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Abstract: Since electrical resistivity of concrete can be measured in a more rapid and simple way than
chloride diffusivity, it should be primarily regular quality control of the electrical resistivity of concrete which
provides the basis for indirect of quality control of concrete durability during the concrete construction. If this
is realized, the electrical resistivity of concrete can be a crucial parameter to establish maintenance strategy for
marine concrete structures, Electrical resistivity of concrete is important to estimate two processes involved in
corrosion of reinforcement: initiation (chloride penetration) and propagation (corrosion rate). The resistivity of
concrete structure exposed to chloride indicates the risk of early corrosion damage, because a low resistivity is
related to rapid chloride penetration and to high corrosion rate. Concrete resistivity is a geometry-independent
material property that describes the electrical resistance, which is the ratio between applied voltage and resulting
current in a unit cell. The current is carried by ions dissolved in the pore liquid. While some data exist on the
relationship between moisture content on electrical resistivity of concrete, very little research has been
conducted to evaluate the effect of chloride on the conduction of electricity through concrete. The purpose of
this study is to examine and quantify the effect of pore water and chloride content on surface electrical resistivity
measurement of concrete. It was obvious that chloride content had influenced the resistivity of concrete and the
relationship showed a linear function. That is, concrete with chloride ions had a comparatively lower resistivity.
Chloride can lead to underestimate the electrical resistivity of concrete. Conclusively, this paper suggested the
quantitative solution to depict the electrical resistivity of concrete with various chloride contents.
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1. Introduction

Electrical resistivity in concrete is a reversed function of conductivity and is related to diffusivity
of ion in pore [1]. Measurement of electrical resistivity is considered to be a very attractive method
for evaluating the properties of geomaterials and for the quality control of concrete because such non-
destructive testing (NDT) is simple, rapid, and cost-effective [2]. Particularly, electrical resistivity can
be classified into two stages of durability as proposed by Tuutti [3] which are before and after steel
corrosion and thus can be used as the barometer of durability during latent period relating to micro
structure of concrete as well as corrosion progress period [4-6]. Electrical resistivity is nondestructive
evaluation technology that will not cause any damage to the structure and has many advantages
including cost reduction, time reduction, real-time data monitoring and simple method [7-9].
However electrical resistivity measurement has many factors causing data interference. And chloride
and water content in concrete may have effect on electrical resistivity [10]. Even so, electrical
resistivity has some disadvantages because it is affected by several other factors, e.g.: (i) amount of

cement paste, (ii) a water-cementitious material ratio, (iii) curing condition, (iv) exposure
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temperature, (v) chlorides, (vi) moisture content, (vii) cement type, and volumetric fraction of cement
paste, (viii) type and amount of admixtures, and (ix) quality and volumetric fraction of aggregate [9].
When the current is applied, electric field is dependent on chloride content that has effect on pore
water transfer [11-12] and thus it’s necessary to monitor the data on change in electrical resistivity of
concrete containing various chloride contents over time.

Meanwhile, the electrical conductivity is not caused by the binding of electrons in an electrolyte
solution but depends on the movement of charges. The resistance of the electrolyte solution is highly
dependent on the concentration, while distilled water is generally an insulator and seawater is
considered a high conductor [13]. Thus, the electrical resistivity of concrete with chloride ions is low,
and the high chloride concentration has been reported to have a greater effect on electrical resistance
than water content [14]. However, it is rare to study the change in the electrical resistivity of concrete
due to the effect of chloride ion and internal water content.

Since the electrical resistivity is closely related to the porosity of the concrete, it is possible to judge
the resistance to chloride penetration as shown in Table 1. However, only the correlation between the
durability criteria and electrical resistance was presented in terms of chloride penetration, and the
change in electrical resistivity due to the presence of chloride ion was not illustrated in concrete. This
paper is intended to evaluate the variation characteristics of electrical resistivity depending on
chloride content and water content in concrete. The variation of electrical resistivity was examined

over time after mixing chloride ion in the concrete with various w/c ratios.

Table 1. Chloride ions penetrability [1]

Chloride ion 100mm x200mm 150mm x300mm
penetrability Cylinder (KQ-cm) Cylinder (KQ-cm)
High <12 <95

Moderate 12~21 9.5~16.5

Low 21~37 16.5~29

Very low 37 ~ 254 29 ~ 199
Negligible > 254 >199

2. Experiment Program

2.1. Preperation of samples

Commercial cement, Type I KS L 5201 Ordinary Portland Cement (OPC), was used with a water-
cement ratio (w/c) of 0.45, 0.50, and 0.55 as shown in Table 2. For chloride contaminated specimen
sodium chloride was mixed with mixing water, 0%, 0.5%, 1.0%, 1.5% and 2.0% by weight of cement.
The specimen was submerged in same salt water as sodium chloride-mixed water used when
producing initial specimen till measuring. The size of each specimen was determined to be 100 mm
(L) x 100 mm (W) x 200 mm (H) such that the spacing of the electrodes was much smaller than the
height of the materials. The curing temperature was 20 °C. After 28 days of water curing, three
different curing conditions, i.e., 1) air-dry, 2) water curing, and 3) pre-mixed chloride. Testing with
the three types conditions was intended to investigate the change of electrical resistivity due to water

content and the chloride content.
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Table 2. Mixing proportion of concrete

