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Abstract: The vibration of concrete is a typical concealed construction process, in which mature
supervisory methods are lacking. The quality of vibration relies heavily on the subjective experience
and sense of responsibility of the vibration operators. For the widely used hand-held concrete
vibrators, existing methods for monitoring the quality of vibration primarily focus on the horizontal
positioning of the vibrator. Due to the limited measurable range of vibration depth, these methods
are inapplicable for monitoring the vibration depth during the vibration of deeper structures such
as walls, columns, and large volumes of concrete. This paper makes the initial attempt to address
the issue of monitoring concrete vibration depth, presenting a method that broadens the measurable
range of depth in vibration monitoring. Inspired by the principles of optical and magnetic scales,
this paper introduces a radio frequency identification (RFID) scales positioning system for the
real-time monitoring of vibration depth. The proposed RFID scales vibration depth monitoring
method theoretically has no upper limit on the measurable vibration depth, rendering it applicable to
monitoring vibration depth of any extent. By comparing the positioning accuracy of different RFID
scales hardware compositions, the optimal RFID scales hardware composition and the most effective
RFID scales positioning algorithm were identified. The feasibility and accuracy of the vibration depth
monitoring method based on RFID scales were validated through engineering field application. This
method achieves centimeter-level accuracy in monitoring vibration depth, offers a tool for the precise
control of vibration depth, and helps avoid potential quality issues in vibration.

Keywords: concrete vibration; vibration depth monitoring; RFID scales; quality control

1. Introduction

Concrete vibration is an essential step in civil engineering construction. It is a critical
procedure for both precast and cast-in-place concrete structures. Once concrete is poured
into the formwork, it must be vibrated to eliminate air bubbles and voids in the freshly
poured concrete [1], ensuring the compactness and uniformity of the material [2,3]. The
quality of vibration directly influences the quality and durability of the final structure.

Hand-held concrete vibrators are applicable to a wide range of engineering structures
due to their versatility in accommodating various irregular and confined spaces, making
them the most widely used equipment for concrete vibration. During vibration, the vibrator
must be inserted to a specified depth within the concrete to achieve the desired compaction.
Construction standards and codes from various countries [4-6] have detailed requirements
for the position, depth, duration, and technique of vibrator use. However, vibration is a
concealed construction process, and whether the vibrator reaches the predetermined depth
inside the concrete cannot be directly observed by the naked eye. The quality of vibration
lacks mature technical methods for monitoring and evaluation and is dependent on the
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vibration personnel’s subjective judgment and sense of responsibility. This increases the
potential risk of quality issues in the concrete vibration process.

With the advent of the smart construction era, the current frontier in concrete vibra-
tion construction research is to objectively evaluate the quality of vibration using digital
methods and a variety of Internet of Things (IoT) sensors [7]. The monitoring data of
concrete vibration are fundamental for further research, such as assessing the degree of
compaction [8] and modeling the distribution of aggregates within the concrete [9]. The key
indicators of vibration monitoring are the vibration location, duration, and technique [10].
The vibration location includes both the horizontal position and the vibration depth. The
vibration technique demands that the concrete vibrator should be quickly inserted and
slowly withdrawn—fast insertion before vibration and slow withdrawal afterward—to
avoid creating new voids or holes in the freshly vibrated concrete. The vibration technique
is primarily related to the depth of vibration and the time taken to insert and withdraw
the vibrator.

Current research and solutions for vibration monitoring are predominantly focused on
the horizontal positioning of the vibrator. Positioning sensors, such as satellite positioning
antennas [11] and ultra-wideband (UWB) positioning modules [12,13], have been affixed
to concrete vibrators to achieve accurate tracking of the vibrator’s horizontal location
and depth. As wireless signals from positioning sensors cannot propagate through steel-
reinforced concrete, the sensors must be kept external to the concrete, thus constraining
the maximum insertion depth of the vibrator. Consequently, these solutions are unsuitable
for scenarios where the vibrator needs to be fully inserted into the concrete. Additionally,
the physical bulk of these sensors hinders the vibrator’s insertion into tight and irregular
spaces within structures. Another approach involves predicting the position of a hand-held
vibrator based on the operator’s posture and shoulder positioning [14]. However, due to the
flexibility of the vibrator’s shaft, the operator’s posture does not change once the vibrator
is inserted beyond a certain depth, making this method suitable only for shallow-depth
concrete vibration monitoring.

