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Defect dynamics, as studied by DC electrical resistance measurement during repeated
compression of cement paste, mortar and concrete in the elastic regime, are characterized
by defect generation that dominates during the first loading, defect healing that dominates
during subsequent loading, and defect aggravation that dominates during subsequent
unioading. The interface between sand and cement, that between silica fume and cement,
and that between coarse aggregate and mortar contribute to the defect dynamics,
particularly the defect healing. Electrical resistance measurement is also effective for
monitoring damage, which causes the resistance to increase. Defect generation results in
an irreversible increase in the baseline resistance as stress cycling progresses, whereas
defect healing results in a reversible decrease in the resistivity upon compression within a
stress cycle. Defect generation is relatively significant in the early cycles and diminishes
upon cycling. As the cumulative damage increases, the extent of defect healing within a
cycle also increases. © 2001 Kluwer Academic Publishers

1. Introduction

Defects and damage affect the structural performance
of cement-based materials, such as concrete. It is there-
fore important to monitor damage and understand how
defects respond to mechanical stress or strain. This
paper investigates both defect dynamics and dam-
age of cement-based materials by electrical resistance
measurement.

Defects greatly affect the properties of a material, so
their control is of practical importance. Stress, heat and
the environment all affect the defects, but this paper is
focused on the effect of stress. Previous work on the ef-
fect of stress is mainly concerned with stress in the plas-
tic deformation regime [1-5]. In the case of metals and
polymer-matrix composites (such as asphalt), plastic
deformation, particularly involving compression, can
give rise to healing [1-5]. However, the effect of defor-
mation is very different in the case of cement, due to the
relatively brittle nature of cement. Plastic deformation
of cement can lead to damage.

Stress application can generate defects, which may
be a form of damage in a material. Stress application
can also heal defects, particularly in the case of the
stress being compressive. This healing is induced by
stress and is to be distinguished from healing that is
induced by liquids, chemicals or particles [6—16]. On
the other hand, stress removal can aggravate defects,
particularly in the case of the stress being compressive
and the material being brittle. The generation, healing
and aggravation of defects during dynamic loading are
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referred to as defect dynamics, which constitute one of
the subjects of this paper. The little prior attention on
defect dynamics is mainly due to the dynamic nature
of defect healing and aggravation. For example, stress
application can cause healing, and subsequent unload-
ing can cancel the healing. This reversible nature of the
healing makes the healing observable only in real time
during loading. On the other hand, defect generation
tends to be irreversible upon unloading, so it does not
require observation in real time.

Observation in real time during loading is difficult
for microscopy, particularly transmission electron mi-
croscopy, which is the type of microscopy that is most
suitable for the observation of microscopic defects.
However, observation in real time during loading can
be conveniently performed by electrical measurement.
As defects increase the electrical resistivity of a mate-
rial, defect generation increases the resistivity whereas
defect healing decreases the resistivity.

One objective of this paper is to use electrical resistiv-
ity measurement during repeated compressive loading
and unloading to monitor the dynamics of defects. As
stress affects the strain (i.e., the dimensions), which in
turn affects the electrical resistance, this work involves
simultaneous measurement of resistance and strain. In
order to confirm the interpretation of the results in terms
of defect dynamics, this work involves measurement of
the resistivity in the stress direction (longitudinal re-
sistivity) and that perpendicular to the stress direction
(transverse resistivity).
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Damage monitoring (i.e., structural health monitor-
ing) is valuable for structures for the purpose of hazard
mitigation. It can be conducted during the damage by
acoustic emission detection. It can also be conducted
‘after the damage by ultrasonic inspection, liquid pen-
etrant inspection, dynamic mechanical testing or other
techniques. Real-time monitoring gives information on
the time, load condition or other conditions at which
damage occurs, thereby facilitating the evaluation of
the cause of the damage. Moreover, real-time moni-
toring provides information as soon as damage occurs,
thus enabling timely repair or other hazard precaution
measures. The second objective of this paper is to use
electrical resistivity measurement to sense damage.

