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Abstract

The electrical conductivity and compressive strength of several high-performance Portland concretes with different amounts of crushed

aggregate and sand have been measured at early age in isothermal conditions (20 �C). The total aggregate volume fraction varied from 0

(plain paste) to 0.75 and a constant weight ratio (1.2) between crushed aggregate and sand was used. The w/c ratio was 0.37 and microsilica

(in slurry form) and a superplasticizer in water solution were used.

The time taken before the electrical conductivity began to drop correlated very well with the induction period. The drop of conductivity

was slightly delayed by the aggregate. The analysis of the electrical data, by means of different numerical and analytical models [hard core

soft shell model (HCSS), differential effective medium theory (DEMT), Lu–Torquato, Maxwell], allowed an estimate of the properties of the

interfacial transition zone (ITZ). In particular, an ITZ thickness of about 9 mm and an ITZ to bulk conductivity ratio of � 2.5 were found. The

existence of a percolating pathway through the interfacial regions was found by both electrical measurement and modeling when the

aggregate volume fractions exceeded 60%. Finally, a new relationship among electrical conductivity, compressive strength, and aggregate

amount was derived.
D 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Monitoring the properties of manufactured goods is

nowadays an essential requirement in quality control

regimes particularly for precast structures [1]. The electrical

properties of cement pastes have proved to be rather

sensitive to minute changes in the microstructure of cemen-

titious materials. Out of the many different techniques used

to study the aging of concrete mixes (e.g., electronic

microscopy, X-ray diffraction, or thermogravimetry), the

dielectric spectroscopy displays high sensibility, versatility,

and possibility to operate remotely. In addition, the know-

ledge of the electrical parameters is useful for the devel-

opment of accelerated curing processes, for instance, by

electromagnetic heating [2–4].
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The strength of a concrete cannot be easily related to the

strength of the mortar or of the neat paste. The compressive

strength of a paste can be 30% higher then that of a mortar

and up to 50% higher than that of an ordinary concrete [5,6].

However, the use of low w/c ratios and silica fume can result

in a concrete with a strength exceeding that of the neat paste

[7,8]. This can be explained by the existence of week bonds

between the aggregate surface and the paste; the region

around the aggregate particles thus influences the overall

behavior of the composite. The same reasoning can be

applied to the transport properties such as the electrical

conductivity, diffusivity, and permeability [9–11].

Permeability, in particular, was observed to be higher

for the mortar than for the cement paste [12] showing a

close relation with the electrical conductivity [13]. The aim

of this paper is to prove the capability of electrical methods

to monitor microstructure changes in concretes and to give

an insight into microscopic features such as the properties

of the interfacial transition zone (ITZ). A relationship



Table 1

Mix compositions

Component Parts by weight

Cement, CEM I 52.5 R ENCI (Blaine 5300 cm2/g) 100

Microsilica, slurry Heidelberger Bauchemie GmbH,

dry content: 51% (B.E.T. 190,000 cm2/g)

10.5

Naftalene sulfonate Addiment FM951 NBC

Bouwstoffen, dry extract: 40%

0.7

Ligninosulfonate Addiment BV1 NBC

Bouwstoffen, dry extract: 36%

0.07

Crushed aggregate (4–16 mm) 0� 302

Sand (0–4 mm) 0� 250

Total water 37
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between conductivity and macroscopic strength was also

derived.

We studied the electrical properties of high-performance

concretes with a low water content and of a Portland cement

paste densified by the addition of silica fume and super-

plasticizers. The effect of the superplasticizer on the elec-

trical parameters of cement pastes was already studied

[14,15]. In this paper, we focus on the influence of the
Fig. 1. Fracture surfaces of samples with various aggregate content (split test NEN
aggregate and we will show how the electrical parameters

can be used to sense the microstructure changes.
2. Materials and methods

2.1. Materials

The cement was an OPC type I 52.5 R produced by

ENCI. The aggregate was sand (particle size less than 4

mm) and crushed aggregate (size 4-16 mm). A constant

weight ratio between the two components was maintained

(1.2) for all formulations. Further ingredients were silica

fume (in slurry form), a lignosulfonate-based plasticizer, and

a naphthalene–sulfonate-based superplasticizer. The w/c

ratio was in all cases 0.37. For the actual composition of

mixes, see Table 1.

