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Abstract

The effect of shrinkage during hydration on the microstructural change in cement-based materials was studied by measuring electrical

resistivity and shrinkage strain. The microstructural change caused by shrinkage, as indicated by the fractional change in resistivity at the

same shrinkage strain, is diminished with silica fume and increased with sand. The resistivity abruptly and irreversibly increases at a

shrinkage strain of 3� 10� 4. The increase is negligible when silica fume is present. The fractional change in resistivity per unit shrinkage

strain is much larger than the fractional change in resistivity per unit compressive strain in the cured state.
D 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The hydration reaction that occurs during the curing of

cement causes shrinkage, called autogenous shrinkage,

which is accompanied by a decrease in the relative humidity

within the pores. In case that the curing is conducted in an

open atmosphere, shrinkage called drying shrinkage occurs

due to the movement of water through the pores to the

surface and the loss of water on the surface by evaporation.

The total shrinkage is the quantity addressed in this article,

as it is practically important.

The shrinkage of cement-based materials during hydra-

tion is a cause of defects (such as cracks) in cement-based

materials. It can also cause prestressing loss [1]. The

tendency for defect formation during shrinkage increases

with increasing size of the cement-based material.

The effects of shrinkage have been studied by numerous

workers by measurement of the shrinkage strain and obser-

vation of the cracks. However, the microstructural change,

which necessarily proceeds the cracking, has not been

studied. The extent of microstructural change and the

evolution of the microstructure as shrinkage occurs are
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important for the understanding of the shrinkage process.

This understanding is valuable for the alleviation of the

problem associated with shrinkage-induced cracking.

A nondestructive technique that is sensitive to the mi-

crostructure is appropriate for monitoring the microstruc-

tural effect of shrinkage. One such technique is electrical

resistivity measurement. Microscopy is sensitive to the

microstructure, but it is tedious and is not suitable for

real-time observation. This work thus uses resistivity mea-

surement to monitor the microstructural effect of shrinkage.

Resistivity measurement has been previously used to mon-

itor mechanical deformation and damage [2], freeze–thaw

cycling [3], and cementitious bond degradation [4], but has

not been previously used to monitor shrinkage, whether

drying or autogenous shrinkage.

Silica fume [5–8] is very fine noncrystalline silica

produced by electric arc furnaces as a by-product of the

production of metallic silicon or ferrosilicon alloys. It is

powder with particles having a diameter 100 times smaller

than the anhydrous Portland cement particles. The SiO2

content ranges from 85% to 98%. Silica fume used as an

admixture in a concrete mix has significant effect on the

properties of the resulting material [9].

The addition of untreated silica fume to cement paste

decreases the drying shrinkage [1,10–15]. This desirable

effect is partly due to the reduction of the pore size and

connectivity of the voids and partly due to the prestressing
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effect of silica fume, which restrains the shrinkage. The use

of silane-treated silica fume in place of untreated silica fume

further decreases the drying shrinkage, due to the hydro-

phylic character of the silane-treated silica fume and the

formation of chemical bonds between silica fume particles

and cement [10]. The use of silane and untreated silica fume

as two admixtures also decreases the drying shrinkage, but

not as significantly as the use of silane-treated silica fume

[10]. However, silica fume has also been reported to

increase the drying shrinkage [11,16,17] and the restrained

shrinkage crack width is increased by silica fume addition

[18]. This is partly because of the dependence of the silica

fume effect on the water/cement ratio.

Due to the pozzolanic nature of silica fume, silica fume

addition increases the autogenous shrinkage, as well as the

autogenous relative humidity change [19,20]. These effects

are undesirable, as they may cause cracking if the deforma-

tion is restrained. Aggregates are known to decrease the

drying shrinkage [21]. However, the effect of aggregates on

the microstructural evolution during drying shrinkage has

not been previously addressed.

To investigate the effect of silica fume and fine aggregate

on the shrinkage-induced microstructural change, this article

addresses the drying shrinkage of cement pastes with and

without silica fume (untreated) and of mortar without silica

fume. Both the shrinkage strain and the electrical resistivity

(obtained from the electrical resistance and the strain) were

measured continually from 1 to 28 days of curing.
Fig. 1. Specimen configuration for measurement of shrinkage and electrical

resistivity in the direction of the shrinkage. A and D are for passing current;

B and C are for voltage measurement. All dimensions are in millimeters.
2. Experimental methods

The cement used was Portland cement (Type I) from

Lafarge (Southfield, MI). The silica fume (Elkem Materials,

Pittsburgh, PA, microsilica EMS 965) was used at 15% by

mass of cement [9]. Four types of cement paste were

studied, namely, (a) plain cement paste (consisting of just

cement and water) with a water/cement ratio of 0.30, (b)

plain cement paste with a water/cement ratio of 0.35, (c)

plain cement paste with a water/cement ratio of 0.40, and (d)

silica fume cement paste with a water/cement ratio of 0.35.