Actually, there is an urgent need for monitoring the vibration depth at deeper depths,
yet there is a lack of research and solutions in this area. Zhang et al. [15] have investigated
the impact of vibration depth on the lateral pressure against concrete formwork, introducing
for the first time the concept of ultra-deep vibration: it occurs when the insertion depth of
the vibrator exceeds the effective head height of the poured concrete. Ultra-deep vibration
significantly increases the lateral pressure exerted on the formwork during vibration [16],
necessitating strict control over the vibration depth. In the layered vibration of large-
volume concrete, the vibrator must be inserted 5-10 cm into the preceding concrete layer
to ensure good overlap between layers [6]. Since the interior of the concrete cannot be
directly observed, it is challenging to accurately control vibration depth based solely on the
experience of the vibration personnel. Therefore, achieving depth monitoring of concrete
vibration at any depth is fundamental to ensuring the safety and quality of concrete
vibration construction.

This study proposes an RFID scales positioning system based on ultra-high frequency
radio-frequency identification (UHF-RFID) technology for monitoring the vibration depth
in various deeper structures. UHF-RFID technology has the advantage of long recognition
distances, a wide identification range, and signals with penetrability, allowing for the rapid
identification of a large number of RFID tags in a short time. It is widely used in scenarios
such as logistics [17], inventory management [18], construction management [19], object
tracking [20,21], and indoor positioning [22,23]. Inspired by optical and magnetic scales, the
RFID scales positioning system creates an RFID scales strip by arranging a series of RFID
tags. By recognizing RFID tag signals within a certain range through an RFID antenna, the
system achieves the positioning of the antenna by exploiting the signal strength differences
between the detected tags.

Optical scales [24] and magnetic scales [25] consist of continuous gratings and mag-
netic strips, respectively. Positioning of the read head is achieved by identifying the
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changing grating patterns and magnetic field signals through the read head. Optical scales
require an unobstructed line of sight between the strip and the read head, while magnetic
scales necessitate precise alignment between the read head and the strip to ensure the
continuous detection of magnetic signals. However, the imperfect conditions at concrete
vibration construction sites, which can contaminate the scales strips, make it impractical
to apply optical or magnetic scales for measuring concrete vibration depth. Due to the
penetrative nature of UHF-RFID signals, the RFID scales can still operate stably when there
is some cementitious mortar between the RFID scales strip and the reader. Therefore, the
vibration depth monitoring method based on RFID scales can achieve depth monitoring of
concrete vibration at any depth. Additionally, the RFID scales strip uses thin-film RFID
tags. The vibrator equipped with the RFID scales strip can still be inserted into narrow
structures for concrete vibration.

The subsequent sections of this paper are organized as follows. Section 2 describes
the hardware compositions of the RFID scales, the positioning algorithm, and the method
of installing the RFID scales on the hand-held concrete vibrator. Section 3 validates the
centimeter-level positioning accuracy of the RFID scales by laboratory experiments and
verifies the feasibility of using the RFID scales for vibration depth monitoring in field
applications. Section 4 discusses the innovations and future outlook of this paper. The last
section provides the overall conclusions.