2.2. Compressive strength and split test

The compressive strength was measured on sealed cubes

150� 150� 150 mm3 (NEN 5968). Cubes were cast in
5969). Clockwise from top to left: 10%, 30%, 40%, 75%, 60%, and 50%.



Fig. 2. Experimental setup for the electrical conductivity measurements.
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temperature-controlled steel moulds and tested after 8, 24,

and 30 h. Some split tests were also performed on cubes

after 1-day hydration in order to check the uniformity of the

aggregate distribution and absence of bleeding. No aggreg-

ate segregation was observed (Fig. 1).

2.3. Electrical conductivity

Electrical conductivity measurements were performed on

concrete samples about 150� 150� 200 mm3. The experi-

mental setup is shown in Fig. 2. The temperature was kept at

20 ± 1 �C by means of a cooling system.

The electrical conductivity was measured with the appar-

atus CONSENSOR [1]. The sensor consisted of two cylin-

drical rods (10-mm diameter) placed at an axial distance of

30 mm. The device was controlled by a microchip that

allowed continuous measuring. Measurements started about

10 min after mixing and were carried out for 5 days. Data

were taken at 20 MHz to minimize polarization effects at the

electrode/paste interface.
3. Numerical and analytical models

In real concrete, any property within the interfacial

region changes gradually through the thickness [16–18].

For the sake of simplicity, we assume such properties to be

constant [19] and we treat the ITZ as a real phase. The paste

is thus modeled as a two-phase system: the ITZ and the bulk

paste, each with different properties [19]. Because of the

wall effect, the ITZ contains, at the beginning of hydration,

more water [13,18] than the bulk paste.

Several models, i.e., the hard core soft shell model

(HCSS) [20], the differential effective medium theory
(DEMT) [21,22], and the Lu–Torquato model [19,23], were

utilized to study the properties of the ITZ.

3.1. HCSS model

The HCSS, developed at NIST, was utilized to estimate

the effect of ITZ on the overall conductivity and to evaluate

the percolation properties of the systems. The aggregate

was modeled as spherical particles of different radii accord-

ing to the particle size distribution. The particles were

randomly located in the model space (a cube with 30-mm

edge).

Aggregate particles (HC) were not allowed to overlap

and were surrounded by spherical shells (SS) to represent

the ITZ. The interfacial regions were allowed to overlap on

one another and also on other aggregate particles. A random

walk algorithm was used to estimate the transport properties

[23]. A conventional burning algorithm was utilized to

check for phase connectivity [20,23].

3.2. DEMT model

The DEMT can be used to estimate the properties of

particulate composites [21]. In the dilute limit, assuming

that the aggregate volume fraction is small enough so as to

neglect interparticle interactions, the following equation

applies:

�

�b

¼ 1� m�agg þ Oð�2
aggÞ ð1Þ

where � and �b are the conductivity of the whole system

(bulk, ITZ, and aggregate) and of the bulk, respectively;

�agg is the aggregate volume fraction and m is a constant

that equals� 3/2 for insulating spherical inclusions of any

size distribution embedded in a homogeneous conductive

medium (Maxwell equation). In general, the parameter m

depends on the conductivity of the interface, �ITZ, as well

as on that of the bulk and of the aggregate, �a. It also

depends on the mean radius of the solid particles, r, and the

ITZ thickness, tITZ, according to the following equation

[22]:

m ¼ 3½ð�a � �ITZÞð2�ITZ þ �bÞ þ ððr þ tITZÞ=rÞ3ð�a þ 2�ITZÞð�ITZ � �bÞ

½ð�ITZ þ 2�bÞð�a þ 2�ITZÞ þ 2ðr=ðr þ tITZÞÞ3ð�a � �ITZÞð�ITZ � �bÞ


ð2Þ

For high aggregate content, Eq. (2) fails. The conductivity

is then to be found by solving the following equation:

Z �ð�aggÞ

�b

d�0
b

mð�0
bÞ�0

b

þ lnð1� �aggÞ ¼ 0: ð3Þ

3.3. Lu–Torquato model

The model developed by Lu and Torquato [19,23] allows

the calculation of the total volume fraction, VITZ, of the



Fig. 3. Electrical conductivity as a function of time for different aggregate contents.
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interfacial zone around an assembly of randomly positioned

spheres of various sizes:

VITZ ¼ 1��agg�ð1� �aggÞexp½ð�p�ðctITZ þ dt2ITZ þ gt3ITZÞ

ð4Þ

where � (the number of particles per unit volume), c, d, and

g are analytical functions that depend on the aggregate

particle size distribution. This complex equation accounts

for the overlapping of spherical shells surrounding each

particle at high aggregate concentrations.
Fig. 4. Time to drop of the electrical conductivi
4. Results and discussion

4.1. Electrical conductivity

For all formulations, the conductivity decreased with

time as a consequence of microstructural modifications

(changes in the chemical composition of the pore fluid

played a minor role). The continuous liquid phase, the main

path for the current flow, steadily decreases during the

hydration. In the �-log(time) curves, two transitions were

observed, Fig. 3. The first, at early age, is related to the set
ty as a function of the aggregate content.
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of the paste and the second reflects the depercolation of

solution filled porosity [24]. The small increase in conduc-

tivity at the very beginning has been attributed to thermal

effects [25].

Data in Fig. 3 indicate that the electrical conductivity of

concrete regularly decreases on increasing the aggregate

content. The early conductivity varied from � 1.8 S/m, for

the plain paste, to � 0.3 S/m, for the concrete with 75%

aggregate content. These effects were expected because the

electrical conductivity of the aggregate is much lower

(� 0.002 S/m [1]) than that of the paste.

The time evolution of the conductivity of concrete

samples was similar to that of the plain paste; this confirms

that the electrical behavior of concrete is substantially

dominated by the cementitious matrix. However, the drop

in conductivity, indicative of the duration of the induction

period [15], was progressively delayed as the aggregate

content increased. As shown in Fig. 4, the time to drop, tdrop,

linearly grows with the aggregate content; the time to drop

for the 75% aggregate formulation was delayed by about 2

h. Several effects influence the time and composition

dependence of conductivity.

1. On decreasing the cement content, the heat of hydration

diminishes and temperature variations are less likely to

occur. Since we operated in isothermal conditions, this

effect should be negligible.

2. Due to the wall effect, the water content is higher in the

ITZ than in the bulk. A higher w/c ratio was already seen

to delay the set point [26]. Since the conductivity of

cement pastes depends on the amount of water, the water

depleted bulk will have a reduced conductivity.
Fig. 5. Normalized conductivity as a function of aggregate cont
3. On the other hand, a water enriched ITZ have a higher

conductivity, particularly when the ITZs become con-

nected.

At moment, we are not able to evaluate the relative

importance of the last two effects.

4.2. Influence of the ITZ on the electrical properties

The electrical conductivity of dispersions of nonconduc-

tive spheres in conductive media can be described by the

Maxwell relations (two-phase model) (Fig. 5) [27,28]:

�

�b

¼ 1� 3 2�agg

�

or ð5Þ

�

�b

¼ ð1� �aggÞ3 2=

(�b being the bulk conductivity). Data in Fig. 5 indicate that

the real conductivity was higher than that expected from Eq.

(5) even at low aggregate contents (Maxwell relations

strictly hold in the dilute region). As already outlined, the

ITZ composition differs from that of the bulk. The system

should rather be considered as a three-phase system.

Apparently, the ITZ contribution to the overall conductivity

is rather large, particularly at high aggregate content

(�agg>0.6) and high hydration times. Long-range pathways

in Portland cement mortars were found by Shane et. al. [13],

using Mercury Intrusion Porosimetry [15], and by Winslow

et al. [29].
ent (dotted and dashed lines are the Maxwell equations).



