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Near-field microwave non-invasive determination of
NaCl in mortar
K.J.Bois, A.D.Benally and R.Zoughi

Abstract: In recent years near-field microwave nondestructive testing and evaluation techniques have
shown great promise for evaluating different properties of cement-based structures. An important
issue regarding the inspection of these structures is the ability to determine the presence and evaluate
the content of chloride in them. Chlorides can be introduced in these structures in many different
ways including when salts are present in their mixing water. Consequently, for this investigation, two
cubic mortar specimens were prepared each with a water-to-cement
sets of 8" x 8" x 8" (203")
(w/c) ratio of 0.5 and 0.6, respectively, and both sets with sand-to-cement ratios of (dc) of 1.5. Four
specimens were produced for each set with different salt (NaCl) contents added to the mixing water,
producing salt-to-cement (NaCVc) ratios of 0.0, 1, 2 and 3%, respectively. For the purpose of
compressive strength measurement, cylindrical specimens of these mortar specimens were also
prepared and tested for their compressive strength. Microwave reflection properties of these specimens
were measured at S-band (2.6-3.95 GHz) and X-band (8.2-12.4GHz), employing open-ended
rectangular waveguide probes. It is shown that the magnitude of reflection coefficient is a useful
parameter for detecting different chloride levels in these specimens. Moreover, the influence of
chloride on the curing properties (i.e. setting time) and the compressive strength of these specimens
are subsequently shown to be well correlated to the measured magnitude of reflection coeficient of
these specimens at S-band. It is also shown that this correlation is unambiguous as a function of w/c
which possesses significant practical ramifications.

1

Introduction

The construction industry is continuously seeking novel
techniques for in situ and nondestructive inspection of reinforced cement-based structures. Most such techniques are
often limited in their use and may not always produce reliable results [l]. One important issue in the concrete industry is the nondestructive determination and evaluation of
chloride in cement-based materials. Chloride is responsible
for the corrosion of steel in reinforced concrete. Early
detection and close monitoring of chloride penetration are
required to ensure the integrity of these reinforced members.
Microwave nondestructive testing (NDT) techniques
have been successfully used for interrogating nonconducting materials (i.e. dielectric materials) [2-lo]. They can also
be used to characterise properties of mixtures composed of
several dielectric constituents (i.e. constituent dielectric
properties and volume content), and to determine the curestate and the presence of chemical reactions in these materials [9, lo]. In recent years, near-field microwave NDT techniques have been utilised for inspecting cement-based
construction materials [l l-221. These techniques are
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divided into two main groups: near-field and far-field techniques. Although the modelling of the electric and magnetic
fields is relatively more tedious in the near-field region, the
practical implementation of near-field measurement techniques is quite simple. Furthermore, these techniques readily provide for material composition characterisation of
cement-based materials. Thus far, several near-field microwave NDT techniques have been successfully used for
inspection and characterisation of cement-based materials
[I 2-22]. These studies have included:
detection of rebar in reinforced concrete [12]
determination of compressive strength and water-tocement (w/c) ratio of hardened cement paste (cement and
water) using two dfierent approaches [13, 16, 17, 211
prediction of the microwave reflection properties of mortar (cement, sand, water and porosity) using a dielectric
mixing model as a tool for obtaining the volume fraction of
individual constituents of mortar [14]
determination of sand-to-cement (dc) ratio in mortar
using the stochastic properties of its microwave reflection
properties [151
determination of cure state in concrete [16]
determination of w/c in cured and fresh concrete [I 6, 221
detection of aggregate segregation in concrete [19]
determination of coarse aggregate volumetric distribution
in concrete [17, 181
detection of grout in masonry bricks [20].
In this paper, the ability of these techniques to detect salt
content added to the mixing water of mortar, as well as the
influence of this additional salt to the compressive strength
IEE Proc -Sei Meus Techno1 , Val 148, No 4, July 2001

