus decreasing the transverse conductivity. Similarly,
matrix cracking between adjacent laminae (as in delamination
[42]) decreases the number of fiber-fiber contacts between
adjacent laminae, thus decreasing the through-thickness
conductivity. This means that the transverse and through-
thickness conductivities can indicate damage in the form of
matrix cracking.

Fiber damage (defect generation in the fiber, as distinct
from fiber fracture) decreases the conductivity of a fiber,
thereby decreasing the longitudinal conductivity (conductivity
in the fiber direction). However, due to the brittleness of carbon
fibers, the decrease in conductivity due to fiber damage prior
to fiber fracture is rather small [43, 44].

Fiber fracture causes a much larger decrease in the
longitudinal conductivity of a lamina than fiber damage. If
there is only one fiber, a broken fiber results in an open circuit,
i.e. zero conductivity. However, a lamina has a large number
of fibers and adjacent fibers can make contact here and there.
Therefore, the portions of a broken fiber still contribute to
the longitudinal conductivity of the lamina. As a result, the
decrease in conductivity due to fiber fracture is less than what it
would be if a broken fiber did not contribute to the conductivity.
Nevertheless, the effect of fiber fracture on the longitudinal
conductivity is significant, so that the longitudinal conductivity
can indicate damage in the form of fiber fracture [45].

The through-thickness volume resistance of a laminate
is the sum of the volume resistance of each of the laminae
in the through-thickness direction and the contact resistance
of each of the interfaces between adjacent laminae (i.e.
the interlaminar interface). For example, a laminate with
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Figure 1. Specimen configuration for measurement of the contact
electrical resistivity between laminae: (a) crossply laminae;
(b) unidirectional laminae.
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Figure 2. Longitudinal stress and strain and fractional resistance
increase (A R/ Ry,) obtained simultaneously during cyclic tension at
a stress amplitude equal to 14% of the breaking stress for continuous
fiber epoxy-matrix composite.

eight laminae has eight volume resistances and seven contact
resistances, all in the through-thickness direction. Thus,
to study the interlaminar interface, it is better to measure
the contact resistance between two laminae rather than the
through-thickness volume resistance of the entire laminate.
Measurement of the contact resistance between laminae
can be made by allowing two laminae (strips) to contact at
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Figure 3. Longitudinal stress and strain and the through-thickness
AR/ R, obtained simultaneously during cyclic tension at a stress
amplitude equal to 14% of the breaking stress for continuous fiber
€pOoXy-matrix composite.
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Figure 4. Longitudinal stress, strain and AR/ R, obtained
simultaneously during cyclic compression (longitudinal) at a stress
amplitude equal to 14% of the breaking stress for continuous fiber
€poxy-matrix composite.
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a junction and using the two ends of each strip for making
four electrical contacts [46]. An end of the top strip and an
end of the bottom strip serve as contacts for passing current.
The other end of the top strip and the other end of the bottom
strip serve as contacts for voltage measurement. The fibers
in the two strips can be in the same direction or in different
directions. This method is a form of the four-probe method
of electrical resistance measurement. The configuration is
illustrated in figure 1 for crossply and unidirectional laminates.
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Figure 5. Variation of longitudinal A R/R, with cycle number
during tension—tension fatigue testing for a carbon fiber
epoxy-matrix composite. Each cycle of reversible decrease in
resistance is due to strain. The irreversible increase in resistance at
around cycle no. 218 281 is due to damage in the form of fiber
breakage.

To make sure that the volume resistance within a lamina
in the through-thickness direction does not contribute to the
measured resistance, the fibers at each end of a lamina strip
should be electrically shorted together by using silver paint
or other conducting media. The measured resistance is the
contact resistance of the junction. This resistance, multiplied
by the area of the junction, gives the contact resistivity, which
is independent of the area of the junction and just depends on
the nature of the interlaminar interface. The unit of the contact
resistivity is € m?2, whereas that of the volume resistivity is
Qm.

The structure of the interlaminar interface tends to be
more prone to change than the structure within a lamina. For
example, damage in the form of delamination is much more
common than damage in the form of fiber fracture. Moreover,
the structure of the interlaminar interface (such as the extent of
contact between fibers of adjacent laminae) is affected by the
interlaminar stress (whether thermal stress or curing stress),
which is particularly significant when the laminae are not
unidirectional (as the anisotropy within each lamina enhances
the interlaminar stress). The structure of the interlaminar
interface also depends on the extent of consolidation of the
laminae during composite fabrication. The contact resistance
provides a sensitive probe of the structure of the interlaminar
interface.