2. Materials and Methods
2.1. The Hardware Composition of RFID Scales

The optical scales consist of a series of etched gratings, and the position is determined
by a photodetector read head that detects variations in the grating patterns and converts
these changes into electrical signals. Magnetic scales are made up of uniformly spaced
minute magnetic strips, and the read head can detect the changing magnetic poles between
these magnetic strips, thereby determining the read head’s position. Their positioning
principle is to measure displacement by detecting the location of the read head on the strip.
Inspired by this, a series of flexible RFID tags are arranged at fixed intervals to form a strip.
Each RFID tag is encoded with a unique identification number. An RFID antenna coupled
with an RFID reader constitutes the read head. By detecting the identification numbers of
the RFID tags around the antenna, the position of the read head on the RFID tag strip can
be determined. This RFID-based positioning system is named the RFID scales, as shown in
Figure 1.

|
| _ RFID

reader
Read head of

RFID scales

e

RFID ceramic antenna

RFID tag

RFID scales strip

RFID tag number : i2 i-1 i i+l i+2 i+3
RSSI: R, Ry Ry Ry Rii Riss

Figure 1. The composition of RFID scales. The blue frame contains all the identified RFID tags. The
orange frame contains the RFID tags selected by the algorithm for position calculation.

Optical scales and magnetic scales feature very fine scale intervals, achieving position-
ing accuracy of less than one millimeter. As a result, when optical and magnetic scales are
in operation, the read head must be in close proximity to the scale strip to detect the signal,
with the maximum installation gap for magnetic scale read heads being around 1 mm. In
comparison, RFID scales has the following characteristics.
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1.  The RFID scales read head is composed of an UHF-RFID reader and an antenna, with
adjustable power on the UHF-RFID reader, allowing it to read RFID tag signals within
a range of several meters. This also means that a relatively large gap can exist between
the RFID scales strip and the read head, and it can still function normally;

2. The space between the optical and magnetic scales read heads and the strips must
be kept clean and uncontaminated to function properly. In contrast, the wireless
signal from the RFID scales read head antenna can penetrate the cement mortar layer
covering the RFID scales strip, making it suitable for the vibration construction sites;

3. The width of RFID tags that make up the RFID scales strip are approximately 10 mm,
which means the RFID scales can achieve centimeter-level positioning accuracy. Al-
though the positioning accuracy of the RFID scales is lower compared to that of
optical and magnetic scales, the RFID scales has a farther recognition distance and
can function stably in worse construction environment. The RFID scales strikes a
balance between positioning accuracy and working conditions. For concrete vibration,
centimeter-level depth monitoring accuracy is already sufficient.

2.2. Digital Board—External Vibration Depth Monitoring Equipment

To apply the RFID scales to the monitoring of vibration depth, this paper proposes a
sensor installation method called the digital board. The RFID scales read head is installed
on a slender, external board. The design of the digital board is simple and user-friendly,
achieving the monitoring of vibration depth without the need for any additional equipment.

As in Figure 2, the digital board is a rectangular board with a central opening. When
the vibrator is inserted into the concrete, the digital board is placed on the top of the
formwork or rebar at the insertion point. The vibrator passes through the central opening
of the digital board and is inserted into the concrete for the vibration process. The digital
board remains stationary while the vibrator is inserted, in operation, and withdrawn from
the concrete. Once the vibrator is completely withdrawn from the concrete, during the
moving to the next insertion point, the digital board hangs at the junction of the vibrator’s
metal head and the flexible shaft, following the vibrator to the next vibration location.
Because the diameter of the digital board’s opening is smaller than that of the metal head
but larger than the diameter of the flexible shaft, the digital board will not slip off the metal
head and can move freely along the flexible shaft.

RFID tag ‘:\F RFID scales strip
on the flexible shaft

Battery

Data transmission
module

RFID ceramic antenna”

Digital board

Metal head of
the vibrator ~

L
&

Figure 2. Digital board—external vibration depth monitoring equipment.
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The RFID scales strip is composed of a series of flexible, waterproof RFID tags, which
are wrapped and affixed at equal intervals d along the flexible shaft of the concrete vibrator,
as shown in Figure 2. The first RFID tag, located at the junction between the flexible shaft
and the vibrator head, is numbered 0, and the distance from this tag to the top end of the
vibrator head is S. Along the direction of the flexible shaft, the corresponding numbers
of the tags increase sequentially. The distance from the tag numbered i to the top end of
the vibrator metal head is given by the expression D; = i - d + S. Each tag has a unique
identification number, which can be used to determine the distance from the tag to the top
end of the vibrator head.

