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A wireless, passive embedded sensor was designed and fabricated for monitoring moisture in sand. The sensor, consisted of an
inductive-capacitive (LC) resonant circuit, was made of a printed spiral inductor embedded inside sand. When exposed to an
electromagnetic field, the sensor resonated at a specific frequency dependent on the inductance of the inductor and its parasitic
capacitance. Since the permittivity of water was much higher than dry sand, moisture in sample increased the parasitic capacitance,
thus decreasing the sensor’s resonant frequency. Therefore, the internal moisture level of the sample could be easily measured
through tracking the resonant frequency using a detection coil. The fabrication process of this sensor is much simpler compared
to LC sensors that contain both capacitive and inductive elements, giving it an economical advantage. A study was conducted to
investigate the drying rate of sand samples of different grain sizes. The experimental data showed a strong correlation with the
actual moisture content in the samples. The described sensor technology can be applied for long term monitoring of localized
water content inside soils and sands to understand the environmental health in these media, or monitoring moisture levels within
concrete supports and road pavement.

1. Introduction

Monitoring of water content in porous mechanical structures
is important in ensuring and predicting their mechanical
integrity. For example, monitoring water content in asphalt
is critical for assessing its structural stability because the
bond between asphalt and aggregate particles can be broken
or reduced in strength due to the presence of unwanted
moisture. Similarly, it is important in concrete mixing to take
into consideration the natural moisture of aggregates during
the mix design to ensure proper slump and compressive
strength of the resulting concrete structure [1].

Several methods currently exist for measuring water
content in civil constructs. A common method involves
determining themass of a sample before and after drying.The
disadvantages of this method include the need to remove the

material (or a sample), the length of the drying process, and
the possibility of degrading the sample as a result of heating.
Additional complications can arise when moisture-sensitive
environments must be breeched to collect the sample for
drying. A more sophisticated method for measuring water
content consists of two insulated conductor probes. The
permittivity of the medium will depend on water content
between the probes and can be determined by measuring the
capacitance between the probes using radio or microwave
energy [2]. This method allows for a direct measurement
of the sample without the need of removing it, but its
accuracy can depend on the amount of samples available
and closed environments must still be breached to take the
measurement.

Thermographic measurement techniques have also been
employed for measurement of moisture content in soils and
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Figure 1: The (a) illustration and (b) photograph of the sensor, which was comprised of a single-layer, spiral inductor circuit printed on a
substrate.

building materials [3, 4]. This technique generally utilizes
infrared sensing methods to determine heat transfer rates
on a surface, which can then be used to approximate the
moisture content of the surface in question. While this
approach provides a novel method ofmoisturemeasurement,
the surface of interest must be changing in temperature.
Moreover, the depth that this method can measure into the
imaged medium is extremely limited, making it unsuitable
for large batch measurements. Furthermore, this detection
method is possible only if there is a line-of-sight path from
the detector to the sample, rendering it ineffective when
the sample is contained or covered by materials that block
infrared light.

An embedded moisture monitoring sensor based on a
planar, printed spiral inductor was developed. The sensor
represented a newdesign of inductor-capacitor (LC) resonant
circuit sensors, which have previously been proposed for
moisture monitoring in civil engineering materials [5–10].
The water-sensing component of the sensor is similar to
many capacitive humidity sensors [11–13], which are based on
changes in the capacitance of a capacitor that in turn shifts the
resonant frequency of the LC circuit. As water accumulates
on the capacitor’s surface, the effective permittivity of the
medium at the proximity of the capacitor increases signif-
icantly due to the high permittivity of water (about 70–80)
compared to air (about 1).

Figure 1 illustrates the new sensor, which consisted of only
a square spiral inductor. To prevent excessive water from
shorting the inductor, an electrical insulating coating was
applied on top of the sensor. Similar to other LC sensors,
the new sensor is lightweight, low cost, robust, and portable.
This sensor requires neither any direct physical connections
between the sensor and the data processing electronics nor
the precise alignment between sensor and detector needed
in optical telemetry. This makes the sensor very useful in
operations such as construction, mining, and agriculture
applications where the monitoring sites are difficult to access.
The sensor is completely passive, so there are no battery
lifetime problems. For applications such as roadway condi-
tion monitoring, the LC sensor is affordable due to its low
cost compared to other highway monitoring sensors [14–16].
In terms of reliability, this technology can be superior to
other passive, wireless sensors based on the radio frequency
identification device (RFID) technology [17–19] due to its

simple design, which is less prone to failure than the electrical
circuit components and ICs found in the RFID sensors. Due
to its flexibility and wireless, passive nature, the LC sensor
technology can be applied in a wide range of civil infrastruc-
tures such as asphalt pavement, concrete bridges, pavement
substructures, pile structures, and hydraulic structures.