Fatigue in concrete is conventionally studied by de-
structive mechanical testing after different numbers of
stress cycles. However, this method does not allow the
monitoring of the progress of fatigue damage on the
same specimen and is not very sensitive to minor dam-
age. As different specimens can differ in the flaws, fa-
tigue evolution is more effectively studied by monitor-
ing one specimen throughout the fatigue process rather
than interrupting the fatigue process at different times
for different specimens. However, the monitoring of
one specimen throughout the fatigue process requires a
nondestructive method that is sensitive to minor dam-
age. This paper shows that electrical resistivity mea-
surement is effective for fatigue damage monitoring,
particularly in the regime of minor damage, in addition
to monitoring both defect generation and defect healing
in real time.

Damage monitoring must be distinguished from
strain sensing, as strain can be reversible and is not nec-
essarily accompanied by damage. There has been con-
siderable work on the use of electrical resistance mea-
surement to sense strain in cement reinforced with short
carbon fibers [17-24]. Compressive strain causes the
resistance to decrease reversibly, whereas tensile strain
causes the resistance to increase, due to fiber push-in
during compression and fiber push-out during tension
[17-20,23,24]. In contrast, this paper addresses the
more basic case in which fibers are absent.

DC rather than AC resistance measurement was used
in this work because of the relatively low equipment
cost associated with DC measurement and the skin ef-
fect associated with AC measurement.

2. Experimental methods

2.1. Materials

This paper addresses three forms of cement-based ma-
terials, namely cement paste (without aggregate), mor-
tar (with fine aggregate only) and concrete (with fine
and coarse aggregates). Comparison of the results on
cement paste and mortar allowed study of the effect of
the interface between cement and fine aggregate. Com-
parison of the results on mortar and concrete allowed
study of the effect of the interface between mortar and
coarse aggregate.

2.1.1. Cement pastes
The cement used was portland cement (Type I) from La-
farge Corp. (Southfield, MI). The silica fume (Elkem
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Materials Inc., Pittsburgh, PA, microsilica EMS 9¢
was used in the amount of 15% by weight of ceme
The latex, used in the amount of 20% by the weight
cement, was styrene butadiene copolymer (Dow Che
ical Co., Midland, MI, 460NA) with the polymer m:
ing up about 48% of the dispersion and with styre
and butadiene in the weight ratio 66:34, such that |
latex was used along with an antifoam (Dow Co:
ing Corp., Midland, MI, #2410, 0.5% by weight of
tex). Three types of cement paste were studied, name
(i) plain cement paste (consisting of just cement a
water), (ii) silica-fume cement paste (consisting of
ment, water and silica fume), and (iii) latex cemse
paste (consisting of cement, water, latex and antifoan
The water/cement ratio was 0.35 for pastes (i) and (i
and was 0.23 for paste (iii). Six specimens of each
the three types of paste were tested.

A rotary mixer with a flat beater was used for mixir
Latex (if applicable) was mixed with the antifoam
hand for about 1 min. Then the latex mixture (if applic
ble), cement, water and silica fume (if applicable) we
mixed in the mixer for 5 min. After pouring the m
into oiled molds, an external electric vibrator was us
to facilitate compaction and decrease the amount of :
bubbles. The specimens were demolded after 1 day ai
then allowed to cure at room temperature in air (relati
humidity = 100%) for 28 days.

2.1.2. Mortars

The cement used was portland cement (Type I) fro
Lafarge Corp. (Southfield, MI). The sand used was n¢
ural sand (100% passing 2.36 mm sieve, 99.9% SiO;
The sand/cement ratio was 1.0. Silica fume (Elkem M
terials, Inc., Pittsburgh, PA, EMS 965) was used in t]
amount of 15% by weight of cement. A water redu
ing agent (WR) was used in the amount of 2.0% 1
weight of cement. The WR was TAMOL SN (Roh
and Haas, Philadelphia, PA) which contained 93-96
sodium salt of a condensed naphthalene sulfonic aci
The water/cement ratio was 0.35. No coarse aggrega
was used. A Hobart mixer with a flat beater was use
for mixing, which was conducted for 5 min. After the
the mix was poured into oiled molds. A vibrator w:
used to facilitate compaction and decrease the amou:
of air bubbles.

Two types of mortar were studied. They were (i) plai
mortar (consisting of cement, sand, water and WR
and (ii) silica-fume mortar (consisting of cement, wate
WR and silica fume). Six specimens of each type wei
tested.

