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Abstract: The historical management of underground utilities such as communication lines, water
and sewage pipes, and power lines is essential for their effective use. However, due to the nature of the
buried facilities, detecting and tracking them are challenging, although various solutions are difficult
to apply in the field, especially optical cables, which are mainly used for communication, making
it more difficult to apply existing solutions. There has been limited research on the practicalities
of solutions, especially on multilayer structures such as road pavements. Based on a literature
review, we selected ultra-high-frequency radio frequency identification (UHF RFID), which is least
affected by performance degradation or interference due to batteries. We experimented to identify the
signal attenuation based on the medium by controlling the materials and moisture used in the road
pavement as variables. The signal reached a depth of 68 cm and this was possible under conditions
of asphalt and subgrade soil. In a comparative experiment for each variable, we recognized tags
of sand and coarse aggregate up to a depth of 70 cm. When the moisture was considered, the
signal attenuation difference was 1.8 dBm for each level. Based on the experimental results of this
study, it was confirmed that UHF RFID can be used as a marker sensor to be attached to utilities
installed under the road pavement. Depending on the structure and material of the pavement,
the signal is sufficiently transmitted up to 40–50 cm, which is the target installation depth of the
communication line.

Keywords: ultra-high-frequency radio frequency identification; underground utilities; signal attenuation;
signal-reaching performance; pavement

1. Introduction

Utilities for various purposes, such as communication lines, water and sewage pipes,
power pipes, gas pipes, and heat transport pipes for heating, are usually installed under
the pavement. However, underground utilities are difficult to manage because of their
complexity and invisibility. During the five years from 2014 to 2019, 13 gas leakage accidents
occurred in Seoul, and 10 of them were cases in which gas pipes were damaged during
other excavation work [1]. The destruction of underground utilities resulted in high social
costs being paid nationwide and increased public anxiety [2].

According to several studies, including the Federal Highway Administration (FHWA)
report, the biggest threat to project completion delays and budget shortages in highway
planning/design/construction is incorrect utility location information [3,4]. In other words,
an underground utility management system can minimize the risk to the project caused by
excavation work. Damage caused by natural disasters can be reduced as well by identifying
and recording the location information of underground utilities as necessary.
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Especially in Korea, due to the competition among private operators, overhead com-
munication lines on utility poles have become crowded. For urban aesthetics and safety, a
project to move the communication cables underground is in progress. The communication
lines are to be installed at a depth of 40–50 cm by the trenching excavation method. Since
this is relatively shallow, it is expected to come into conflict with other utilities, and it is
necessary to manage their location and history.

Various solutions have been developed and proposed. According to the literature,
UHF RFID is determined as a proper alternative. However, research on applications of UHF
RFID under the pavement are limited. For field application, verification studies should
be conducted.

In this study, we aim to determine the feasibility of using the UHF RFID tag for
utility management installed under a pavement. The limitations are presented through a
laboratory experiment, such as the depth of the installation and the materials of pavement.

We determine the signal reach by simulating a multilayer medium representing the
road substructure and installing tags at different depths. This study makes a novel
contribution to the literature by proposing the applicability of the UHF RFID tag in a
multilayer structure composed of heterogeneous materials, which was not considered in
previous studies.

2. Background

For the effective utilization of underground utility management technology, a tech-
nology that can grasp location information inexpensively and conveniently is essential.
Existing technologies include electromagnetic locators, ground penetrating radar (GPR),
and RFID [5]. All three technologies use electromagnetic waves to locate underground
utilities. However, they differ in their utilization methods.

The electromagnetic locator method is a search method for electromagnetic fields
generated or intentionally induced in underground utilities, and it can utilize various
frequencies depending on the purpose [6]. As it detects metallic pipes, tracking lines
should be attached to underground utilities with low conductivity. It is difficult to use if the
connection is poor or the tracking line is damaged. If the distance between the underground
utilities is significantly short, interference between electromagnetic fields occurs, making it
difficult to detect the exact location [7]. The underground detection method using GPR was
developed in Germany around 1911 and has been actively developed and utilized since
the 1970s [8]. It uses the transmission/reception time difference of electromagnetic waves
reflected from the interface of different media to locate underground utilities [9]. GPR is
utilized in various types of methods such as time domain, FMCW (Frequency Modulated
Continuous Waveform), and SFCW (Stepped Frequency Modulated Waveform) [10]. There
are previous studies on recognizing underground facilities by applying GPR [11].