An LC sensor was developed to monitor water content
in sand materials. The sensors were embedded in the sand
samples so the internal water content of the samples could
be remotely measured with a detection coil by tracking the
changes of the sensor’s resonant frequency [20]. Although
the operating mechanism of the new sensor is similar as
the previously reported LC sensors [20], the new design
only requires a single layer of spiral inductor instead of
multiple layers in the old design for completing the inductor-
capacitor circuit. In the new design, the parasitic capacitance
of the spiral inductor acts as the sensing element. As a
result, its fabrication process is simplified resulting in a lower
fabrication cost and ultimately a lower sensor unit cost.
Because many applications of this sensor technology would
require wide area monitoring, which utilizes a large number
of sensors, the new sensor can present a significant cost
saving.

2. Experiments

2.1. Sensor Description. The sensor was embedded inside the
test sample to monitor water content in situ. The sensor’s
resonant frequency was wirelessly interrogated by measuring
the impedance of a circular detection coil placed at a short
distance from the sensor. Prior to measuring the sensor
response, the initial impedance is measured with no sensor
present, and is then subtracted from all futuremeasurements.
Figure 2 shows the typical background-subtracted sensor’s
impedance, where the resonant frequency 𝑓

0
is defined as the

frequency at the maximum of the real part of the impedance
(resistance). The resonant frequency of the sensor is related
to the inductance 𝐿 and parasitic capacitance 𝐶 of the spiral
inductor as given [12]

𝑓
0
=
1

2𝜋√𝐿𝐶
. (1)

The parasitic capacitance of the inductor is dependent
on its dimension and the permittivity of the medium in
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Figure 2: The real and imaginary portions of the impedance spec-
trum of the sensor after the background subtraction. The resonant
frequency 𝑓

0
is defined as the maximal of the real impedance.

the proximity of the sensor. The relative permittivity of
water, about 70–80, is much higher than that of most civil
construction materials, which are generally less than 5 [21].
As a result, the presence of water near the sensor significantly
increases the capacitance of the capacitor, leading to a
reduction in the sensor’s resonant frequency according to (1).
Since the inductance is constant throughout the experiment,
(1) indicates that the resonant frequency of the sensor is
purely dependent on the capacitance, so it is used to track
permittivity variations.

2.1.1. Sensor Fabrication. The sensor was made of a single-
sided FR-4 fiberglass printed circuit board (PCB). The outer
diameter of the square, twenty-four turn spiral inductor was
50mm. The width of each trace was identical to the spacing
between two adjacent electrodes, which was 0.5mm. The
sensor was milled using a CNC milling machine. A layer of
700𝜇m thick enamel (Rustoleum clear enamel) was coated
on the sensor to prevent excessive water from shorting the
circuit.The resonance of the as-fabricated sensor is plotted in
Figure 2, where the resonant frequency is determined as the
frequency that corresponds to the peak of the real impedance.
It should be noted that this sensor design is not symmetric,
and as a result, the effective permittivity will be a weighted
average of the fiberglass material and that of the media
surrounding the sensor. Thus, the sensitivity to moisture
changes will be greater on one side than the other. This
can be compensated by improved sensor designs consisting
of a thinner backing material or by using a single piece of
rigid conductive material. This attribute can also be utilized
to control the sensitivity and range of moisture the sensor
can measure by applying coatings of various thicknesses
over the conductive traces and thereby averaging down the
contribution of water to the overall permittivity near the
sensor.

Table 1: The sand particle size for each sand sample.

Sand Sample Particle size (mm)
distribution

Particle size (mm) in
record

Sample A 0.15–0.3 0.3
Sample B 0.3–0.6 0.6
Sample C 0.6–1.18 1.18

Sand sample

Sensor

Weight

Detection coil

Network
analyzer

Figure 3: The experimental setup. The test sample was placed
inside a plastic container on top of the detection coil. The electrical
impedance of the detection coil was measured with an impedance
analyzer.