2.1.3. Concrete

The cement used was portland cement (Type I) fros
Lafarge Corp. (Southfield, MI). Both fine and coars
aggregates were used. The fine aggregate was natt
ral sand (99.9% SiO;), 100% of which passed #8 U.
sieve. The coarse aggregate was #57 (ASTM C33-84
100% of which passed 25 mm (1 in) standard sieve
The ratio of cement to fine aggregate to coarse aggre
gate was 1:1.5:2.5.



The water-cement ratio was 0.45. A water-reducing
agent (TAMOL SN, Rohm and Hass Co., Philadelphis,
PA; sodium salt of a condensed naphthalenesulphonic
acid) was used in the amount 2% of the cement mass.

All ingredients except water were mixed in a concrete
mixer at a low speed for 1 min. After that, water was
added and then mixing was conducted at a high speed
for 5 min. After this, the concrete mix was poured into
oiled cylindrical molds (125 mm diameter, 250 mm
high). A vibrator was used to facilitate compaction and
decrease the amount of air bubbles.

2.2. Testing

For compressive testing according to ASTM C109-80,
cement paste and mortar speciments were prepared us-
inga2x2x2in (51 x 51 x 51 mm) mold. The strain
was measured by using a strain gage attached to the
middle of one of four side surfaces of a specimen. The
strain gage was centered on the side surface and was
parallel to the stress axis. Compressive testing under
load control was performed using a hydraulic mechan-
ical testing system (MTS Model 810). Testing was con-
ducted either under repeated loading at various stress
amplitudes or under cyclic loading. Cyclic loading was
performed on mortar up to 100 cycles at a compressive
stress amplitude of 34.5 MPa (compressive strain am-
plitude of 1.95 x 1072), such that each stress cycle (an
isosceles triangle in the curve of stress vs. time and in
the curve of strain vs. time within a cycle) took 20 s
and the deformation was elastic (i.e., the strain was
reversible).

During compressive testing of the cubes mentioned
above, the longitudinal resistivity was measured using
the four-probe method, in which silver paint in con-
junction with copper wires served as electrical contacts.
Four contacts were perimetrically around the specimen
at four planes that were all perpendicular to the stress
axis and that were symmetric with respect to the mid-
point along the height of the specimen. The outer two
contacts (typically 40 mm apart) were for passing cur-
rent. The inner two contacts (typically 30 mm apart)
were for measuring the voltage. A Keithley 2001 mul-
timeter was used.

For concrete specimens, which were in the form of
a cylinder, four electrical contacts in the form of silver
pain in conjunction with copper wire strands were ap-
plied circumferentially around a cylindrical specimen
for the purpose of electrical resistance measurement by
the four-probe method. The outer two contacts (240 mm
apart, symmetrically positioned relative to the center
plane perpendicular to the cylindrical axis) were for
passing current. The inner two contacts (230 mm apart,
symmetrically positioned relative to the center plane
perpendicular to the cylindrical axis) were for voltage
measurement. A Keithley 2002 (Cleveland, OH) multi-
meter was used. Due to the larger diameter of the con-
crete cylinder, the current did not penetrate uniformly
to the whole cross-section of a cylindrical specimen, as
shown by the dependence of the measured resistivity
on speciment size [25]. As a result, the resistivity was
not determined for the case of concrete; only resistance
on a relative scale was determined.

All specimens were allowed to air dry after removal
from the moist curing chamber and before application
of electrical contacts in the form of silver paint.

Compressive stress at a stress amplitude of 5.44 MPa
(32.5% of the compressive strength, within the elastic
regime) was applied to the top flat surface of a cylindri-
cal specimen, while the resistance was measured. As a
separate experiment, testing was conducted under re-
peated compressive loading at increasing stress ampli-
tudes up to 5.44 MPa. A hydraulic mechanical testing
system (MTS 810) was used to provide the stress un-
der load control. Testing was conducted under cyclic
loading up to 40 cycles, such that each stress cycle (an
isosceles triangle in the curve of stress vs. time within
a cycle) took 20 s.

Cement paste samples for transverse resistivity mea-
surement were in the form of rectangular bars of size
150 x 12 x 11 mm. Each electrical contact was ap-
plied around the entire 12 x 11 mm perimeter of the
bar. The voltage contacts were at two parallel cross-
sectional planes that were 40 mm apart. Thus, the resis-
tivity was measured along the length of the rectangular
bar. During the resistivity measurement, compressive
stress was applied to the middle portion (19 x 12 mm)
of the rectangular sample (Fig. 1), such that the elec-
trical contacts were away from the stressed portion
and the stress was in a direction perpendicular to the
direction of resistivity measurement. The stress (re-
peated loading at increasing stress amplitudes) was pro-
vided by a hydraulic mechanical testing system (MTS
Model 810). The transverse strain was measured using a
strain gage attached to a side of the specimen, as shown
in Fig. 1.