A water-reducing agent (WR) was used at 1.5%, 1.0%,

1.0%, and 2.0% by mass of cement for cement pastes (a),

(b), (c), and (d), respectively. The WR was TAMOL SN

(Rohm and Haas, Philadelphia, PA), which contained 93–

96% sodium salt of a condensed naphthalene sulfonic acid.

One type of mortar [labeled (e)] was studied. It was plain

mortar with a water/cement ratio of 0.35. The sand used in

the mortar was natural sand (100% passing 2.36-mm sieve,

99.9% SiO2). The sand/cement ratio was 1.0. For the mortar,

WR was used in the amount of 1.0% by weight of cement.

A rotary mixer with a flat beater was used for mixing.

Cement, water, silica fume (if applicable), and sand (if

applicable) were mixed in the mixer for 5 min. After

pouring the mix into oiled molds, an external electric

vibrator was used to facilitate compaction. The specimens
were demolded after 1 day and then allowed to cure at room

temperature in air (relative humidity = 100%) for 28 days.

Six specimens of each composition were tested by

monitoring simultaneously the shrinkage and the volume

electrical resistivity in the same direction as the shrinkage,

daily during 28 days of curing. Each data point reported

here was the average value for the six specimens.

Shrinkage measurement was conducted on specimens of

size 280� 25.4� 25.4 mm. A stainless steel contact point

was positioned at each end along the length of each

sample, such that the exterior tips of the two contact

points were outside the sample and the interior tips of

the two contact points were inside the sample and were

separated by a distance of 250 mm, which was the gage

length for shrinkage strain measurement (Fig. 1). The

measurement was conducted in accordance with ASTM

Method C490-93a.

During shrinkage testing, the resistivity was measured

using the four-probe method [22], except that the two-

probe method was used in case of the mortar at 11 days

and beyond, due to the high resistance involved. Silver

paint in conjunction with copper wires served as electrical

contacts. Four contacts were perimetrically around the

specimen at four planes that were all perpendicular to

the strain axis and that were symmetric with respect to the

midpoint along the height of the specimen (Fig. 1). The

outer two contacts (typically 270 mm apart) were for

passing current. The inner two contacts (typically 260

mm apart) were for measuring the voltage. A Keithley

2001 multimeter was used. In the case of the two-probe

method, only the inner contacts were used. Thus, the gage

length for resistivity measurement was the distance be-



Table 1

Volume electrical resistivity and resistance at 1 day of curing

Material Resistivity

(V cm)

Resistance

(MV)

Water/cement

ratio

(a) 1.01�106 0.233 0.30

(b) 1.06� 106 0.244 0.35

(c) 1.11�106 0.257 0.40

(d)a 5.46� 105 0.126 0.35

(e)b 1.56� 107 3.59 0.35

a With silica fume.
b With sand.

Fig. 3. Fractional change in resistivity vs. curing time for plain cement paste

with water/cement ratio = 0.30 (�), plain cement paste with water/cement

ratio = 0.35 (.), plain cement paste with water/cement ratio = 0.40 (o),

silica fume cement paste (n), and plain mortar (E).
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tween B and C in Fig. 1. The steel contact points have

negligible effect on the fractional change in measured

resistivity of the specimen during hydration.

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 longitudinal strain and

with the transverse strain resulting from the Poisson effect.

However, neglecting the transverse strain affected the lon-

gitudinal resistivity value negligibly. The fractional change

in resistance was essentially equal to the fractional change in

resistivity.
3. Results and discussion

Table 1 shows the initial (1 day of curing) values of the

volume electrical resistivity and resistance for each of the

five compositions investigated. The resistivity increased

with increasing water/cement ratio. It was decreased by

the addition of silica fume and was increased by the addition

of sand. The resistivity was not measured prior to 1 day of

curing because of the need to apply electrical contacts on a

specimen after demolding.

Figs. 2 and 3 show the shrinkage strain and fractional

change in resistivity, respectively, vs. curing age. The

presence of silica fume decreases both the shrinkage strain

and fractional change in resistivity at the same curing age
Fig. 2. Shrinkage strain vs. curing time for plain cement paste with water/

cement ratio = 0.30 (�), plain cement paste with water/cement ratio = 0.35

(.), plain cement paste with water/cement ratio = 0.40 (o), silica fume

cement paste (n), and plain mortar (E).
between 1 and 28 days. This means that the silica fume

restrains the shrinkage as well as the shrinkage-induced

microstructural change. Both shrinkage strain and fractional

change in resistivity increase smoothly with increasing

curing age, such that the increase becomes more gradual

as curing progresses.