As shown in Figure 2, the RFID antenna of the RFID scales read head is mounted
on the sidewall of the digital board’s opening, directly facing the RFID scales strip. By
real-time reading of the RFID tag number at the digital board’s opening, the real-time
distance from the top end of the vibrator head to the digital board can be determined.
This distance is the real-time vibration depth of the concrete vibrator from the top of the
structure into the concrete.

During vibration construction, the digital board may rotate around the flexible shaft.
To ensure optimal RFID tag recognition, it is necessary to maintain the RFID antenna facing
at least a portion of the RFID tag at all times. Therefore, when affixing the RFID tags
around the flexible shaft, the tag should cover as much of the shaft’s circumference as
possible. Actually, manufacturers can produce RFID tags of various lengths according to
requirements. On the flexible shaft of the vibrator, the RFID scales strip at the same location
can use one long RFID tag or 2-3 short RFID tags arranged consecutively to wrap around
the shaft, achieving the same coverage effect.

In fact, due to the RFID tags being flexibly wrapped and arranged around the vibrator’s
flexible shaft, there is a difference in the recognition sensitivity between long and short
RFID tags. This sensitivity also varies according to the type and size of the RFID antenna.
To achieve the best RFID recognition performance and the highest RFID scales positioning
accuracy during concrete vibration, three types of RFID antennas and three RFID scales
strip composition schemes were tested in Section 3.1. The optimal RFID scales composition
for monitoring vibration depth was found. Using a single ceramic antenna and a dual-tag
RFID scales strip composition scheme, depth measurement accuracy of 3.6 cm can be
achieved stably.

Moreover, the digital board integrates power supply and data transmission modules,
enabling real-time wireless transmission of monitoring data to the remote terminal. The
remote terminal can visualize the monitoring data in real-time for quality control. Mean-
while, the terminal will record and save the monitoring data on the hard drive, thereby
creating the dataset of the vibration construction. In practical applications, the digital
board has a waterproof cover that protects the electronic devices within, making it suitable
for use in the harsh environment of concrete pouring and vibration. In the future, the
digital board can also be equipped with a satellite positioning module or an ultra-wideband
(UWB) positioning module. By locating and orienting the digital board, the spatial three-
dimensional coordinates of the central opening of the digital board can be calculated in real
time, achieving the monitoring of the horizontal position of the vibration insertion point.
The location of the digital board goes beyond the scope of the research on vibration depth
monitoring and will be addressed in future work.

2.3. Vibration Depth Measurement Algorithm of RFID Scales

According to the initial design, the vibration depth can be measured by real-time
reading of the RFID tag number at the opening of the digital board. Actually, UHF-RFID is
a technology for determining vicinity. Multiple RFID tags near the antenna can be identified
simultaneously in one detection. In other words, RFID technology can only determine the
approximate location near which RFID tags through the identification and cannot directly
provide an accurate location.
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In previous studies, the fundamental principle of the RFID positioning system is to
convert the received signal strength indicator (RSSI) values or phase information of the
detected tags into the distance between the antenna and the tags [26]. Then, the coordinates
of the antenna or tag can be calculated using numerical algorithms such as trilateration.

In this study, the vibration depth measurement algorithm of RFID scales is proposed.
Using the RSSI values of the detected tags, each tag’s weight is calculated through an
exponential weighting method. By taking a weighted average of the distance values
represented by the tags, the corresponding numerical value on the RFID scales for the
antenna can be determined. This weighted distance value is the current vibration depth.