The resistivity was obtained from the resistance and
the dimensions (both the length in the current direction
and the cross-sectional area perpendicular to the current
direction), which changed with the measured longitudi-
nal strain and with the transverse strain resulting from
the Poisson effect. However, neglecting the transverse
strain affected the longitudinal resistivity value negligi-
bly. The fractional change in resistance was essentially
equal to the fractional change in resistivity.

Due to the voltage present during electical resistance
measurement, electric polarization occurs as the resis-
tance measurement is made continuously. The polar-
ization results in an increase in the measured resis-
tance, although the effect is only significant when the
time of measurement is long, as in the case of fatigue

Strain gags
Area of stress

Voltage contact
Current coutact

12mm Flm

Figure 1 Sample configuration for measuring the transverse electrica
resistivity during uniaxial compression.
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Figure 2 Fractional change in resistance vs. time of resistance measure-
ment under no stress, (a) Plain mortar. (b) Plain concrete.

monitoring [3], and the effect diminishes in the pres-
ence of a compressive stress [26]. The polarization-
induced resistance increase, as separately measured as
a function of the time of resistance measurement in
the absence of stress (Fig. 2a for mortar and Fig. 2b for
concrete), was subtracted from the measured resistance
change obtained during cyclic (fatigue) loading in order
to correct for the effect of polarization. Due to the pres-
ence of a dynamic compressive stress in the resistance
measurement of this work, the subtraction using the
case without stress leads to inaccuracy in the resistance
baseline during dynamic compression. In spite of this
baseline inaccuracy, the effect of dynamic stress on the
resistance is qualitatively meaningful.

The electrical resistivity is known to change with
temperature [27], so the resistance baseline mentioned
above is expected to shift with a change in temperature.
Nevertheless, the qualitative effect of dynamic loading
on the resistance is not expected to vary much with
temperature, unless both stress and temperature vary
dynamically at the same time.

In order to assess the extent of damage due to the
cyclic loading, compressive testing involving static
loading (at a loading rate of 0.287 MPa/s for mortar
and 0.0604 MPa/s for concrete) up to failure was con-
ducted before and after stress cycings (100 cycles for
mortar and 40 cycles for concrete). Six specimens of
each type were tested before cycling and six specimens
of each type were tested after cycling.
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3. Results and discussion

3.1. Defect dynamics

3.1.1. Cement paste

Fig. 3a shows the fractional change in longitudinal 1
sistivity as well as the longitudinal strain during
peated compressive loading at an increasing stress a
plitude. Fig. 3b shows the corresponding variation
stress and strain during the repeated loading. The strz
varies linearly with the stress up to the highest stre
amplitude (Fig. 3b). The strain returns to zero at t
end of each cycle of loading. During the first loadir
the fractional change in resistivity increases due to ¢
fect generation. During the subsequent unloading, t
fractional change in resistivity continues to increa:
due to defect aggravation (such as the opening of t
microcracks generated during prior loading). Duri
the second loading, the resistivity decreases slightly
the stress increases up to the maximum stress of t
first cycle (due to defect healing) and then increas
as the stress increases beyond this value (due to adc
tional defect generation). During unloading in the se
ond cycle, the resistivity increases significantly (due
defect aggravation, probably the opening of the micr
cracks). During the third loading, the resistivity esse
tially does not change (or decreases very slightly) as t
stress increases to the maximum stress of the third cyc
(probably due to the balance between defect generati
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Figure 3 Variation of the fractional change in longitudinal resistiv
with time (a), of the stress with time (b), and of the longitudinal str:
(negative for compressive strain) with time (a, b) during dynamic co
pressive loading at increasing stress amplitudes within the elastic regit
for plain cement paste.
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Figure 4 Variation of the fractional change in transverse resistivity with
time and of the transverse strain with time during dynamic compressive
loading at increasing stress amplitudes within the elastic regime for plain
cement paste.

and defect healing). Subsequent unloading causes the
resistivity to increase very significantly due to defect
aggravation (probably the opening of the microcracks).