Sand decreases the shrinkage strain even more than silica

fume (Fig. 2), but the fractional change in resistivity is

increased by sand. This means that the shrinkage-induced

microstructural change is larger when sand is present,

presumably due to the effect of shrinkage on the micro-

structure of the interface between sand and cement. Sand

does not shrink while cement shrinks, thereby resulting in

microstructural change at the sand–cement interface as

drying shrinkage proceeds. The interface is associated with

a contact electrical resistance, which increases as the inter-

facial voids or void precursors become more numerous. The

increase of the contact resistivity between steel rebar and

concrete as shrinkage proceeds has been previously reported

[23].

An increase in the water/cement ratio causes a negligible

increase in the shrinkage strain (Fig. 2) but a slight increase

in the fractional change in resistivity (Fig. 3). This means

that the shrinkage-induced microstructural change increases
Fig. 4. Fractional change in resistivity vs. shrinkage strain for plain cement

paste with water/cement ratio = 0.30 (�), plain cement paste with water/

cement ratio = 0.35 (.), plain cement paste with water/cement ratio = 0.40

(o), silica fume cement paste (n), and plain mortar (E).



Fig. 5. Fractional change in resistivity per unit strain vs. shrinkage strain for

plain cement paste with water/cement ratio = 0.30 (�), plain cement paste

with water/cement ratio = 0.35 (.), plain cement paste with water/cement

ratio = 0.40 (o), silica fume cement paste (n), and plain mortar (E).
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slightly with increasing water/cement ratio. The effect of the

water/cement ratio is much smaller than that of silica fume

or sand. However, the use of data at 1 day of curing as the

reference values for the study of the fractional change upon

hydration is not ideal, due to the degree of hydration being

not the same at 1 day of curing for the different water/

cement ratios.

Fig. 4 shows that the fractional change in resistivity is

less in the presence of silica fume for the same strain. This

implies that the extent of microstructural change at the same

strain is less in the presence of silica fume. Fig. 4 also shows

that the fractional change in resistivity is higher in the

presence of sand for the same strain. Thus, the extent of

microstructural change at the same strain is more in the

presence of sand.

Fig. 4 shows that the fractional change in resistivity

abruptly increases at a strain of 3.0� 10� 4 for all cement

pastes without silica fume and at a strain of 2.5� 10� 4 for

mortar. This abrupt resistivity increase is probably associ-

ated with an abrupt and irreversible microstructural change.

The addition of silica fume essentially eliminates this effect,

whereas the addition of sand causes the microstructural

change to occur at a lower shrinkage strain. This is consis-

tent with the notion that silica fume addition diminishes the

shrinkage-induced microstructural change, whereas sand

addition increases this quantity.

Fig. 5 shows that the fractional change in resistivity per

unit strain is in the range 150–500. This quantity describes

the severity of shrinkage-induced microstructural change.

The severity is slightly lower in the presence of silica fume,

and is significantly higher in the presence of sand. The

severity tends to decrease as shrinkage proceeds, as

expected from the decreasing rate of shrinkage as shrinkage

proceeds (Fig. 2).

The fractional change in resistivity per unit compressive

strain in the cured state, as determined during compressive

loading, is 10 [2]. Thus, the microstructural change induced

by shrinkage strain is much larger than that induced by

compressive strain for the same amount of strain. Never-

theless, both shrinkage strain and compressive strain cause
the resistivity in the strain direction to increase. The large

microstructural change during shrinkage is expected from

the hydration reaction, which takes place during curing.

The microstructural changes mentioned in this article

may relate to the changes in the interfacial microstructure, as

suggested by the relatively large microstructural change in

the presence of sand. They may also relate to the nonuni-

formity in the distribution of moisture, including free water

and water in the hydrate. This nonuniformity is probably

diminished by silica fume, as suggested by the relatively

small microstructural change in the presence of silica fume.
4. Conclusions

1. The microstructural change induced in cement by

shrinkage during hydration is diminished by the addition

of silica fume and is increased by the addition of sand, as

shown by the fractional change in electrical resistivity

(relative to the value at 1 day of curing) at the same

shrinkage strain. An increase in the water/cement ratio

from 0.30 to 0.40 increases this quantity slightly. The

effect of the water/cement ratio is small compared to

those of silica fume and sand.

2. The fractional change in resistivity (indicating the extent

of shrinkage-induced microstructural change) abruptly

and irreversibly increases at a shrinkage strain of

3.0� 10� 4 in all cement pastes, except that the effect

is essentially absent when silica fume is present. In the

case of mortar, the abrupt and irreversible increase occurs

at a lower shrinkage strain of 2.5� 10� 4.

3. The fractional change in resistivity per unit shrinkage

strain ranges from 150 to 500, which is much larger than

the fractional change in resistivity per unit compressive

strain in the cured state. This quantity is increased by the

addition of sand and is decreased by the addition of silica

fume.
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