The electromagnetic locator has disadvantages when the tracking cable is damaged. In
addition, when the underground area is crowded or cables are installed very close to each
other, interference occurs between electromagnetic fields, making it difficult to measure the
location. In the case of the ground penetrating radar method, the accuracy is low, and there
is deviation between the analyst’s experience and personal interpretation. It is not suitable
for use in multistory structures, i.e., road structures with multiple interfaces.

Since both methods can only find the shape of buried objects in the ground, but
cannot provide information (data), it is difficult to help systematic history management. To
overcome these disadvantages, it is possible to use the location search equipment to which
RFID technology is applied. This is advantageous for history management by increasing
the accuracy of location exploration and reliably maintaining utility information. The
Virginia Department of Transportation suggested the possibility of using a commercial
product in the underground facility reinstallation work conducted around 2010. In a pilot
project, a method of acquiring location information with GPS (Global Positioning System)
and linking it to a spatial information system was tested [12].
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UHF RFID operates with a mechanism similar to location exploration but can transmit
data through electromagnetic wave modulation. A tag is attached to the target to be
identified, and the reader recognizes the object. Compared to the two methods described
above, it is possible to quickly determine the exact location of the underground utility and
the presence or absence of pipes regardless of the mastery status of the operator and to
systematically manage the history by providing identification data.

Depending on the operating frequency band, RFID exploration methods are classified
as low frequency, high frequency, ultra-high frequency (UHF), and microwave. Depending
on the tag power source, they are classified as passive, active, and semi-active. The
900 MHz UHF method is best suited for this study due to its small antenna size, fast signal
transmission speed, and relatively long recognizable distance. Furthermore, the passive
RFID method is the most suitable, considering the field use.

The passive RFID system generates DC power by passing a signal (a kind of s sinusoid
wave) received from the reader through the Greinacher half-wave rectifier. The method of
coupling radio waves between the reader and the tag is classified into near-field and far-
field [13]. The subject of analysis in this study belongs to the far-field area. The advantage
of far-field coupling is the absence of distance limitation and the gradual attenuation of
the intensity of electromagnetic waves. UHF RIFD uses various types of antennas, such as
I-tag, Squiggle-tag, M-tag, and X-tag [14]. According to Park et al. [15], the communication
distance increases as the wavelength and transmission power, the reader’s antenna gain,
and the tag antenna gain increase, whereas the communication distance decreases as the
power for the tag operation increases. The power transmission efficiency is the best when
the impedance of a chip and an antenna are the same, and the performance chart was
established by studying the correlation between antenna impedance, chip impedance, and
communication distance [16]. According to the Friis free-space formula, communication
distance R can be expressed as Equation (1). It can be simplified and expressed as RSS as
Equation (2) [17].

R =
λ

4π

√
PtGtGrτ

Pth
(1)

where λ : wavelength, Pt: the power delivered to the terminals of an isotropic trans-
mit antenna [dB], Gt: the gain of the transmitting antenna in the direction of the re-
ceiving antenna, Gr : the gain of the receiving antenna in the direction of the transmit-
ting antenna, Pth : the minimum power required for RFID tag operation, and τ : power
transmission coefficient

RSS = −20 log10 R − 20α log10 e + C[dBm] (2)

where α : attenuation that consists of conductivity, permeability, and permittivity.
RSS is a unit of dBm that stimulates signal strength [18]. The higher number means

a stronger signal strength. RSSI (Received Signal Strength Indicator) is an indicator of
RSS and is a relative value of RSS defined by each chip supplier. In general, a reader that
complies with the regulations of the Federal Communications Commission (FCC) can emit
a signal with a strength of 30 dBm, while a typical tag’s RSSI value can range from −30 to
−85 dBm.

