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Abstract

Defect dynamics, as studied by electrical resistivity measurement during repeated compression of cement mortar in the elastic regime, are

characterized by defect generation, defect healing and defect aggravation. Defect generation dominates in the first compressive loading and in

tensile loading in any loading cycle. Defect healing dominates in all subsequent compressive loading cycles and in tensile unloading in any

cycle. Defect aggravation dominates during compressive unloading in any cycle and occurs during tensile loading in any cycle. Both the

interface between sand and cement and that between silica fume and cement contribute to the defect dynamics, particularly the defect healing.

The defect dynamics give similar effects to the longitudinal and transverse resistivities. Upon uniaxial compression, the resistivity decreases

(except for the first cycle); upon uniaxial tension, the resistivity increases. D 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Defects in a solid respond to applied stresses. When the

applied stress is dynamic, the response of the defects is also

dynamic. The response encompasses the generation, healing

and aggravation of defects [1]. Defect generation refers to

the formation of defects, which usually occurs during

loading. Defect healing refers to the diminution of defects.

Healing can occur during compressive loading of a brittle

material, such as a cement-based material. Defect aggrava-

tion refers to the propagation or enlargement of defects; it

can occur during removal of a compressive stress from a

brittle material.

Previous work on defects in cement-based materials has

emphasized the effects of plastic deformation and damage.

Due to the irreversible nature of these processes, the

observation of their effects does not require monitoring

during deformation. In contrast, this work addresses the

effects of elastic deformation. Due to the reversible nature of

elastic deformation, the observation of the effects of elastic

deformation requires monitoring in real time during defor-

mation. Moreover, the method of monitoring must be

sensitive to the subtle effects of elastic deformation on the

defects. For example, modulus measurement is not sensitive

to the effects of elastic deformation. Because of these

difficulties, there has been little prior work on the defect

dynamics during elastic deformation [1].

The characterization of defect dynamics is of both

scientific and technological interest, as it relates to materials

science as well as material durability and reliability. In

particular, it provides an understanding of the microstruc-

tural effects of elastic deformation, which is commonly

encountered by concrete structures during normal use. In

contrast, plastic deformation and damage are not usually

encountered during normal use. Hence, knowledge of the

defect dynamics during repeated loading and unloading in

the elastic regime is useful for the design and use of

concrete structures.

Previous work on defect dynamics has addressed cement

paste under repeated compression in the elastic regime [1].

As indicated by electrical resistivity measurement, defect

generation dominates during first loading, defect healing

dominates during subsequent loading, and defect aggrava-

tion dominates during subsequent unloading. This work

extends the study from cement paste to mortar. Cement
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paste differs from mortar in the absence of a fine aggregate.

Hence, mortar has in it an interface between the aggregate

and the cement paste. This interface is absent in cement

paste. As this interface can be a location for defects, mortar

contains some defects, which are absent in cement paste.

Therefore, comparison of the defect dynamics in mortar and

cement paste is of interest. Moreover, the presence of an

aggregate makes mortar a step closer to concrete.

Previous work on defect dynamics has emphasized the

effect of plastic deformation and its relevance to damage

and failure [2–14]. In contrast, this paper is not centered on

damage, but on defect dynamics under repeated loading in

the elastic regime.

Additives are often used in concrete mixes in order to

improve the properties. An example of an additive is silica

fume (a particulate of typical size around 0.1 mm), which

enhances the mechanical properties and decreases the per-

meability [15–33]. This work also addresses the effect of

silica fume on the defect dynamics.

2. Experimental methods

The cement used was Portland cement (Type I) from

Lafarge (Southfield, MI). The sand used was natural sand

(100% passing 2.36-mm sieve, 99.9% SiO2). The sand/

cement ratio was 1.0. 15% by mass of cement of silica

fume (Elkem Materials, Pittsburgh, PA, EMS 965) was

used. Two percent by mass of cement of a water reducing

agent (WR) was used. The WR was TAMOL SN (Rohm and

Haas, Philadelphia, PA) that contained 93–96% sodium salt

of a condensed naphthalene sulfonic acid. The water/cement

ratio was 0.35. No coarse aggregate was used. A Hobart

mixer with a flat beater was used for mixing. The mix was

mixed for 5 min. The mix was then poured into oiled molds

and a vibrator was used to facilitate compaction and reduc-

tion of air bubbles.

Two types of mortar were studied. First, plain mortar

consisting of cement, sand, water and WR. Second, silica

fume mortar consisting of cement, water, WR and silica

fume. Six specimens of each type were tested. Unless noted

otherwise, plain mortar was used.