The measurement of the volume resistivity in the through-
thickness direction can be conducted by using the four-probe
method, in which each of the two current contacts is in the form
of a conductor loop (made by silver paint, for example) on each
of the two outer surfaces of the laminate in the plane of the
laminate and each of the two voltage contacts is in the form of
a conductor dot within the loop [42]. An alternative method is
to have four of the laminae in the laminate be extra long so that
they extend outwards for the purpose of serving as electrical
leads [47]. The two outer leads are for current contacts; the
two inner leads are for voltage contacts. The use of a thin
metal wire inserted at an end into the interlaminar space during
composite fabrication in order to serve as an electrical contact is
not recommended, because the quality of the electrical contact
between the metal wire and carbon fibers is hard to control and
the wire is intrusive to the composite. The alternative method
is less convenient than the method involving loops and dots,
but it approaches more closely the ideal four-probe method.
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Figure 6. Variation of contact electrical resistivity with time and of the

temperature with time during thermal cycling of a carbon fiber

epoxy-matrix composite. (b) is the magnified view of the first 900 s of (a).

The simultaneous monitoring of damage (irreversible,
whether due to stress or temperature, under static or dynamic
conditions) and strain (reversible, due to stress under a
dynamic condition) has been achieved in continuous carbon
fiber polymer-matrix composites, as the electrical resistance
of the composite changes with damage and strain [42,48—
62]. Upon longitudinal tension, the longitudinal resistivity
decreases quite reversibly (figure 2), due to the increase in
the degree of fiber alignment, while the through-thickness
resistivity increases quite reversibly (figure 3) for the same
reason. Upon longitudinal compression, the longitudinal
resistivity increases quite reversibly (figure 4), due to decrease
in the degree of fiber alignment. These essentially reversible
effects of strain provide mechanisms for sensing strain. On the
other hand, minor damage in the form of slight matrix damage
and/or disturbance to the fiber arrangement is indicated by
the longitudinal and through-thickness resistance decreasing
irreversibly due to the increase in the number of contacts
between fibers, as shown after one loading cycle in figures 2
and 3. The irreversible decrease after one cycle is slight in
figure 2 and more significant in figure 3. More significant
damage in the form of delamination or interlaminar interface

degradation is indicated by the through-thickness resistance
(or, more exactly, the contact resistivity of the interlaminar
interface) increasing irreversibly (figure 5 for the case of
damage during fatigue) due to the decrease in the number of
contacts between fibers of different laminae. Major damage
in the form of fiber breakage is indicated by the longitudinal
resistance increasing irreversibly (not shown in the figures in
this review), as supported by the accompanying decrease in
modulus [49].

During mechanical fatigue (tension—tension fatigue, with
stress in the longitudinal direction), delamination was observed
to begin at 30% of the fatigue life, whereas fiber breakage
was observed to begin at 50% of the fatigue life. Figure 5
{49] shows an irreversible resistance increase occurring at
about 50% of the fatigue life during tension—tension fatigue
testing of a unidirectional continuous carbon fiber epoxy-
matrix composite. The resistance and stress are in the fiber
direction. The reversible changes in resistance are due to
elastic strain, which causes the resistance to decrease reversibly
in each cycle, as in figure 2.

Figure 6 [50] shows the variation of the contact resistivity
with temperature during thermal cycling. The temperature
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Figure 7. Variation of the fractional change in volume electrical
resistivity with time (a), of the stress with time (b), and of the strain
(negative for compressive strain) with time (a) and (b) during
dynamic compressive loading at increasing stress amplitudes within
the elastic regime for carbon-fiber latex cement paste at 28 days of
curing.

is repeatedly increased to various levels. A group of
cycles in which the temperature amplitude increases cycle
by cycle and then decreases cycle by cycle back to the
initial low-temperature amplitude is referred to as a group.
Figure 6(a) shows the results of the first ten groups, while
figure 6(b) shows the first group only. The contact resistivity
decreases upon heating in every cycle of every group. At
the highest temperature (150°C) of a group, a spike of
resistivity increase occurs, as shown in figure 6(b). It is
attributed to thermal damage at the interlaminar interface, as
the damage affects the extent of contact between fibers of
adjacent laminae. In addition, the baseline resistivity (i.e. the
top envelope) gradually and irreversibly shifts downward as
cycling progresses, as shown in figure 6(a). The baseline
decrease is probably due to matrix damage within a lamina
and the resulting decrease in modulus and hence decrease in
residual stress.