Fig. 4 shows the fractional change in transverse re-
sistivity as well as the transverse strain (positive due to
the Poisson effect) during repeated compressive load-
ing at an increasing stress amplitude. The strain varies
linearly with the stress and returns to zero at the end of
each cycle of loading. During the first loading and the
first unloading, the resistivity increases due to defect
generation and defect aggravation respectively, as also
shown by the longitudinal resistivity variation (Fig. 3).
During the second loading, the resistivity first increases
(due to defect generation) and then decreases (due to
defect healing). During the second unloading, the re-
sistivity increases, due to defect aggravation. During
the third loading, the resistivity decreases due to de-
fect healing. During the third unloading, the resistivity
increases, due to defect aggravation.

The variations of the resistivity in the longitudinal
and transverse directions upon repeated loading are
consistent in showing defect generation (which domi-
nates during the first loading), defect healing (which
dominates during subsequent loading) and defect ag-
gravation (which dominates during subsequent unload-
ing). The defect aggravation during unloading follows
the defect healing during loading, indicating the re-
versible (not permanent) nature of the healing, which
is induced by compressive stress. The defect aggrava-
tion during unloading also follows the defect generation
during loading.

In spite of the Poisson effect, similar behavior was
observed in the longitudinal and transverse resistivities.
This means that the defects mentioned above are essen-
tially nondirectional and that the resistivity variations
are real.

Comparion of Figs 3 and 4 shows that the increase
in resistivity with strain during unloading in the second
cycle is clear and less noisy for the longitudinal resis-
tivity than the transverse resistivity. This suggests that
defect aggravation is more significantly revealed by the
longitudinal resistivity than the transverse resistivity.
Hence, the defects are not completely non-directional.

Indentification of the defect type is beyond the scope
of this paper. Microcracks were mentioned above just
for the sake of illustration. The defects may be associ-
ated with certain heterogeneities in the cement paste.

Defects affect the mechanical properties. Therefore,
mechanical testing (such as modulus measurement,
which is nondestructive) can be used for studying defect
dynamics. However, the modulus is not as sensitive to
defect dynamics as the electrical resistivity, as shown in
Fig. 3, where the relationship between stress and strain
(Fig. 3b) is not affected while the resistivity (Fig. 3a) is
affected. The low sensitivity of the modulus to defect
dynamics is consistent with the fact that the deforma-
tion is elastic.

3.1.2. Mortars

Figs 5 and 6 show the variation of the fractional change
in resistivity with cycle No. during initial cyclic com-
pression of plain mortar and silica-fume mortar re-
spectively. For both mortars, the resistivity increases
abruptly during the first loading (due to defect gen-
eration) and increases further during the first unload-
ing (due to defect aggravation). Moreover, the resistiv-
ity decreases during subsequent loading (due to defect
healing) and increases during subsequent unloading
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Figure 5 Variation of the fractional change in resistivity with Cycle
No. (thick curve) and of the compressive strain with Cycle No. (thin
curve) during repeated compressive loading at increasing stress ampli-
tudes within the elastic regime for plain mortar.
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Figure 6 Variation of the fractional change in resistivity with Cycle
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curve) during repeated compressive loading at increasing stress ampli-
tudes within the elastic regime for silica fume mortar.
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(due to defect aggravation); the effect associated with
defect healing is much larger for silica-fume mortar
than for plain mortar. In addition, this effect intensifies
as stress cycling at increasing stress amplitudes pro-
gresses for both mortars, probably due to the increase
in the extent of minor damage. The increase in dam-
age extent is also indicated by the resistivity baseline
increasing gradually cycle by cycle. In spite of the in-
crease in stress amplitude cycle by cycle, defect healing
dominates over defect generation during loading in all
cycles other than the first cycle.

Comparison of plain cement paste behavior
(Section 3.1.1) and plain mortar behavior (this section)
shows that the behavior is similar, except that the de-
fect healing (i.e., the resistivity decrease upon loading
other than the first loading) is much more significant in
the mortar case. This means that the sand-cement inter-
face in the mortar contributes sigaificantly to the defect
dynamics, particularly in relation to defect healing.

Comparison of Figs 5 and 6 shows that silica fume
contributes significantly to the defect dynamics. The
associated defects are presumably at the interface be-
tween silica fume and cement, even though this inter-
face is diffuse due to the pozzolanic nature of silica
fume. The defects at this interface are smaller than those
at the sand-cement interface, but this interface is large in
total area due to the small size of silica fume compared
to sand.