According to one study on the UHF RFID reaching distance using a standard reader
antenna, the reaching distance in the air may be significantly increased as the power
increases. Moreover, in the UHF band, the reach performance was the best in the range of
960 to 970 MHz [13]. Various research results analyzed the factors affecting the reaching
distance through simulation. Based on the analysis results of the influence of objects
installed near the tag, the reading distance of the tag was shortened when the metal
was present within 20 mm and the water was present within 30 mm [14]. According to
Park et al. [15], the absolute distance difference affects the signal intensity rather than
the change in the medium between the transmitting and receiving units. Five types of
UHF RFID tags were installed on the packaging surface and 5 cm below the packaging
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to compare the signal attenuation effects of asphalt media, and 63% and 50% attenuation
were confirmed in the two types of tags [19]. According to the results of the previous study,
there were only a few studies on RFID signal attenuation based on medium. In particular,
there is no such study in the fields of the ground or road pavement.

In the field of GPR, there are many related research cases because it is directly related
to media. The factors affecting the attenuation of electromagnetic waves are permittivity,
conductivity, and permeability [20]. Hipp [21] attempted to measure the permittivity
and conductivity of the soil. The fundamental electromagnetic characteristics of soil, i.e.,
permittivity and conductivity, were analyzed for frequency, water content, and soil density.
Previous studies were conducted on conductivity, permittivity, and signal attenuation by
material [22]. Studies on the conductivity, permittivity, and permeability of various media
constituting the ground were discovered. However, no cases of multilayer conditions
were analyzed. This is due to the measurement of electromagnetic waves reflected from
the interfaces of different media. For example, if there is water beneath the road, the
characteristics of the medium are significantly different, making it possible to locate the
boundaries of the water but not to analyze the attenuation due to the presence of water.

Previous studies on attenuation according to the reach of UHF RFID and the medium
of the electromagnetic signal were investigated. Based on the investigation results of the
signal reach performance, the characteristics of the medium showed the greatest impact
on signal attenuation. The reaching distance of the tag is determined by the type of
medium that affects the material dielectric permittivity and conductivity and the presence
or absence of moisture. There have been limited cases of data transmission and reception
using RFID. There have been no cases of conducting experiments with controlled variables.
Experimental studies on the reaching distance of electromagnetic signals, including data
through the modulation of multilayer media, are necessary.

3. Materials and Methods

The laboratory experiment was performed by simulating various conditions to evalu-
ate the signal-reaching performance of UFH RFID in a multilayer medium and propose an
optimal utilization methodology. We planned a laboratory experiment to analyze the atten-
uation of signals while simulating the materials for road pavement and communication
cable installation. The objectives of the experiment were (1) to determine the maximum
reach depth of the signal, (2) to define the fundamental cross-section and compare signal
attenuation according to various materials, and (3) to analyze signal attenuation due to
moisture. Finally, we investigated the effect of the change in the thickness of the surface
layer on signal attenuation.

A tag contained an antenna of dimensions 8 cm × 2 cm. The reader was a commer-
cially available product (WYUAN PDA6000) manufactured following the ISO-18000-6C
standard [23].

The experiment was conducted by building a mold as shown in Figure 1. It was
designed with dimensions of 25 cm × 25 cm × 80 cm and shielded on five sides ex-
cept for the top with aluminum to prevent electromagnetic waves from being trans-
mitted to the side. Before the experiment, we confirmed that the signal could not be
transmitted during aluminum shielding. In the experiment, we performed rammer com-
paction 25 times for every 10 cm of filler and repeated the measurement 5 times for each
experimental condition.

To check the maximum depth of reach of the signal, we fixed the surface thickness of
the cold mix asphalt at 10 cm and changed the thickness of the subgrade soil (yellow soil)
from 20 cm to 70 cm by 10 cm. Simultaneously, we installed the tag into six levels from
30 cm to 80 cm. As an experimental cross-section for analyzing signal attenuation according
to the type of material, the surface layer maintained a thickness of 10 cm; however, the
thickness of the material was set to 15 cm, 30 cm, 45 cm, and 60 cm (four levels).
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Figure 1. A scheme of experimental setup.