3. Cement-matrix composites

Concrete (a cement-matrix composite) is the dominant
structural material for the civil infrastructure. Figure 7(a)
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Figure 8. Variation of the fractional change in electrical resistivity
with time (a), of the stress with time (b), and of the strain (negative
for compressive strain) with time (a) and (b) during dynamic
compressive loading at increasing stress amplitudes within the
elastic regime for silica-fume cement paste at 28 days of curing.

shows the fractional change in resistivity along the stress
direction as well as the strain during repeated compressive
loading at an increasing stress amplitude for carbon-fiber (short
fibers, at a volume fraction below the percolation threshold)
latex cement paste at 28 days of curing. Figure 7(b) shows the
corresponding variation of stress and strain during the repeated
loading. The strain varies linearly with the stress up to the
highest stress amplitude (figure 7(b)). The strain returns to zero
at the end of each cycle of loading. The resistivity decreases
upon loading in every cycle (due to fiber push-in) and increases
upon unloading in every cycle (due to fiber pull-out), thereby
allowing strain sensing [63—-65]. The resistivity has a net
increase after the first cycle, probably due to damage associated
with the fiber-matrix interface. Little further damage occurs in
subsequent cycles, as shown by the resistivity after unloading
not increasing much after the first cycle. The greater the strain
amplitude, the more is the resistivity decrease during loading,
although the resistivity and strain are not linearly related. The
effects of figure 7 were similarly observed in carbon-fiber
silica-fume cement paste at 28 days of curing.

Concrete, particularly when short carbon fibers are
present, is capable of sensing damage due to the electrical
resistivity increase that accompanies damage [63-67]. That
both strain and damage can be sensed simultaneously through
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Figure 9. Fractional change in resistance (@), strain (@) and stress (b) during repeated compressive loading at increasing and decreasing
stress amplitudes, the highest of which was 60% of the compressive strength, for carbon-fiber concrete at 28 days of curing.

resistance measurement means that the strain/stress condition
(during dynamic loading) under which damage occurs can
be obtained, thus facilitating damage origin identification.
Damage is indicated by a resistance increase, which is larger
and less reversible when the stress amplitude is higher. The
resistance increase can be a sudden increase during loading. It
can also be a gradual shift of the baseline resistance.

Figure 8(a) [66] shows the fractional change in resistivity
along the stress direction as well as the strain during repeated
compressive loading at an increasing stress amplitude for plain
cement paste at 28 days of curing. Figure 8(b) shows the
corresponding variation of stress and strain during the repeated
loading. The strain varies linearly with the stress up to the
highest stress amplitude (figure 8(5)). The strain returns to zero
at the end of each cycle of loading. During the first loading,
the resistivity increases due to damage initiation. During the
subsequent unloading, the resistivity continues to increase,
probably due to opening of the microcracks generated during

loading. During the second loading, the resistivity decreases
slightly as the stress increases up to the maximum stress of
the first cycle (probably due to closing of the microcracks)
and then increases as the stress increases beyond this value
(probably due to the generation of additional microcracks).
During unloading in the second cycle, the resistivity increases
significantly (probably due to opening of the microcracks).
During the third loading, the resistivity essentially does not
change (or decreases very slightly) as the stress increases
to the maximum stress of the third cycle (probably due to
the balance between microcrack generation and microcrack
closing). Subsequent unloading causes the resistivity to
increase very significantly (probably due to opening of the
microcracks).