Compressive testing was performed in accordance with

ASTM C109-80, as described in Ref. [1]. Specimens were

prepared using a 2� 2� 2 in (51� 51� 51 mm) mold.

The strain was measured by using a strain gage. Compres-

sive testing under load control was performed using a

hydraulic mechanical testing system (MTS Model 810).

Testing was conducted under repeated loading (load con-

trol) and at stress amplitudes (either increasing cycle by

cycle or fixed for all cycles) within the elastic regime. The

time period for a stress cycle was 20 s. In the case of a

fixed stress amplitude, 34.5 MPa, the loading speed was

3.45 MPa/s.

During compressive testing of the cubes mentioned

above, the longitudinal resistivity was measured using the

four-probe method, as described in Ref. [1]. A Keithley

2002 multimeter was used.

Rectangular bars of size 160� 40� 40 mm were used

for transverse resistivity measurement during uniaxial com-

pression. Each electrical contact was applied around the

entire 40� 40 mm perimeter of the bar. The voltage (inner)

contacts were placed on two parallel cross-sectional planes

that were 100 mm apart. The current (outer) contacts were

placed on planes that were 120 mm apart. Thus, the

resistivity was measured along the length of the rectangular

bar, using the four-probe method. During the resistivity

measurement, compressive stress was applied to the middle

portion (40� 40 mm) of the rectangular specimen (Fig. 1).

The electrical contacts were arranged away from the

stressed portion and the stress was perpendicular to the

direction of resistivity measurement. The stress (cyclicly

loaded at a stress amplitude of 13.90 MPa with a loading

speed of 1.39 MPa/s and a period of 20 s) was provided by a

hydraulic mechanical testing system (MTS Model 810

under load control). The transverse strain was measured

using a strain gage attached to the side of the specimen, as

shown in Fig. 1.

Dog-bone shaped specimens of the dimensions shown in

Fig. 2 were used for tensile testing. The specimen’s cross-

sectional area was 30� 20 mm in the narrow part of the

dog-bone shape. Specimens were prepared by casting into

molds of the same shape and size. Tensile testing was

performed using a Sintech 2/D screw-action mechanical

testing system under cyclic loading (load control) at a stress

magnitude of 1.48 MPa and a period of 48 s. The loading

speed was 0.0617 MPa/s.

During tensile testing, both longitudinal and transverse

strains were measured with strain gages attached to the

Fig. 1. Sample configuration for measuring the transverse electrical

resistivity during uniaxial compression. Dimensions are in millimeters.
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centers of the opposite sides at the narrow part of the

dog-bone shaped specimen. Simultaneously with mechan-

ical testing the DC electrical resistance was measured

using the four-probe method. The longitudinal resistance

was measured along the stress axis. The electrical con-

tacts, made with silver paint and applied along the whole

perimeter of the four parallel planes perpendicular to the

stress axis, symmetrically located in the narrow part of

the dog-bone shape. The inner two contacts (70 mm

apart) were used for voltage measurement, while the outer

two contacts (80 mm apart) were used for passing current.

The longitudinal and transverse strains and the longitu-

dinal resistance were simultaneously measured for each

specimen. A Keithley 2001 multimeter was used.

The resistivity was measured using the resistance and the

dimensions. Both longitudinal and transverse strains were

obtained, except for the case of longitudinal resistivity

measurement during uniaxial compression, when the long-

itudinal strain measurement was made. Neglecting the

transverse strain actually affected the resistivity value

slightly. The fractional change in resistance was essentially

equal to the fractional change in resistivity.

Due to the voltage present during electrical resistance

measurement, electric polarization occurs continuously as

the resistance measurement is made. The polarization results

in an increase in the measured resistance [34]. The polariza-

tion-induced resistance increase was separately measured as

a function of the time of resistance measurement in the

absence of stress. It was subtracted from the measured

resistance change obtained during cyclic loading in order

to correct for the effect of polarization.

3. Results and discussion

3.1. Effect of silica fume

Figs. 3 and 4 show the variation of the fractional change

in longitudinal resistivity with cycle number during initial

cyclic compression of plain mortar and silica fume mortar,

Fig. 3. Variation of the fractional change in resistivity with cycle number

(thick curve) and of the compressive strain with cycle number (thin curve)

during repeated compressive loading at increasing stress amplitudes within

the elastic regime for plain mortar.

Fig. 2. Specimen configuration. Dimensions are in millimeters.