Assuming that the underground utility does not reach the auxiliary base layer and road
surface as the depth of the underground utility is limited when applying the trench method,
three types of fillers were selected: subgrade soil, sand, and graded gravel materials.
Assuming that the excavation width is 25 cm and there is no effect due to reflection or
scattering of electromagnetic waves that may occur at the cutting interface, we considered
only electromagnetic waves that reach straight. The decision variable for evaluating
the moisture effect was limited to the moisture ratio. We controlled the surface layer
thickness to 10 cm and the subgrade soil filler thickness to 25 cm. Only the moisture ratio
conditions varied from dry (<8%) to optimum (8–20%) or saturated (>20%). Finally, to
verify the applicability in the case of the increase or decrease in packaging thickness due
to construction error and maintenance, we experimented by varying the thickness of the
surface layer and the subgrade soil filler. We set the surface layer depth to 5 cm, 10 cm,
15 cm, and 20 cm and the filler depth to 20 cm, 25 cm, 30 cm, and 35 cm.

The cold mix asphalt that is a commercial product was applied for the surface layer.
Its volume density was relatively low at 1.15 to 1.25 g/cm3 compared to other materials.
The density of the subgrade soil used as a filler was 1.6 g/cm3. We expected the soil close
to the clay to have a significant impact on electromagnetic wave attenuation. The sand
density was 1.54 g/cm3 and belonged to coarse sand based on the fitness modulus (3.22%)
and particle size distribution.

The graded gravel material was granite with a maximum aggregate size of
31.5 mm, which can be classified as a permeable base material that does not contain
fine aggregate (Figure 2). The design strength and air volume of mortar were 23 MPa and
4.9%, respectively, and the ratio of cement, sand, and water was 1:3:0.5 (weight ratio). We
used the same sand and typical Type I cement.
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4. Results

Based on the maximum reach experiment results, we confirmed that the signal reach
failed from 69 cm. Figure 3 shows the measured value and average value of RSSI for each
installation depth simultaneously. The measurement error was less than 2 dBm. All indoor
experiments had the same measurement error. The average RSSI at the shallowest depth
(30 cm) was −65.8 dBm, and the average RSSI at the depth at which the signal finally
reached 68 cm was −77.2 dBm. The signal attenuation width decreased with increasing
installation depth.
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Figure 3. Experimental results of the maximum depth of signal.

Based on the comparison results of signal attenuation according to the filler, attenua-
tion in subgrade soil was the largest (Figure 4). For sand, the average RSSI at the shallowest
depth (35 cm) was −58.6 dBm, and the average RSSI at the deepest depth (60 cm) was
−71.0 dBm. In the case of the graded gravel, the average RSSI at the shallowest and deepest
depths were −54.2 dBm and −68.2 dBm, respectively.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 7 of 10 
 

 
Figure 4. Comparison of signal attenuation of different materials. 

As shown in Figure 5, we observed the signal attenuation based on the moisture 
content. The RSSI was −68.2 dBm in the dry state and −70.0 dBm in the saturated state. 
We confirmed the effect of moisture on signal attenuation. We observed a difference of 
1.8 dBm depending on the amount of moisture in the 25 cm deep subgrade soil. 

 
Figure 5. A plot of signal attenuation by moisture contents. 

Figure 6 presents the results of the surface layer thickness change experiment in 
preparation for construction errors. Regardless of the type of medium, the signal attenu-
ation width was large at a shallow depth, and signal intensity converged at a deep 
depth. Assuming the depth sum of the two layers to be 40 cm when the road surface 
layer was 20 cm and the asphalt layer was 20 cm, the signal strength was –71.8 dBm. 
When the asphalt layer was 5 cm and the road surface layer was 35 cm, the signal 
strength was −70.0 dBm. Based on these results, we can infer that the asphalt layer has a 
more significant effect on signal attenuation. Construction errors occurring in the field 
may affect signal attenuation. The depth of installation from the surface is most im-
portant. 

Figure 4. Comparison of signal attenuation of different materials.