Figure 9 shows the fractional change in resistance, strain
and stress during repeated compressive loading at increasing
and decreasing stress amplitudes for carbon fiber (0.18 vol.%)
concrete (with fine and coarse aggregates) at 28 days of
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Figure 10. Fractional change in resistance (a), strain (@) and stress (b) during repeated compressive loading at increasing and decreasing
stress amplitudes, the highest of which was greater than 90% of the compressive strength, for carbon-fiber concrete at 28 days of curing.

curing. The highest stress amplitude is 60% of the compressive
strength. A group of cycles in which the stress amplitude
increases cycle by cycle and then decreases cycle by cycle
back to the initial low stress amplitude is hereby referred to
as a group. Figure 9 shows the results for three groups. The
strain returns to zero at the end of each cycle for any of the
stress amplitudes, indicating elastic behavior. The resistance
decreases upon loading in each cycle, as in figure 7. An
extra peak at the maximum stress of a cycle grows as the
stress amplitude increases, resulting in two peaks per cycle.
The original peak (strain induced) occurs at zero stress, while
the extra peak (damage induced) occurs at the maximum
stress. Hence, during loading from zero stress within a cycle,
the resistance drops and then increases sharply, reaching the
maximum resistance of the extra peak at the maximum stress
of the cycle. Upon subsequent unloading, the resistance
decreases and then increases as unloading continues, reaching

630

the maximum resistance of the original peak at zero stress. In
the part of this group where the stress amplitude decreases
cycle by cycle, the extra peak diminishes and disappears,
leaving the original peak as the sole peak. In the part of the
second group where the stress amplitude increases cycle by
cycle, the original peak (peak at zero stress) is the only peak,
except that the extra peak (peak at the maximum stress) returns
in a minor way (more minor than in the first group) as the stress
amplitude increases. The additional peak grows as the stress
amplitude increases, but, in the part of the second group in
which the stress amplitude decreases cycle by cycle, it quickly
diminishes and vanishes, as in the first group. Within each
group, the amplitude of resistance variation increases as the
stress amplitude increases and decreases as the stress amplitude
subsequently decreases.

The greater the stress amplitude, the larger and the less
reversible is the damage-induced resistance increase (the extra
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peak). If the stress amplitude has been experienced before, the
damage-induced resistance increase (the extra peak) is small,
as shown by comparing the result of the second group with
that of the first group (figure 9), unless the extent of damage
is large (figure 10 for a highest stress amplitude of greater
than 90% the compressive strength). When the damage is
extensive (as shown by a modulus decrease), damage-induced
resistance increase occurs in every cycle, even at a decreasing
stress amplitude, and it can overshadow the strain-induced
resistance decrease (figure 10). Hence, the damage-induced
resistance increase occurs mainly during loading (even within
the elastic regime), particularly at a stress above that in prior
cycles, unless the stress amplitude is high and/or damage is
extensive.

At a high stress amplitude, the damage-induced resistance
increases cycle by cycle as the stress amplitude increases
causes the baseline resistance to increase irreversibly
(figure 10). The baseline resistance in the regime of major
damage (with a decrease in modulus) provides a measure of
the extent of damage (i.e. condition monitoring). This measure
works in the loaded or unloaded state. In contrast, the measure
using the damage-induced resistance increase (figure 9) works
only during stress increase and indicates the occurrence of
damage (whether minor or major) as well as the extent of
damage.

4. Joints

Joining is one of the key processes in manufacturing and repair.
It can be achieved by welding, diffusion bonding (autohesion in
the case of polymers), soldering, brazing, adhesion, fastening,
or other methods.

Joints can be evaluated destructively by mechanical
testing which involves debonding. However, it is preferred
to use non-destructive methods, such as modulus (dynamic
mechanical), acoustic and electrical measurements. Electrical
measurements are particularly attractive, due to the short
response time and equipment simplicity. A requirement for
the feasibility of electrical measurements for joint evaluation
is that the components being joined are not electrical insulators.
Thus, joints involving metals, cement (concrete) and conductor
filled polymers are suitable.

The method of electrical resistance measurement for
joint evaluation most commonly involves measurement of the
contact electrical resistivity of the joint interface. The contact
resistivity is given by the product of the contact resistance and
the joint area; it is a quantity that is independent of the joint
area. Degradation of the joint causes the contact resistivity
to increase. A less common method involves measuring
the apparent volume resistance of a component while the
component (A) is joined to another component (B). When
component B is less conducting than component A, but is not
insulating, degradation of the joint causes the apparent volume
resistance of component A to increase. Both of these methods
are illustrated below.