2.2. Experimental Setup. An experiment was conducted to
monitor the water content in sand samples. The natural
sand samples (mainly silicon dioxide) were obtained from
a pavement construction project site in Michigan. The sand
samples were dried and then sieved to various sizes with
standard sieve shakers. For this study, three samples were
used and each sample represented one range of particle
sizes, that is, Sample A, Sample B, and Sample C, each
containing particle sizes ranging from 0.15 to 0.3mm, 0.3
to 0.6mm, and 0.6 to 1.18mm, respectively, were used in
the experiment as seen in Table 1. After adding water, the
dampened sand was weighed to determine the total mass
of water and sand. The weight of dry sand was determined
by measuring the sample after drying and before adding
water. As shown in Figure 3, a plastic container with a cross-
sectional area of 10 cm × 10 cm was then filled with the
sand up to 1 cm. The sensor was placed at the center of the
sample with conductive traces facing upward, and additional
sand was added until the total height of the sand was 2 cm.
The detection coil was adhered to the bottom of the plastic
container and remained secured through all experiments.
Additionally, the mass of the sample was tracked throughout
the experiment to compare to the sensor readings. AnAgilent
Spectrum/Network Analyzer 4396B was used to measure the
sensor impedance at source power of 1mW. The maximum
measurement error for all experiments was determined
as 300 kHz. The error was determined by measuring the
fluctuation off the resonant frequency while the sensor
was stabilized in dry air. A customized computer program,
developed in Microsoft Visual Basic, was used to control the
operation of the impedance/spectrum analyzer through the
General Purpose Interface Bus. Prior to each experiment,
a background subtraction routine was performed on the
impedance of the coil in the absence of the sensor. The mass
of the sample was recorded with a digital scale over time
under a fairly constant temperature and relative humidity
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Figure 4: Experimental setup for evaluating the signal reduction
due to separation and alignment between the sensor and coil.
Separation distance was defined as the distance between the sensor
and coil when bothwere on the same axis (𝑧 axis).Themisalignment
was defined as the movement of the sensor away from the 𝑧 axis
along the 𝑦 axis.

of 20.0–22.2∘C, and between 45 and 55% relative humidity,
respectively. The ventilation of the room was 0.6m3/s.

To determine the potential detection range of the sensor,
the signal strength of the sensor was measured when its
location with respect to the coil changed. The setup used for
this experiment was illustrated in Figure 4, where the sensor
was embedded in the middle of a cylinder container filled
with sand. The detection coil was placed at the bottom of the
container. Both dry and wet sand samples with 0.6mm grain
size were used to simulate the monitoring condition for dry
and wet samples. The separation distance was increased by
adding sand to the desired distance, placing the sensor on the
sand and then adding 2 cm of sand on top. To determine the
allowable misalignment between the sensor and the coil, the
sensor was embedded at the desired separation distance, and
the whole container was moved from the center alignment
on the surface of the coil as illustrated in Figure 4 (perfect
alignment was defined when the center of the sensor and the
center of the coil were on the 𝑧 axis). For all experiments,
a single-loop, 10.5 cm diameter coil was used to interrogate
the sensor. Because the detection range depends on the
coupling of the sensor to the detection coil, this range will
vary depending on both sensor and coil dimensions.

3. Results and Discussion

3.1. Monitoring of Water Content in Sand Samples. Using
the experimental setup shown in Figure 4, the change in
the sensor’s resonant frequency was measured as a function
of time. Three samples with particle size A started with an
average water mass of 37.0 g and an average total mass of
350.7 g. The dampened sand was left to dry for at least 70
hours while the analyzer measured the change in resonant
frequency. The same procedure was used for Sample B and
Sample C. Table 2 lists the average initialmass andwatermass
for all samples.

0

5

10

15

20

25

30

35

40

Sample A
Sample B

Sample C

D
ec

re
as

e i
n 

w
at

er
 co

nt
en

t (
m

L)

Time (hours)
0 10 20 30 40 50 60 70

Figure 5: The decrease in water content in sand samples during
drying of with the size of the sand ranging from 0.15 to 2.36mm
standard deviations of the curves are shown as error bars in the plot.

Figure 5 plots the moisture content in sand samples
obtained from the change in mass of the samples over time.
Sample A, with average particle size of 0.3mm, soaked up
the highest amount of water correlating to about 11.8% of the
mass of sand, which was more than twice that of Sample B
and Sample C. As a result, water evaporation rate for Sample
A was much lower than that for Sample B and Sample C.
The characteristic curves depicted in the figure correlate to
the expected behavior of sand drying under convectional
drying conditions as given in [22]. Ideally, the first phase of
drying includes a linear relationship corresponding to surface
evaporation followed by an exponentially decaying region
related to capillary action in the sand.