3.1.3. Concrete

Fig. 7 shows the fractional change in resistance in
the stress direction during repeated compressive load-
ing at increasing stress amplitudes. The resistance
increased during loading and unloading in Cycle 1,
decreased during loading in all subsequent cycles and
increased during unloading in all subsequent cycles.
The higher the stress amplitude, the greater was the
amplitude of resistance variation within a cycle.

The increase in resistance during loading in Cycle 1 is
attributed to defect generation; that during subsequent
unloading in Cycle 1 is attributed to defect aggravation.
In all subsequent cycles, the decrease in resistance dur-
ing loading is attributed to defect healing and the in-
crease in resistance during unloading is attributed to
defect aggravation.
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Figure 7 Fractional change in resistance (solid curve) and stress (dashed
curve), both vs. time during repeated compressive loading at increasing
stress amplitudes, for plain concrete.
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The results of this section on concrete are consis
tent with those of Section 3.1.2 on mortar and thos:
of Section 3.1.1 on cement paste. The compressive
strength was higher for mortar than concrete. The de
fect dynamics, as indicated by the fractional chang
in resistance within a cycle, were more significant fo
concrete than mortar. The first healing, as indicated by
the resistance decrease during loading in Cycle 2, wa:
much more complete for concrete than mortar. These
observations mean that the interface between morta;
and coarse aggregate contributed to the defect dynam.
ics (particularly healing), due to the interfacial void:
and defects.

3.2. Damage
3.2.1. Cement pastes
Fig. 8a shows the fractional change in resistivity along
the stress axis as well as the strain during repeated com:
pressive loading at an increasing stress amplitude fo
plain cement paste. Fig. 8b shows the corresponding
variation of stress and strain during the repeated load
ing. The strain varies linearly with the stress up to the
highest stress amplitude (Fig. 8b). The strain does no
return to zero at the end of each cycle of loading, in-
dicating plastic deformation. In contrast, Section 3.1 is
concerned with effects of elastic deformation.

The resistivity increases during loading and unload-
ing in every loading cycle (Fig. 8a). The slope of the
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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 com-
pressive strain) with time (a, b) during dynamic compressive loading af
increasing stress amplitudes for plain cement paste.
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Figure 9 Variation of the fractional change in electrical resistivity with
time (a), of the stress with time (b), and of the strain (negative for com-
pressive strain) with time (a, b) during dynamic compressive loading at
increasing stress amplitudes for silica-fume cement paste.

curve of resistivity vs. time (Fig. 8a) increases with
time, due to the increasing stress amplitude cycle by
cycle (Fig. 8b) and the non-linear increase in damage
severity as the stress amplitude increases. The resis-
tivity increase during loading is attributed to damage
infliction. The resistivity increase during unloading is
attributed to the opening of microcracks generated dur-
ing loading.

Fig. 9 gives the corresponding plots for silica-fume
cement paste at the same stress amplitudes as Fig. 8. The
strain does not return to zero at the end of each loading
cycle, as in Fig. 8. The resistivity variation is similar
to Fig. 8, except that the resistivity decreases during
loading after the first cycle. The absence of a resistivity
increase during loading after the first cycle is attributed
to the lower tendency for damage infliction in the pres-
ence of silica fume, which is known to strengthen ce-
ment [28-31]. The resistivity decrease during loading
after the first cycle is attributed to the partial closing of
microcracks, as expected since the loading is compres-

sive. In the absence of silica fume (i.e., plain cement
paste, Fig. 8), the effect of damage infliction overshad-
ows that of microcrack closing.

Fig. 10 gives the corresponding plots for latex ce-
ment paste. The resistivity effects are similar to those
of Fig. 9a, except that the resistivity curve is less noisy
and the rate of resistivity increase during first unloading
is higher than that during first loading. This means that
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Figure 10 Variation of the fractional change in electrical resistivity with
time (a), of the stress with time (b), and of the strain (negative for com-
pressive strain) with time (a, b) during dynamic compressive loading at
increasing stress amplitudes for latex cement paste.

the microcrack opening during unloading has a larger
effect on the resistivity than the damage infliction dur-
ing loading.