4.1. Joints involving composite and concrete by adhesion

Continuous fiber polymer-matrix composites are increasingly
used to retrofit concrete structures, particularly columns

[68-70]. The retrofit involves wrapping a fiber sheet around a
concrete column or placing a sheet on the surface of a concrete
structure, such that the fiber sheet is adhered to the underlying
concrete by using a polymer, most commonly epoxy. This
method is effective for the repair of even quite badly damaged
concrete structures. Although the fibers and polymer are very
expensive compared to concrete, the alternative of tearing
down and rebuilding the concrete structure is often even more
expensive than the composite retrofit. Both glass fibers and
carbon fibers are used for the composite retrofit. Glass fibers
are advantageous for their relatively low cost, but carbon fibers
are advantageous for their high tensile modulus.

The effectiveness of a composite retrofit depends on the
quality of the bond between the composite and the underlying
concrete, as good bonding is necessary for load transfer. Peel
testing for bond quality evaluation is destructive [71]. Non-
destructive methods to evaluate the bond quality are valuable.
They include acoustic methods, which are not sensitive to small
amounts of debonding or bond degradation [72], and dynamic
mechanical testing [73]. Electrical resistance measurement
was used for non-destructive evaluation of the interface
between concrete and its carbon fiber composite retrofit [68].
The method is effective for studying the effects of temperature
and debonding stress on the interface. The concept behind
the method is that bond degradation causes the electrical
contact between the carbon fiber composite retrofit and the
underlying concrete to degrade. Since concrete is electrically
more conducting than air, the presence of an air pocket at the
interface causes the measured apparent volume resistance of
the composite retrofit in a direction in the plane of the interface
to increase. Hence, bond degradation is accompanied by an
increase in the apparent resistance of the composite retrofit.
Although the polymer matrix (epoxy) is electrically insulating,
the presence of a thin layer of epoxy at the interface is unable to
electricaily isolate the composite retrofit from the underlying
concrete.

The apparent resistance of the retrofit in the fiber direction
is increased by bond degradation, whether the degradation is
due to heat or stress. The degradation is reversible. Irreversible
disturbance in the fiber arrangement occurs slightly as thermal
orload cycling occurs, as indicated by the resistance decreasing
cycle by cycle [68].

4.2. Joints involving composites by adhesion

Joining methods for polymers and polymer-matrix composites
include autohesion, which is relevant to the self-healing
of polymers. Diffusion bonding (or autohesion) involves
interdiffusion between the adjoining materials in the solid
state. In contrast, fusion bonding involves melting. Due to
the relatively low temperatures of diffusion bonding compared
to fusion bonding, diffusion bonding does not suffer from
the undesirable side effects that typically occur in fusion
bonding, such as degradation and crosslinking of the polymer
matrix. Although the diffusion bonding of metals has been
widely studied, relatively little study has been conducted
on the autohesion of polymers. Because of the increased
segment mobility above the glass transition temperature (7}),
thermoplastics are able to undergo interdiffusion above Tj,.
Diffusion, as a thermally activated process, takes time.
In other words, how long diffusion takes depends on the
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temperature. In order for diffusion bonding or autohesion to
be conducted properly, the kinetics of the process needs to be
known.

The study of the kinetics requires monitoring the process
as it occurs. A real-time monitoring technique is obviously
preferable to a traditional method that requires periodic
interruption and cooling of the specimen. However, real-
time monitoring is experimentally difficult compared with
interrupted monitoring. The method described here is ideal for
thermoplastic prepregs containing continuous carbon fibers,
since the carbon fibers are conductive. Two carbon-fiber
thermoplastic prepreg plies are placed together to form a
joint.  The electrical contact resistance of this joint is
measured during autohesion. As autohesion occurs, the fibers
in the plies undergoing joining come closer together, thus
resulting in a decrease in the contact resistance. Hence,
with the measurement of this resistance in real time, the
autohesion process was monitored as a function of time
at different selected bonding temperatures for Nylon-6
and polyphenylenesulfide (PPS), both thermoplastics [74].
Arrhenius plots of a characteristic resistance decrease versus
temperature allow determination of the activation energy for
the process. This method can possibly be used for monitoring
of bonding of unfilled thermoplastics if a few carbon fibers are
strategically placed.