Unit weight (kg/m?3)
wle Water Cement Sand Gravel
0.45 185 411 706 1001
0.50 185 370 720 1021
0.55 185 336 732 1038

2.2. Electirical resistivity of concrete

It is important to prepare the specimen with the same conditions before testing because the
electrical resistivity of concrete is significantly sensitive to both moisture and. The four-electrode
method, known as the Wenner four-pin method, was developed initially for conducting soil
resistivity tests by the U.S. Bureau of Standards.

A four-pin resistivity meter, i.e., a Resipod resistivity meter (Swiss PROCEQ Company), was used to
measure the electrical resistivity of concrete specimens (Figure 1). For each specimen, four separate
measurements were made on four different surfaces. Electrical resistivity is in reverse proportion to
the current applied (I) and potential difference (V) is measured on electrode inside and apparent

electrical resistivity is measured by following equation according to Ohms law.

2raVv
o= (1)
where,
p : Electrical resistivity of concrete,
a : Interval between electrodes.
(1)
\_/

Resistivity (p) = 2raV/I
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Figure 1. Measurement of electrical resistivity measurements in concrete

3. Results
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3.1. Effect of the age of the sample

Figure 2 describes the electrical resistivity measurements of a saturated specimen over a period
of time. A gradual increase in electrical resistivity was observed for the greater age of the specimen.
At an early age, there are no differences in the electrical measurements among the different pastes,
but it was observed that the mixture that had the lowest w/c ratio had the highest electrical resistivity
at the end of experiments. The primary reason should be that the paste that has the lowest w/c ratio
has more hydration products and less porosity than the other two mixtures.

Figure 3 shows the measurements of the electrical resistivity of air-dried concrete. Until 100 days
of air-dried curing, it was observed that resistivity increased gradually as the age increased.
However, the electrical resistivity increased dramatically from an age of 100 days to the completion
of the experiment. The electrical resistivity measurement at the end of the experiment was
approximately 1400 KQ-cm. According to guideline value provided by RESI (2002), corrosion is very
low if the electrical resistivity is greater than 12 KQ-cm. Therefore, it is expected that environment for

anti-corrosion is driven after 70 days of air-dried and saturated curing.
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Figure 2. Electrical resistivity measurements of saturated concrete without chloride

3.2. Effect of the pore water of concrete

The measurement of electrical resistivity is known to be strongly influenced by the amount of water
in the materials(Figure 4). According to Buenfeld et al. [4] and Goni and Andrade [10], the electrical
resistivity of water in the pores is about 5 x 102 K()-cm. According to Yoon's experimental results[15],
completely dried concrete does not allow ions or charges to move. Therefore, the small amount of

pore water in concrete can lead to high conductivity and low resistivity.
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Figure 3. Electrical resistivity measurements of air-dried concrete without chloride
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Figure 4. Effect of pore water on electrical resistivity of concrete
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Figure 5. Relationship between the electrical resistivity of concrete and the volumetric
fraction of capillary water in the pores

Error! Reference source not found.. 5 shows the relationship between the electrical resistivity and
the volumetric fraction of capillary pore water of the specimens. The amount of capillary water in
pores was estimated by cement hydration model proposed by van Breugel [16]. The maximum
volumetric fraction of the capillary pore water was approximately 0.6 and that the ratio of the
electrical resistivity of air-dried concrete to that of saturated concrete decreased dramatically as the
amount of pore water increased. The relationship between the electrical resistivity ratio of concrete
and the volumetric fraction of capillary water in the pores was expressed in Eq.
(2). In particular, the electrical resistivity ratio of air-dried to saturated concrete is very sensitive to
the amount of capillary water in pore. A sudden decrease in the resistivity ratio from 0.3 to 0.45 was
observed. However, a gradual decrease of the ratio of air-dried to saturated concrete was observed
as a function of the volumetric fraction of capillary water in the pores between 0.45 and 0.6. From
these observations, it can be concluded that capillary pore water in concrete significantly influences

its electrical resistivity and its relationship can be expressed as follows:

Py =1.822x10° exp| ~17.079 veaer ||, @

pore

3.3. Effect of chloride content

Figure 6 represents the variation of electrical resistivity of concrete depending on chloride content.
The electrical resistivity continued rising due to generation of hydrates and pore structure in line
with increasing hydration over time. At early stage, the electrical resistivity of concrete had a low
value and the difference depending w/c ratio was insignificant. As the microstructure of concrete was
developed with elapsed time, however, electrical resistivity tended to increase. The trend was
obvious depending on chloride content. The higher the chloride content, the less the electrical
resistivity. According to RESI specific resistance measurement standard and Broomfield [17], the risk
of reinforcement corrosion is extremely low when it’s 12 KCQ-cm or 20 KOQ-cm. The common value of the
two suggestions was 12 KQ-cm. All concrete excluding the specimen with chloride ion 2.0% and w/c ratio 0.55
failed to meet the value.
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According to Presuel-Moreno [18], the electrical resistivity of concrete containing 2% of chloride
ion in weight was reportedly reducedl by the level of 50~60%. The effect of chloride ion on the
electrical resistivity of concrete may be considerable because of dry and wetting of the salt water. This
study showed that the specimen with 2.0% of chloride ion was 65~71% of concrete without chloride
ion and the variation in connection with water-cement ratio was not monitored.
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Figure 6. Electrical resistivity of concrete with chloride content

3.4. Effect of chloride ion depending time

Figure 7 shows the variation of determinant coefficient as a result of linear regression analysis of
electrical resistivity ratio vs. chloride content over time. Though the accuracy was not high,
correlation between chloride content and the ratio of electrical resistivity ratio exceeded 0.70, which
means the obvious effect of chloride ion on electrical resistivity. At early stage of concrete curing,
determinant coefficient was low and then increased over time, however, the effect with w/c ratio was
not clear. Low determinant coefficient seemed to be attributable to the irregular variation of electrical
resistivity of concrete with chloride content when the hydration of the concrete has not to be activated
in earnest at early time.

Figure 8 shows the incline of linear regression analysis equation of the electrical resistivity ratio
and chloride content with the concrete without chloride content. The gradient of linear regression
analysis equation was low at early time, however, it was constant without significant variation from
50 days. That is, decrease in electrical resistivity depending on chloride content was rather low till 50
days and then continued to rise. After 50 days, trend could not be examined. The electrical resistivity
of concrete vs. chloride content was insignificant after 50 days and this was attributable to two
reasons. First, C-S-H phase and AFm phase which can react with water soluble chloride to form
bound chloride are not well developed[19]. At early stage, chloride adsorption is not active because
of immature development of the two hydrates. In addition, it is known that chloride can reduce the
electrical resistivity of water. Second, chloride can be a cause of the change of the micro-structural
characteristics of cementitious materials. In general, sodium chloride increases the pH of pore
solution in concrete and increase in alkali content which causes a heterogeneous C-5-H phase [20].
Therefore, chloride leads capillary porosity with large pore space and this can be a cause of low
electrical resistivity of concrete. The first reason of chloride ion absorption and the second reason of
micro-structure on electrical resistivity of concrete are not consistent. The micro-structure of
hardened cementitious material has more influence on electrical resistivity than chloride absorption,
however, considering the low gradient at early time and its increase with time.
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Figure 8. Gradient in linear regression deriving from resistivity ratio vs. chloride content

3.5. Effect of chloride ion on electirical resistivity

Figure 9 represents the variation of electrical resistivity depending on chloride content. In the
figure, the variation of electrical resistivity of concrete with w/c ratio was not monitored, however,
the electrical resistivity had decreased for concrete with a high chloride content

Based on the Figure 9, the average electrical resistivity of concrete contaminated with same
chloride content was calculated. Figure 10 shows the correlation between chloride content and ratio
of average electrical resistivity of concrete with chloride content. The variation with W/C ratio was
not monitored. It is obvious that chloride content leads to reduce resistivity of concrete. The
determinant coefficient was 0.97 which is meaningful in determining the variation electrical

resistivity of concrete with chloride ion content as following;
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4. Conclusions

(1) It was obvious that chloride content leads to reduce resistivity of concrete. Electrical
resistivity of concrete kept rising over time and all concrete showed the value 12 K(-cm or more except
the specimen with 2.0% of chloride ion and w/c ratio 0.55. As a result of viewing the electrical resistivity
rate, the value of the specimen with 2% chloride ion was 65 ~ 71% of the specimen without chloride
ion.

(2)  The electrical resistivity ratio of air-dried to saturated concrete was very sensitive to the
amount of capillary pore water. A sudden decrease in the resistivity ratio from 0.3 to 0.45 was
observed. However, a gradual decrease of the ratio of air-dried to saturated concrete was observed
as a function of the volumetric fraction of capillary water in the pores between 0.45 and 0.6.

(3)  For the correlation between chloride ion content and electrical resistivity in the specimen
without chloride ion, correlation between chloride ion content and electrical resistivity exceeded the
determination coefficient 0.70, indicating the obvious effect of chloride ion on electrical resistivity.

(4)  Therate of change of electrical resistivity of concrete with chloride was low in the early ages.
However, the electrical resistivity showed a more stable trend with no change in the long-term age.
These influences are the adsorption of chloride ion and the microstructure development of concrete.
The microstructure of the hardened cement paste is more influence on the electrical resistivity than
chloride adsorption.

(5) It was observed that the ratio of the electrical resistivity of concrete with chloride to that of
saturated concrete without chloride decreased as chloride content increased. Thus, it was apparent
that the electrical resistivity of concrete was influenced significantly by chloride content, even when

the content was low.
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