As shown in Figure 5, we observed the signal attenuation based on the moisture
content. The RSSI was −68.2 dBm in the dry state and −70.0 dBm in the saturated state.
We confirmed the effect of moisture on signal attenuation. We observed a difference of
1.8 dBm depending on the amount of moisture in the 25 cm deep subgrade soil.
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Figure 6 presents the results of the surface layer thickness change experiment in prepa-
ration for construction errors. Regardless of the type of medium, the signal attenuation
width was large at a shallow depth, and signal intensity converged at a deep depth. As-
suming the depth sum of the two layers to be 40 cm when the road surface layer was
20 cm and the asphalt layer was 20 cm, the signal strength was –71.8 dBm. When the
asphalt layer was 5 cm and the road surface layer was 35 cm, the signal strength was
−70.0 dBm. Based on these results, we can infer that the asphalt layer has a more significant
effect on signal attenuation. Construction errors occurring in the field may affect signal
attenuation. The depth of installation from the surface is most important.
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5. Discussion and Conclusions

A multilayer structure composed of asphalt pavement and subgrade soil was simu-
lated. The maximum reach of the tag signal was tested through a laboratory experiment.
On the basis of limited laboratory test results, the maximum signal reach depth of the tag
installed under the pavement structure was 68 cm. This is a performance that satisfies
the target design depth of 40–50 cm. Even considering that dBm is a unit of a logarithmic
scale, the signal attenuation at shallow depths was rapid, and RSSI levels at 68 cm, 65 cm,
60 cm, and 50 cm close to the limit point had a small width of decline. Based on the results
of experiments by material, the signal-reaching performance in the graded gravel was the
best. The signal attenuation was the largest in the subgrade soil, and the signal was not
received in cement mortar. The difference in signal attenuation between the sand and the
graded gravel was larger than the effect of 15 cm depth, and the difference between the
subgrade soil and the graded gravel was even greater.
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The results showed that the effect was due to the porosity and density of the material.
This experiment was conducted for the purpose of testing representative materials used
in road structures. If a more precise experiment is performed with the density or void as
a variable, design criteria according to the material can be derived. In addition, signal
attenuation of 1.8 dBm occurred according to moisture. When using permeable materials,
the effect of signal attenuation due to moisture must be considered.

Under the road structure, there are various facilities to provide functions of the city,
such as communication lines, power lines, water supply and sewage, gas pipes, and heat
transport pipes. Based on the investigation results of the management technology of
underground utilities, electromagnetic locator, GPR, and RFID application technology were
representative. All three were technologies utilizing electromagnetic waves. However, each
had its pros and cons. Among them, UHF RFID tags were selected as an alternative to
install on utilities, because they can provide information, have no battery restrictions, and
have the least influence on the surrounding environment.

To evaluate the performance and capability of the UHF RFID tag, a laboratory experi-
ment was implemented. The main purpose of the experiment was to determine how deep
a signal can reach in a multilayer road structure. According to advanced studies, the effect
of signal attenuation is caused by the type and moisture of the medium.

The key achievement of this study is that it reviewed the optimal installation depth. It
can be obtained by finding the maximum reach depth of the signal in the road structure.
In addition, the effect of signal attenuation according to the materials and moisture was
examined. When installing a communication cable by trenching excavation, a suitable
material was found that had a higher porosity, and lower moisture.

In particular, conducting reach performance experiments in media primarily used in
civil engineering fields, such as soil and asphalt could become a technical foundation for
future applications to the underground utility history management system.

Research limitations and further work are suggested as follows. First, it is necessary
to overcome the limited experimental variables and lack of mock-up tests through field
applications. In addition, theoretical analysis and simulation are needed. Second, signal
attenuation should be analyzed considering the properties of each material and the interface.
Voids and the density of the material and electromagnetic wave behavior at the different
interfaces would affect the signal attenuation. Through this work, it would be possible to
theoretically differentiate the characteristics between monolayer and multilayer mediums.
Third, it is necessary to analyze the effect of the antenna used with tags. Performance would
be different depending on the various antenna type. Finally, to validate practicality, an in
situ experiment for investigating the impact of the surrounding environment is required.
Interference might be caused by electromagnetic waves generated by the underground
facilities such as power lines. Through this further work listed above, this study will
eventually contribute to the underground utility management system by proposing an
optimum UFH RFID tag system.
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