Fig. 4. Variation of the fractional change in resistivity with cycle number

(thick curve) and of the compressive strain with cycle number (thin curve)

during repeated compressive loading at increasing stress amplitudes within

the elastic regime for silica fume mortar.
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respectively. The stress amplitude used increased cycle by

cycle. For both mortars, the resistivity increased abruptly

during the first loading (due to defect generation [1]) and

increased further during the first unloading (due to defect

aggravation [1]). Moreover, the resistivity decreased during

subsequent loading (due to defect healing [1]) and increased

during subsequent unloading (due to defect aggravation

[1]); the effect associated with defect healing was much

larger for silica fume mortar than for plain mortar. In

addition, this effect intensified as stress cycling at increasing

stress amplitudes progressed for both mortars, probably due

to the increase in the extent of minor damage. The increase

in damage extent was also indicated by the resistivity

baseline increasing gradually cycle by cycle. In spite of

the increase in stress amplitude cycle by cycle, defect

healing dominated over defect generation during loading

in all cycles other than the first cycle.

Comparison of Figs. 3 and 4 showed that silica fume

contributed significantly to the defect dynamics. The asso-

ciated defects were presumably at the interface between

silica fume and cement, even though this interface was

diffuse due to the pozzolanic nature of silica fume. The

defects at this interface were presumably smaller than those

at the sand–cement interface, due to the small particle size

of silica fume compared to sand. However, this interface

was large in total area due to the small size of silica fume.

3.2. Effect of sand

Comparison of plain cement paste behavior [1] and plain

mortar behavior (this work) showed that the behavior was

similar, except that the defect healing (i.e., the resistivity

decrease upon loading other than the first loading) was much

more significant in the mortar case. This means that the

sand–cement interface in the mortar contributed signifi-

cantly to the defect dynamics, particularly in relation to

defect healing. This is probably due to the large size of the

defects associated with this interface, compared to those

associated with the interface between silica fume and cement.

3.3. Uniaxial compression

Figs. 5–7 show the fractional change in longitudinal

resistivity versus cycle number during cyclic compression.

The stress amplitude was fixed at 34.5 MPa. Except for the

first cycle, the resistivity decreased with increasing strain in

each cycle and then increased upon subsequent unloading in

the same cycle. This effect is attributed to defect healing

(reversible) under the compressive stress. As cycling pro-

gressed, the baseline resistivity continuously increased, such

that the increase was quite abrupt in the first three cycles

(Fig. 5) and that subsequent baseline increase was more

gradual. This irreversible effect is probably due to minor

damage, i.e., damage accumulation as cycling progressed.

(Identification of the type of damage is beyond the scope of

this paper.) The incremental increase in damage diminished

as cycling progressed. This means that the damage is not due

to fatigue. In addition, as cycling progressed, the amplitude

of resistivity decrease within a cycle gradually and continu-

ously increased (Fig. 5). This is probably because the

Fig. 5. Fractional change in longitudinal resistivity versus compressive

stress cycle number for plain mortar in Cycles 1–50.

Fig. 6. Fractional change in longitudinal resistivity (solid curve) and

longitudinal strain (dashed curve), both versus compressive stress cycle

number for plain mortar in Cycles 1–3.

Fig. 7. Fractional change in longitudinal resistivity (solid curve) and

longitudinal strain (dashed curve), both versus compressive stress cycle

number for plain mortar in Cycles 48–50.
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cumulative damage (as indicated by the baseline resistivity)

increased and resulted in a greater degree of defect healing

upon compression (hence, more decrease in resistivity within

a cycle). Hence, the reversible effect of defect healing is

affected by the irreversible accumulation of damage.

Fig. 8 shows the fractional change in transverse resis-

tivity as well as the transverse strain (positive due to the

Poisson effect) during repeated compressive loading of

plain mortar at a constant compressive stress amplitude of

13.9 MPa. The strain varied linearly with the stress and

returned to zero at the end of each cycle of loading. During

the first loading and the first unloading, the resistivity

increased due to defect generation and defect aggravation

respectively, as also shown by the longitudinal resistivity

variation (Fig. 8). During the second loading, the resistivity

decreased (due to defect healing). During the second

unloading, the resistivity increased, due to defect aggrava-

tion. During the third loading, the resistivity decreased due

to defect healing. During the third unloading, the resistivity

increased, due to defect aggravation. The resistivity baseline

shifted upward as cycling progressed, as shown in Fig. 9.