Fig. 6. Electrical conductivity of fresh concrete as a function of aggregate content (the continuous line is from DEMT simulation; the open dots are the bulk

given by the horizontal dashed line).
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4.3. Numerical modeling

A combination of HCSS and DEMT models was utilized

to investigate the interface properties of the concretes. Input

parameters were the thickness of the ITZ and the interface to

bulk conductivity ratio, �ITZ/�b. The initial values of these

parameters were the mean average size of cement particles

(9 mm in our case) and 2.5 according to [15,20,30]. This

values, fed to the HCSS model, allowed to evaluate the

effect of the aggregate on the conductivity of the bulk paste

(see point 2 above). Once the bulk conductivity was known,

paste conductivity from HCSS model; the conductivity of the plain paste is
Fig. 7. Normalized electrical conductivity as a func
we calculated the overall conductivity by means of the

DEMT model. The good match between model and experi-

mental data, Fig. 6, indicates that the values of thickness and

conductivity of the ITZ were correct.

4.4. Percolation of the ITZs

In the diluted region, the ITZs that surround the aggreg-

ate particle are far apart. On increasing the particle density,

the distance among the ITZs decreases and, eventually,

vanishes. If we normalize the conductivity of each sample
tion of time for different aggregate contents.



Fig. 8. Volume fraction of the ITZ according to the HCSS and Lu–Torquato models. The percolated volume (aggregate plus ITZ) is also shown.
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to the initial value, we see that a single master curve is

obtained for formulations with aggregate contents less than

� 0.6, Fig. 7. For higher loadings, the conductivity re-

mained higher at long hydration times. This can be easily

explained by admitting the formation of a continuous

(percolated) high conductivity path from the superposition

of ITZs. At high loadings, the flux of charge carriers

apparently takes place more and more through the interfacial

regions rather than through the bulk CSH.
Fig. 9. Strength–conductivity relationship for the m
We computed the total volume of ITZs by both the HCSS

and DEMT models, Fig. 8. Due to the reduced thickness of

the ITZ, its volume is relatively small. By adding to the

volume of each aggregate particle the volume of the relative

ITZ, it was possible to evaluate the aggregate content that

would allow the percolation of the outer ITZs. Fig. 8

indicates that the solid critical content is about 0.6, which

well correlates with the value at which deviations were

observed in Fig. 7.
ixes. Strength measured at 8, 24, and 30 h.



on the volume fraction of the aggregate.
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4.5. Strength–conductivity relationship

A relationship between conductivity and strength has

been previously found for concrete [1]. We generalize such

relationship to concretes with various aggregate contents.

All data in Fig. 9 in which the compressive strength is

plotted as a function of electrical conductivity for all

formulations obey the following equation:

log
R0

R

� �
¼ kð�aggÞ�agg� ð6Þ

where R is the compressive cube strength (MPa), R0 and k

are constants for each formulation. R0 can be considered as

an intrinsic property of a specific mix; values vary from 118

to 200 MPa with increasing the aggregate volume fraction.

Also the parameter k depends on the aggregate content.

The linear plot in Fig. 10 indicates that a power law

relationship holds between k(�agg) and composition:

kð�aggÞ ¼ 10ða�agg�bÞ ð7Þ

The parameters a = 2.07 ± 0.02 and b= 0.69 ± 0.01, on the

contrary, are constant and mix independent.

Fig. 10. Dependence of k (Eq. (7))
5. Conclusions

The electrical conductivity and compressive strength of

several Portland cement concretes (total aggregate content

0–75%) have been measured at early ages in isothermal

conditions at 20 �C. The electrical conductivity was affected
by both hydration and aggregate content. A delaying effect

(� 2 h) of the aggregate on the first inflection point of the

conductograms (related to setting) was clearly observed.

The extent and properties of the interfacial zones were

studied by analyzing the electrical conductivity of all for-

mulations by means of several numerical models (HCSS,

DEMT, Lu–Torquato, Maxwell). It has been found that

even the properties of the bulk cement paste are affected by

the presence of the solid aggregate particles, most likely for

a redistribution of porosity. The study has clearly shown that

the interfacial region, whose porosity and electrical conduc-

tivity exceed those of the bulk paste, percolate at high solid

contents. A percolating pathway appeared for aggregate

volume fractions higher than 60%. Finally, a relationship

among electrical conductivity, compressive strength, and

aggregate concentration was found.

The sensitivity and speed, along with the possibility to

perform remote measurements, confirm the electrical meth-

ods as a viable technique to monitor the properties of high-

performance concretes.
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