Comparison of the results of this section for defor-
mation in the plastic regime with those of Section 3.1.1
for deformation in the elastic regime shows that both
the fractional change in resistivity and the strain are
higher in this section than in Section 3.1.1 by orders
of magnitude. Another difference is that the resistiv-
ity decreases are much less significant in this section
than in Section 3.1.1. There is no resistivity decrease
at all in Fig. 8a, but there are resistivity decreases in
Fig. 3. These differences between the results of this sec-
tion and of Section 3.1.1 are consistent with the much
greater damage in plastic deformation than in elastic
deformation and the tendency of damage to increase
the resistivity.

That the resistivity decreases are not significant in
the plastic deformation regime simplifies the use of the
electrical resistivity to indicate damage. Nevertheless,
even when the resistivity decreases are significant, the
resistivity remains a good indicator of damage, which
includes that due to damage infliction (during loading)
and that due to microcrack opening. Microcrack clos-
ing, which causes the resistivity decreases, is a type of
partial healing, which diminishes the damage. Hence,
the resistivity indicates both damage and healing effects

in real time.
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Figure 12 Fractional change in resistivity and strain, both vs. compres-
sive stress cycle number for Cycles 1-3 for plain mortar.
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Figure 13 Fractional change in resistivity and strain, both vs. compres-
sive stress cycle number for Cycles 48-50 for plain mortar.

3.2.2. Mortar

Figs 11-13 show the fractional change in resistivity in
the stress direction versus cycle number during cyclic
compression at a constant stress amplitude in the elastic
regime (in contrast to the increasing stress amplitude in
Section 3.2.1). Except for the first cycle, the resistivity
decreases with increasing strain in each cycle and then
increases upon subsequent unloading in the same cycle.
As cycling progresses, the baseline resistivity continu-
ously increases, such that the increase in quite abrupt in
the first three cycles (Fig. 11) and that subsequent base-
line increase is more gradual. In addition, as cycling
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progressed, the amplitude of resistivity decrease with
a cycle gradually and continuously increases (Fig. 11

The increase in baseline resistivity dominates the fir
cycle (Fig. 12) and corresponds to a fractional chan;
in resistivity per longitudinal unit strain of —1.1 (ne
ative because the strain was negative). This negati
value suggests that the baseline resistivity increase
due to damage (defect generation). The baseline resi
tivity increase is irreversible, indicating the irreversibi
ity of the damage. The incremental increase in dar
age diminishes as cycling progresses, as shown by tl
baseline resistivity increasing more gradually as ¢
cling progresses.

The reversible decrease in resistivity within a stre:
cycle corresponds to a fractional change in resistivis
per unit strain of 4+0.72 at cycle number 50 (Fig. 13
It is attributed to defect healing (reversible) under tt
compressive stress. As cycling progresses, the cumul
tive damage (as indicated by the baseline resistivity) i
creases and results in a greater degree of defect healir
upon compression (hence, more decrease in resistivi
within a cycle).

Both the baseline resistivity and the amplitude of r
sistivity decrease within a cycle serve as indicators ¢
the extent of damage. Measurement of the baseline r
sistance does not need to be done in real time durir
loading, thus simplifying the measurement. Howeve
its use in practice is complicated by possible shifts -
the baseline by environmental, polarization and oth
factors. On the other hand, the measurement of the an
plitude of resistivity decrease must be done in real tin
during loading, but it is not much affected by baselir
shifts.

The compressive strength before stress cycling we
54.74+1.7 MPa. That after 100 stress cycles w:
53.1 & 2.1 MPa. The modulus, as shown by the chang
of strain with stress in each cycle, was not affected t
the cycling. Thus, the damage that occured during tt
stress cycling was slight, but was still detectable t
resistivity measurement.

Comparison of the results of Section 3.1.1 on cemes
paste with those of this section on mortar shows that tt
fractional change in resistivity per unit strain (due to i
reversible generation of defects in the elastic regime
is higher for mortar (1.1) than for cement paste (0.10
Moreover, comparison shows that mortar is more pror
to defect healing (reversible) than cement paste, as e
pected from the presence of the interface between fir
aggregate and cement in mortar.