The variations of the resistivity in the longitudinal and

transverse directions upon repeated loading are consistent in

showing defect generation (which dominates during the first

loading), defect healing (which dominates during subse-

quent loading) and defect aggravation (which dominates

during subsequent unloading). The defect aggravation dur-

ing unloading follows the defect healing during loading,

indicating the reversible (not permanent) nature of the

healing, which is induced by compressive stress. The defect

aggravation during unloading also follows the defect gen-

eration 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 essentially

nondirectional and that the resistivity variations are real.

Fig. 9. Variation of the fractional change in transverse resistivity (thick

curve) with time and of the transverse strain (thin curve) with time during

dynamic compressive loading of plain mortar in Cycles 1–30 at a constant

stress amplitude of 13.90 MPa.

Fig. 10. Variation of the fractional change in longitudinal electrical

resistivity with cycle number (thick curve) and of the strain with cycle

number (thin curve) during cyclic uniaxial tensile loading at a constant

stress amplitude of 1.48 MPa for plain mortar in Cycles 1–3.

Fig. 11. Variation of the fractional change in longitudinal electrical

resistivity with cycle number (thick curve) and of the strain with cycle

number (thin curve) during cyclic uniaxial tensile loading at a constant

stress amplitude of 1.48 MPa for plain mortar in Cycles 14–16.

Fig. 8. Variation of the fractional change in transverse resistivity (thick

curve) with time and of the transverse strain (thin curve) with time during

dynamic compressive loading of plain mortar in Cycles 1–3 at a constant

stress amplitude of 13.90 MPa.
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3.4. Uniaxial tension

Fig. 10 shows the fractional change in longitudinal

resistivity during uniaxial tension of plain mortar at a

constant stress amplitude of 1.48 MPa in the elastic regime.

The longitudinal resistivity and strain increased reversibly

upon tension, due to defect generation and aggravation upon

loading and partial defect healing upon unloading. The

change of resistivity within a cycle became more pro-

nounced as cycling progressed, as shown by comparing

Fig. 11 (Cycles 14–16) with Fig. 10 (Cycles 1–3). This

trend is attributed to the increase in the cumulative amount

of defects as cycling progressed. In addition, the resistivity

baseline gradually shifted upward as cycling progressed, as

shown in Fig. 12.

3.5. Comparison of uniaxial compression and

uniaxial tension

Comparison of Figs. 8 and 10 showed that the long-

itudinal resistivity under uniaxial tension (Fig. 10) increased

with the tensile strain, whereas the transverse resistivity

under uniaxial compression (Fig. 8) decreased with the

transverse tensile strain. Thus, the strain in the resistivity

direction does not govern how the resistivity changes with

strain. Rather, the mode of stress application (uniaxial

tension vs. uniaxial compression) is the governing factor.

This means that the resistivity in any direction relative to the

stress axis can be used to indicate the occurrence of uniaxial

compression or tension. A decrease in resistivity indicates

the occurrence of uniaxial compression, except for the first

compressive cycle; an increase in resistivity indicates the

occurrence of uniaxial tension.

That the mode of stress application rather than the strain

in the resistivity direction governs how the resistivity

varies with strain has been previously reported for carbon

fiber cement paste, which was similarly studied under

uniaxial compression [35] and under uniaxial tension

[36], though the resistivity variation is less noisy when

the fibers are present.

The upward shift of the resistivity baseline as cycling

progressed was observed under uniaxial tension (Fig. 12)

and under uniaxial compression (Figs. 5 and 9). The shift

was observed for the longitudinal resistivity (Fig. 5) as well

as the transverse resistivity (Fig. 9). This irreversible phe-

nomenon is probably due to minor damage, as the effect of

polarization has been removed by subtraction.

4. Conclusion

The defects associated with both the interface between

sand and cement and that between silica fume and cement

respond in a dynamic fashion to repeated loading, thus

contributing significantly to the defect dynamics of cement

mortar, particularly in relation to defect healing. The defect

dynamics involve defect generation, defect healing and

defect aggravation. Defect generation dominates in the first

compressive loading and in tensile loading in any loading

cycle. Defect healing dominates in all subsequent compres-

sive loading and in tensile unloading in any cycle. Defect

aggravation dominates during compressive unloading in any

cycle and also occurs during tensile loading in any cycle.

The defect dynamics give similar effects to the longitudinal

and transverse resistivities. Upon uniaxial compression, the

resistivity decreases (except for the first cycle); upon uni-

axial tension, the resistivity increases.
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