of mortar and its correlation to microwave reflection property measurements are addressed.
Concrete normally provides reinforcing steel with adequate corrosion protection. When steel is encased in concrete, a protective iron oxide film forms at the steelconcrete inteiface due to the high pH level associated with
concrete. This film protects the steel from corrosion. However, the intrusion of chloride ions in reinforced concrete
can destroy this protective film. Moreover, if moisture and
oxygen are present in the concrete, the steel will corrode
through an electrochemical process. Once the steel begins
to corrode, the concrete will deteriorate, since the byproducts of corrosion occupy a greater volume than the steel
itself and subsequently exert a substantial stress on the surrounding concrete.
Chloride can be introduced into concrete in many ways.
It may be introduced into the concrete mix by the aggregates, cement, admixtures andor the mixing water. Moreover, chloride may enter into a concrete structure, while in
use, through exposure to deicing salts, seawater or salt air
environment. Therefore, it is important to be able to measure the chloride content of concrete in order to indicate the
likelihood of corrosion of its embedded reinforcing steel
bars.
The limit placed on the amount of chloride content in
concrete is a function of the type of structure and the environment to which it is exposed during usage. Limits on
chloride content in reinforced concrete are set in two ways:
water-soluble chloride ion content and the total chloride
ion content. The two values are not substantially different
from one another because the water-soluble chlorides are
only a part of the total chloride content, namely the free
chlorides in the pore water [23].
Steel in concrete begins to corrode when the water soluble chloride content in the concrete is about 0.15% of the
cement weight [24]. Of the total chloride ion content in concrete, only about 50 to 80% is water soluble, the rest
becoming chemically bound in the chemical process involving cement [25].Limits on the water-soluble chloride content in concrete have been set by the American Concrete
Institute [26]. The water-soluble chloride ion content of
hardened concrete may be determined by a procedure similar to that reported in a Federal Highway Administration
(FHWA) report [27]. This procedure is destructive in
nature, and is performed in a laboratory on concrete that
has hardened for 28 to 42 days.
The standard approaches for determining chloride content in concrete (i.e. the total amount of chlorides) are the
procedures outlined by the American Society for Testing
and Materials (ASTM) and the American Association of
State Highway and Transportation Officials (AASHTO)
[28, 291. All of the methods mentioned for determining
chloride content in concrete require obtaining a sample of
the hardened concrete. Subsequently, it is ground up and
tested following the procedures outlined in [27-291. These
methods present several distinct disadvantages such as
being destructive, time consuming and prohibitive to the
large-scale testing of structures. Moreover, these structures
cannot be tested again at the same location for determining
the progression of chloride penetration. Consequently, nondestructive solutions are highly advantageous for chloride
detection.
As mentioned earlier, microwave NDT techniques have
already demonstrated the ability to evaluate various important properties of cement-based structures. This success is
mainly due to the inherent sensitivity of microwaves to the
presence of bound or free water in these materials [16]. In
IEE Proc-Sci Meus Teclinol Vol 148 No 4 July 2001

the case where the chloride content in a cement-based specimen is above a certain limit, the chloride will interact with
any free water and also become bound with the cement
which is expected to affect the dielectric properties of the
specimen. It has already been shown that at relatively low
microwave frequencies, an increase in the salinity of water
significantly increases its microwave dielectric properties
~301.
The influence of chlorides on the curing process of
cement-based materials, using established civil engineering
standards, has been well documented [31-331. However, a
consensus opinion as to the maximum allowable chloride
content in a mixture or its specific effect on curing has yet
to be reached. It has been determined that, if the chloride
content in the mixing water (for concrete) does not exceed
500ppm, the water is considered harmless to the concrete
[31]. It has also been shown that water with hgh salt content (e.g. seawater) has been used satisfactorily in producing concrete [32]. Typical seawater has a total salinity of
about 3.5%, 78% which is NaCl and 15% of MgC1, and
MgSO,. It has been found that using seawater in concrete
produces a slightly higher early strength but a lower longterm strength, usually by less than 15% [33]. Also, some
tests have indicated that seawater accelerates the setting
time of cement to its respective final cure state. However,
others have shown a substantial reduction in the initial setting time, but not necessarily in the curing time required to
reach its final cure state [33].
In this paper the influence of adding salt to the mixing
water of several mortar specimens is investigated, as it
relates to their microwave reflection properties. Moreover,
the influence of this salt addition to the setting time of these
specimens as well on their compressive strength is studied.
The results are shown to correlate well with the microwave
reflection properties of these specimens.
network analyser
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Fig. 1 Microwave musurement apparatur
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Approach