3.2.3. Concrete

Figs 14-16 show the fractional change in resistance |
the stress direction versus cycle number during cycl
compression at a constant stress amplitude. Except fi
the first cycle, the resistance decreased with increasin
stress in each cycle and then increased upon subseque
unloading in the same cycle. As cycling progressed, tt
baseline resistivity gradually and irreversibly increase
(Fig. 14). In addition, as cycling progressed, the an
plitude of resistance decrease within a cycle gradual
and continuously increased, especially in Cycles 1-
(Fig. 14).
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Figure 14 Fractional change in resistance vs. compressive stress cycle
number for Cycles 1-40 for plain concrete.
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Figure 15 Fractional change in resistance (solid curve) and stress
(dashed curve), both vs. compressive stress cycle number for Cycles
1-6 for plain concrete.
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Figure 16 Fractional change in resistance (solid curve) and stress
(dashed curve), both vs. compressive stress cycle number for Cycles
35-40 for plain concrete.

In the first cycle, the resistance increased upon load-
ing and unloading, in contrast to all subsequent cycles,
where the resistance decreased upon loading and in-
creased upon unloading (Fig. 15).

The compressive strength before stress cycling was
16.734+0.86 MPa. That after 40 stress cycles was
14.24 4 0.97 MPa. Thus, the damage that occurred dur-
ing the stress cycling was slight, but was still detectable
by resistance measurement.

The gradual increase in baseline resistance as stress
cycling progressed (Fig. 14) is attributed to irreversible

and slight damage. The increase in the amplitude of
resistance variation as cycling progressed (Fig. 14) is
attributed to the effect of damage on the extent of defect
dynamics. In other words, the more was the damage, the
greater was the extent of defect healing during loading
and the greater was the extent of defect aggravation
during unloading.

The fractional loss in compressive strength after the
cycling was greater for concrete than mortar, as ex-
pected from the higher compressive strength of mortar.
Nevertheless, the baseline resistance increase was more
significant for mortar than concrete, probably due to the
relatively large area of the interface between cement and
fine aggregate and the consequent greater sensitivity of
the baseline resistivity to the quality of the interface
between cement and fine aggregate than to the quality
of the interface between mortar and coarse aggregate.
In other words, the interface between cement and fine
aggregate dominated the irreversible electrical effects.

4. Conclusion

Defect dynamics, as studied by electrical resistance
measurement during repeated compressive loading of
cement paste, mortar or concrete in the elastic regime,
are characterized by (i) defect generation that domi-
nates during the first loading, (ii) defect healing that
dominates during subsequent loading, and (iii) defect
aggravation that dominates during still subsequent un-
loading. Defect aggravation during unloading follows
defect generation or defect healing during loading. De-
fect generation and aggravation cause the resistivity in
both longitudinal and transverse directions to increase
for cement paste; defect healing causes the resistivity
in both directions to decrease.

The defects associated with both the interface be-
tween sand and cement and that between silica fume
and cement respond in a dynamic fashion to repeated
loading, thus contributing significantly to the defect dy-
namics of mortar, particularly in relation to defect heal-
ing. Similarly, the defects associated with the interface
between coarse aggregate and mortar contribute to the
defect dynamics of concrete particularly in relation to
healing.

Damage monitoring of cement paste has been shown
by electrical resistance measurement in the stress direc-
tion. For plain cement paste the resistance increases dur-
ing compressive loading and unloading in every loading
cycle due to damage infliction and microcrack opening
respectively. For cement paste containing silica fume or
latex, the resistance decreases slightly during loading
after the first cycle due to microcrack closing, although
the resistance increases during unloading in every cy-
cle and during first loading. In general, the resistance
indicates both damage (due to damage infliction and
subsequent microcrack opening) and healing (due to
microcrack closing) effects in real time.

Minor damage of mortar and concrete during cyclic
compression in the elastic regime was monitored by
measurement of the electrical resistance in the stress
direction. The baseline resistivity (resistance in the case
of concrete) irreversibly increases as cycling progresses
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due to defect generation, which is most significant in
the early cycles and diminishes as cycling progresses.
Within a cycle, the resistivity (resistance in the case
of concrete) decreases reversibly, due to defect heal-
ing upon compression. The amplitude of resistivity (re-
sistance in the case of concrete) decrease in a cycle
increases upon cycling, due to the increase in cumu-
lative damage (indicated by the baseline resistivity or
resistance) and the consequent increase in the extent of
defect healing upon compression. Both the fractional
increase in baseline resistivity (resistance) and the am-
plitude of resistivity (resistance) decrease in a cycle
serve as indicators of damage.
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