Engineering thermoplastics can be bonded together by
autohesion above the glass transition temperature but below
the melting temperature, or fusion welding (i.e. melting and
subsequent solidification). Both methods involve heating and
subsequent cooling. During cooling, the thermoplastic goes
from a soft solid state (in the case of autohesion) or a liquid
state (in the case of fusion welding) to a stiff state. If the
thermoplastic members to be joined are anisotropic (as in
the case of each member being reinforced with fibers) and
the fiber orientation in the two members is not the same,
the thermal expansion (actually contraction) mismatch at the
bonding plane will cause thermal stress to build up during
cooling. This thermal stress is detrimental to the quality of the
adhesive bond formed between the two members.

Two scenarios can lead to the absence of bonding after
cooling. One scenario is the absence of bond formation at the
high temperature during welding, due to insufficient time or
temperature. The other scenario is the presence of bonding
at the high temperature, but the occurrence of debonding
during subsequent cooling due to thermal stress. The cause
of the absence of bonding is different in the two scenarios.
In any given situation, the cause of the debonded joint must
be understood if the absence of bonding after cooling is to be
avoided.

The propensity for mutual diffusion in thermoplastic
polymers increases with temperature. The contact at the
interface across which interdiffusion takes place also plays
a role. An intimate interface, as obtained by application
of pressure to compress the two members together, also
facilitates diffusion. Thus, the quality of the joint improves
with increasing temperature and increasing pressure in the
high-temperature period of welding. The poorer the quality
of the joint attained at a high temperature is, the greater is
the likelihood that thermal stress built up during subsequent
cooling will be sufficient to cause debonding. Hence, merely
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having bonding achieved at the high temperature in welding is
not enough. The bond achieved must be of sufficient quality
to withstand the abuse of thermal stress during subsequent
cooling.

The quality of a joint is conventionally tested destructively
by mechanical methods or non-destructively by ultrasonic
methods [75,76].  This testing is performed at room
temperature after the joint has been cooled from the high
temperature used in welding. As a result, the testing does
not allow distinction between the two scenarios previously
described. The use of a non-destructive method, namely
contact electrical resistance measurement, to monitor joint
quality in real time during the high-temperature period of
welding and also during subsequent cooling has been shown
[77]. The resistance increases by up to 600% upon debonding.
The resistance increase is much greater than the resistance
decrease during prior bonding. Debonding occurs during
cooling when the pressure or temperature during prior bonding
is not sufficiently high.

The adhesive joint formation between thermoplastic
adherends typically involves heating to temperatures above the
melting temperature (Tj,) of the thermoplastic. During heating
to'the desired elevated temperature, time is spent in the range
between the glass transition temperature (T;) and T,. The
dependence of the bond quality on the heating rate, heating
time, and pressure was investigated through measurement
of the contact resistance between adherends in the form of
carbon-fiber-reinforced PPS [78]. A long heating time below
the melting temperature (7;,) is detrimental to subsequent
PPS adhesive joint development above Tp,. This is due to
curing reactions below Ty, and consequent reduced mass flow
response above Tp,. A high heating rate (small heating time)
enhances the bonding more than a high pressure.

4.3. Joints involving steels by fastening

Mechanical fastening involves the application of a force to
the components to be joined, so as to prevent the components
from separating in service. During repair, maintenance or
other operations, unfastening may be needed. Hence, repeated
fastening and unfastening may be necessary. By design, the
stresses encountered by the components and fasteners are
below the comresponding yield stresses, so that no plastic
deformation occurs. However, the local stress at the asperities
at the interface can exceed the yield stress, thereby resulting in
local plastic deformation, as shown for carbon steel fastened
joints at a compressive stress of just 7% or less of the yield
stress [79]. The plastic deformation results in changes in the
joint interfaces. This means that the joint interface depends
on the extent of prior fastening and unfastening. The joint
interface affects the mechanical and corrosion behavior of the
joint. This problem is thus of practical importance.

Stainless steel differs from carbon steel in the presence of
a passive film, which is important to the corrosion resistance of
stainless steel. The effect of repeated fastening and unfastening
on the passive film is of concern.

Figure 11 [80] shows the variation in resistance and
displacement during cyclic compressive loading of stainless
steel on stainless steel at a stress amplitude of 14 MPa. In
every cycle, the resistance decreases as the compressive stress
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Figure 11. Variation of contact resistance (thick curve) and stress
(thin curve) during cyclic compression of stainless steel on stainless
steel at a stress amplitude of 14 MPa: (a) full-scale variation of
resistance; (b) low resistance regime.

increases, such that the maximum stress corresponds to the
minimum resistance and the minimum stress corresponds to
the maximum resistance (figure 11(a)).