Figure 6 illustrates the typical change in the sensor’s
resonant frequency over time. The resonant frequency of
the sensor increased over time, indicating the drying of the
sample. The curves showed a steady increase as the water
was evaporating until reaching equilibrium when the sand
samples were dry. This is expected because the presence of
moisture would increase the overall permittivity of the sand.
Since resonant frequency was inversely proportional to the
permittivity, it increased as water started to evaporate. It is
evident that the grain size of the sand samples affects the
sensor response. Similar to the water evaporation curves in
Figure 5, it took more than 60 hours for the sensor’s resonant
frequency curve to saturate for Sample A, as compared to the
curves for Sample B and Sample Cwhich took about 30 hours
to saturate.

Figure 7 shows a linear correlation between the changes
in water and the resonant frequency response. As shown, the
resonant frequency of the sensor decreased with increasing
water content. The response of the sensor was very similar in
all sand samples.

Experiments were performed to investigate the effect of
the position and distance of the coil with respect to the sensor.
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Table 2:The average initial mass and water absorbed for each sand sample. Numbers in parenthesis are standard deviations ofmeasurements.

Sand sample Water mass (g) Total mass (g) Water-to-sand ratio
Sample A 37.0 (1.5) 350.7 (11.6) 11.8%
Sample B 15.4 (1.1) 336.1 (9.0) 4.8%
Sample C 15.8 (0.8) 392.1 (8.4) 4.2%
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Figure 6: A typical sensor’s resonant frequency response with
respect to time during the drying of the sand sample with the size
of the sand ranging from 0.15 to 0.3mm. Standard deviations of the
curves are shown as error bars in the plot.
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Figure 7: The change in the sensor’s resonant frequency as a
function of decreasing water content in sand samples. Note that the
𝑥 axis of the plot is the water content in sand (0 means no water in
sand), as opposed to the 𝑦 axis of Figure 5, which is the decrease in
water content from the saturation level (0 means maximumwater in
sand).
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Figure 8: Real impedance of the sensor when the separation
distance between the sensor and coil varied.

While results indicated no significant change in resonant
frequency (less than 100 kHz), the signal amplitude of the
sensor decreased as the separation distance between the
sensor and detection coil increased, or the alignment between
them changed. As a result, to determine the maximum
distance where the sensor can be accurately monitored, an
experiment was conducted to measure the variations of the
sensor’s signal strength due to the increasing separation
distance and misalignment from the coil.

As shown in Figure 8, when the sensor and coil were
aligned (the center of the sensor and the center of the coil
are along the same axis), the maximum separation distance
between the sensor and the coil was 9.5 cm to maintain a
signal-to-noise ratio of at least 2 in dry sand (signal-to-
noise was determined as the maximum signal amplitude of
the sensor over the maximum noise value). The maximum
separation distance of the sensor was reduced to 6 cm when
monitoring wet sand due to attenuation of electromagnetic
energy in the moisture of wet sand. The sensor can also
function with some misalignment from the coil. As shown in
Figure 9(a), the sensor signal decreased when its alignment
decreased, and the sensor signal decreased more rapidly
with increasing separation distance. As depicted in Figure 10,
the sensor could maintain a signal-to-noise ratio of 2 with
misalignment of up to about 6 cm when the separation
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Figure 9: The variation of the sensor’s real impedance as a function of misalignment between the sensor and coil when the sensor was in (a)
dry sand and (b) wet sand.
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Figure 10: The maximum allowable misalignment between the
sensor and coil at different separation distances.

was less than 5 cm, but the misalignment caused a more
rapid decrease when the separation was larger. Similarly, the
tolerance for misalignment decreased when the sensor was
in wet sand (see Figures 9(b) and 10). The detection range
can be further improved by increasing the sensor size and
increasing the power through the detection coil. In practical
applications, the detector location can also be varied until a
position is reached having the maximum amplitude.

4. Conclusion

This paper has presented the design and fabrication of a
wireless, passive embedded water-content monitoring sensor
for potential use in civil construction applications. This
simple and cost-effective sensor was based on a single-layer
spiral forming an inductive-capacitive resonant circuit due
to the parasitic capacitance in the inductor. The sensor was
able to detect varying amounts of water in the sample by
measuring the changes in the sensor’s resonant frequency.
When compared to other LC sensors consisting of an induc-
tor and capacitor or sensors based on RFIDs, the fabrication
process of this sensor technology is much simpler, giving
it an economical advantage. This is especially true when
embedded sensors are needed to monitor large areas, thus
requiringmany sensors. Using three sand samples of different
particle sizes and water content, the sensor showed a slower
resonant frequency response at a higher water content, and
vice versa. Data obtained from the tests exhibited a near linear
relationship between sensor’s resonant frequency and water
content of the samples.
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