To determine and correlate the influence of chloride content in the mixing water of cement-based materials to their
microwave reflection properties, two sets of four 8" x 8" x
8" (203")
mortar cubic specimens, were produced. The
side dimension of 8" guarantees that the specimen is an
infinite half-space and there is no reflection from the opposite face of the specimen. Each set was produced with wlc
ratios of 0.50 and 0.60, respectively, and both with an slc of
1.5. Varying levels of table salt were dissolved in the mixing
water of these specimens, resulting in salt-to-cement (NaCV
c) ratios of 0.0, 1, 2 and 3%, respectively. The specimens
179

were moist cured in a hydration room for one day and air
cured (in ambient temperature and low humidity) for the
remaining 28-day curing period. Subsequently, the reflection properties of these specimens were measured using
open-ended rectangular waveguide probes at S-band (2.C
3.95GHz) and X-band (8.2-12.4GHz), utilising an HP8510
vector network analyser, as shown in Fig. 1. Each measurement reported here is the calculated average of 20 measurements performed on all sides of the specimens (omitting
their top and bottoms). To correlate the microwave reflection properties of these specimens to their compressive
strength, for each mortar specimen four identical cylindrical
samples of 4" in diameter and 8" long were also produced
and cured in the same manner as the cubic specimens.
Once cured, the compressive strength of each mortar specimen was determined by crushng these cylinders using a
300-lup testing machine. The average measured compressive strength (i.e. obtained from the four samples of each
mortar) results were then correlated to the cured reflection
properties of the mortar specimens as a function of wlc and
NaClIc.

3

Results

Thus, based on the results of previous studies, it may be
expected that the specimens with increasing salt content
may not have undergone a complete curing process. Since
all specimens contained identical proportions of waler at
the time of mixing, one can hypothesise that the presence
of salt in these specimens changes the curing process and
possibly affects their long-term compressive strength. Thls
is based on the fact that in previous investigations :specimens with higher final lrl have been shown to have higher
compressive strengths [13, 181. The relationship between
NaCVc and /r(for all specimens will be shown later.
Fig. 3 shows the daily mean and- standard deviathn of
the measured JrJ
as a function of time for the same: four
specimens but at a frequency of lOGHz @-band).
Although the same overall behaviour is observed as that at
3GHz, there is not much distinction among the different
specimens as a function of NaCVc. The difference in the
dielectric properties of water containing increasing levels of
salt is more substantial at 3GHz than at 10GH2: [30].
which is directly related to the dieHence, the measured JTJ
lectric properties of water as a function of salinity is not
expected to produce substantial variation in the measured
Irl either [18].
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Fig. 4 shows similar results for the specimens with 0.6
wlc at 3GHz (S-band). The results regarding the relative
as a function oC time
differences in the measured mean Jrl
for these specimens are quite similar to those obtained for
the 0.5 wlc specimens. However, the dynamic range of the
measured Irl is larger for these specimens. This is expected
since these specimens contain a larger fraction of free water
at the beginning [13, 16, 181. In addition, as they cure there
is less cement for the water to combine with. Therefore,
more of the free water is lost to evaporation during the curing process, resulting in more porosity. Thus, in the final
is lower than those for the 01.5 wlc
days the measured IrJ
specimens. Sirmlar to the results shown in Fig. 3, but not
presented for brevity, at lOGHz these specimens were not
readily distinguishable from one another.
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First and foremost, comparing the results for dlferent
NaCVc specimens indicates that the presence of chloride in
the mixing water can be unambiguously detected in particular after the sixth day when a substantial amount of free
water has disappeared. The results also indicate that the
dlference between the measured Irl for the first and the
final days of measurements (i.e. the 28th day of curing) is
progressively smaller as a function of increasing NaCVc.
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To demonstrate the capability of this microwave nondestructive testing technique for detecting chloride content in
the mixing water of these specimens, the 28th day measured Irl at 3GHz as a function of NaCVc for both set of
specimens is shown in Fig. 5. The results clearly show, as
stated earlier, that the measured IrI (discrete points in
Fig. 5) can be used to detect and estimate the level of chloride content in these specimens. The solid lines are linear
fits through the measurement points indicating a linear correlation between the measured Irl and NaCVc for chloride
content evaluation purposes. In addition, as expected the
specimen with 0.5 wlc produced higher Ir(for all NaCllc
[13, 161. It is also expected that these specimens have bgher
compressive strength than those with 0.6 wlc [31].