The maximum resistance (in the unloaded condition)
of every cycle increases upon stress cycling, such that the
increase is not significant until after 13 cycles (figure 11(a)).
The increase is due to the damage of the passive film
and the consequent surface oxidation. The minimum
resistance (at the maximum stress) of every cycle increases
slightly upon cycling (figure 11(b)), probably due to strain
hardening.

The higher the stress amplitude is, the fewer is the number
of stress cycles for passive film damage to start. At the lowest
stress amplitude of 3.5 MPa, passive film damage was not
observed up to 30 cycles.

Comparison of the results on stainless steel and on carbon
steel shows that the carbon steel joint is dominated by effects
associated with plastic deformation whereas the stainless steel
joint is dominated by effects associated with passive film
damage. The effect of the passive film is absent in the carbon
steel joint, as expected from the absence of a passive film on
carbon steel. The effects of plastic deformation and strain
hardening at asperities are much larger for carbon steel than
stainless steel, as expected from the lower yield stress of carbon
steel.

4.4. Joints involving concrete by pressure application

Many concrete structures involve the direct contact of one
cured concrete element with another, such that one element
exerts static pressure on the other due to gravity. In addition,
dynamic pressure may be exerted by live loads on the structure.
An example of such a structure is a bridge involving slabs
supported by columns, with dynamic live loads exerted by
vehicles traveling on the bridge. Another example is a concrete
floor in the form of slabs supported by columns, with live loads
exerted by people walking on the floor. The interface between
concrete elements that are in pressure contact is of interest,
as it affects the integrity and reliability of the assembly. For
example, deformation at the interface affects the interfacial
structure, which can affect the effectiveness of load transfer
between the contacting elements and can affect the durability
of the interface to the environment. Moreover, deformation
at the interface can affect the dimensional stability of the
assembly. Of particular concern is how the interface is affected
by dynamic loads.

A mortar-mortar contact has been studied under dynamic
loading at different compressive stress amplitudes by measur-
ing the contact electrical resistance [81, 82]. Irreversible de-
crease in the contact resistance upon unloading was observed
as load cycling progressed at a low stress amplitude (5 MPa,
compared to a value of 64 MPa for the compressive strength of
the mortar), due to local plastic deformation at the asperities at
the interface. Irreversible increase in the contact resistance at
the maximum stress was observed as load cycling progressed,
probably due to debris generation; it was more significant at a
higher stress amplitude (15 MPa).

4.5. Joints involving composites by fastening

Fasteners as well as components are most commonly made of
metals, such as steel. However, polymers are increasingly used
for both fasteners and components, due to their moldability,
low density and corrosion resistance.

Due to the electrically insulating behavior of conventional
polymers and the need for an electrical conductor for the
purpose of measuring the contact electrical resistance, a
polymer that contained continuous carbon fibers in a direction
parallel to the plane of the joint was used [83]. The carbon
fibers cause the composite to be electrical conducting in the
fiber direction, as well as the through-thickness direction,
because there is some degree of contact between adjacent fibers
in the composite in spite of the presence of the matrix [42]. Due
to the direction of the fibers, the mechanical properties of the
composite in the through-thickness direction is dominated by
the polymer matrix.

Contact resistance measurement was used to investigate
the effect of repeated fastening and unfastening on a
composite-composite joint interface [83]. A composite—
composite joint obtained by mechanical fastening at a
compressive stress of 5% (or less) of the 1% offset yield
strength of the polymer (Nylon-6) was found to exhibit
irreversible decrease in the contact electrical resistance upon
repeated fastening (loading) and unfastening (unloading).
The decrease occurs after up to ten cycles of fastening and
unfastening, although the decrease diminishes with cycling. It
is primarily due to local plastic deformation of the matrix at
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the asperities at the interface. Moreover, the stress required for
the resistance to reach its minimum in a cycle decreases with
cycling, due to softening of the matrix.

5. Conclusion

The measurement of dc electrical resistance is useful for
structural health monitoring, particularly in relation to
composites and joints, provided that the materials involved
are not all electrically insulating. The monitoring involves
measuring the volume resistivity of a bulk material or the
contact resistivity of an interface. The measurement can be
conducted in real time during loading or heating.
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