importantly, this Figure shows that there is no ambiguity in
evaluating both the wlc and NaCl/c for these eight mortar
specimens at 3GHz (S-band). This frequency has also been
shown to be optimal for determining wlc in hardened
cement paste, mortar and concrete [13, 15, 16, 181.
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To determine the influence of chloride content on the
compressive strength of these specimens and show a correlation to the measured lrl,the cylindrical specimens were
tested for their compressive strength using a 300-kip cylinder-testing machine. Fig. 6 shows the average measured
compressive strength for all specimens (discrete points in
Fig. 6). The results show that the specimens with lower w/c
consistently have higher compressive strength, as expected
[13, 16, 18, 311. Moreover, compressive strength is shown
to increase as a function of increasing NaCVc, as hypothesised earlier. Finally, the solid lines in Fig. 6, which show a
linear fit through the measured points, follow a similar
increasing linear trend in the compressive strength as a
function of NaCVc as did the measured Irl results shown in
Fig. 5. This fact indicates that a simple and linear correlation exists between the measured IrI and the compressive
strength of these 28 day cured specimens. This correlation,
for each of the 0.5 and 0.6 wlc specimens, is shown in
Figs. 7 and 8, respectively. The discrete points are the
measured values, while the solid lines indicate a linear fit
through these points. Clearly, there exists a linear correlation between the measured Irl and the compressive strength
of these specimens as a function of wlc and NaCVc. Fig. 9
shows the combined results of Figs. 7 and 8. The results
clearly show rhe increase in the compressive strength and
the measured Irl as a function of wlc and NaCVc. More
IEE Proc -Sa Meay Techno1 Vol 148 No 4, July 2001
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Conclusion

In this paper, microwave detection and content evaluation
of chloride, introduced as the addition of salt to the mixing
water of several mortar specimens with wlc of 0.50 and
0.60 and all with slc of 1.5 and varying NaCVc, was shown
to be possible. The microwave technique used here
employed open-ended rectangular waveguide probes at Sband (2.G3.95GHz) and X-band (8.2-12.4GHz) in
conjunction with a vector network analyser suitable for
calibrated reflection cocfficient measurement. This detection and evaluation was made possible through the influence of chloride in the measured magnitude of reflection
coefficient at relatively low microwave frequencies (e.g.
3GHz). At lOGHz, it was not possible to distinguish
among these specimens. This is also supported by the fact
that the dielectric properties of free or bound water present
in a specimen, as a function of varying salinity, are more
significantly influenced at lower frequency bands. The
181

results also showed the reduction in setting time of these
specimens as a function of increasing NaCVc. The results of
earlier investigations had already established that when
conducting these measurements, the magnitude of reflection coefficient increases as a function of decreasing wlc.
This was shown to be true once again for these specimens
in addition to the fact that this parameter was also shown
to increase as a function of increasing NaCVc, indicating an
increase in their compressive strength as a function of this
parameter. To verify this, cylindrical samples of these
mortar specimens were also prepared and tested for their
compressive strength. It was subsequently shown that the
measured compressive strength of these specimens also
increased as a function of NaCVc. Subsequently, a simple
and linear correlation between the measured magnitude of
reflection coefficient of these specimens at 3 GHz and their
compressive strength was shown to exist as a function of
w/c and NaCUc. The results of this investigation are very
encouraging for detecting and evaluating chloride content,
as a result of salt added to the mixing water of mortar. The
next step in this study should involve detecting and evaluating chloride penetration in cement-based materials through
successive introduction of these materials to salt water. This
investigation is currently ongoing. It must be noted that, if
and when such a technique becomes available for on-site
testing, one must be cognisant of the fact that any excess
free water that exists on the surface or has permeated
through the concrete will influence the measurement
results. In such cases one must either make the measurements a few days after an episode of rain or use a complementary technique to measure the free water level and
calibrate the system accordingly.
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