As shown in Figure 3, the flowchart of the RFID scales depth algorithm sorts all
detected tags in descending order based on RSSI values, selects the top k tags with the
strongest RSSI signal strength, and calculates the weight of each tag by exponential weight-
ing as in Equation (1).

eRi

icA

wi

(1)

Start
k: number of RFID tags used in
exponential weighted average calculation

v

RFID recognition by the
read head of RFID scales

v

Sort all the recognized RFID tags
in descending order by RSSI value

Whether the number of

recognized tags j >k No» Assignjtok:k=]

Yes
\ 4

Calculate the exponential weight |
of the first k RFID tags

v

Calculate the weighted average of the
distance values represented by the first k tags

v

Output the vibration depth
value read by the RFID scales

End

Figure 3. The flowchart of the RFID scales depth algorithm.

The set A ={number of the first k RFID tags sorted by RSSI}. R; represents the RSSI
value of the tag numbered i during detection.
The vibration depth value represented by the tag numbered i is expressed by Equation (2).

Di=i-d+S§ )
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The current vibration depth measured by the RFID scales can be calculated by Equation (3).

Y eRi-(i-d+5)

icA
Dyeptn = Y, wi - D;j = 5 ok
ieA icA

)

The depth algorithm of the RFID scales employs an exponential weighted average,
where the exponent is used to amplify the weight differences between tags with varying
RSSI values. The tag with the highest RSSI value is assigned the greatest proportion of
weight, keeping the RFID scales positioning result near that tag. At the same time, this
algorithm balances out the measurement errors in RSSI and avoids location errors that
may arise from adjacent tags having similar RSSI values. In Section 3.2, the exponential
weighting depth algorithm is further compared and analyzed against other positioning
algorithms to illustrate its advantages and accuracy.

3. Experiments and Results
3.1. Experiment of Different RFID Scales Compositions

For the RFID scales strip, a series of RFID tags were wrapped and affixed at equal
intervals along the flexible shaft of the vibrator. As mentioned above, at a specific location
on the RFID scales, one long RFID tag or 2-3 short RFID tags can be used to wrap around
the shaft. The antenna of the RFID scales read head can be a printed circuit board (PCB)
antenna or a flat ceramic antenna of various sizes. The recognition performance and
positioning accuracy of RFID scales are related to the RFID scales strip composition and
the type of the antenna. In this section, a series of experiments were conducted to find the
optimal hardware composition of the RFID scales.

When selecting antennas and strip tags, factors such as antenna recognition perfor-
mance, recognition range, antenna volume, tag coverage area, impedance matching degree,
and anti-interference performance were comprehensively considered. Finally, three typical
types of RFID antennas and three RFID scales strips composed of different tags were se-
lected for testing. In other words, a total of nine RFID scales hardware compositions were
tested. The specifications of these antennas and tags are shown in Tables 1 and 2. Three
RFID scales strips include a single-tag strip, a dual-tag strip, and a triple-tag strip. The
single-tag strip consists of a single long RFID tag U9812 wrapped around the flexible shaft.
For the dual-tag strip, two short RFID tags U4619 are wrapped around the flexible shaft at
the same position. In the triple-tag strip, three short RFID tags U3314 are wrapped around
the shaft at the same position. The three types of RFID antennas were the KLTXP7505 PCB
antenna, the KLTX2018 ceramic antenna, and the slightly larger KLTX2525 ceramic antenna.

Table 1. The specification of three different RFID tags.

RFID Tag Type Size Reading Distance Tag Chip Tag Image
(Sing}i_gélgzstrip) 98 mm x 12 mm 0~6m NXP U8 mn M =) TS
(Duall{fclfggs trip) 46 mm x 19 mm 0~5m NXP U8

U3sla 33 mm x 14 mm 0~3m NXP U8 [T/

(Triple-tag strip)
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Table 2. The specification of three different RFID antennas.

Antenna Type Material Size Power Antenna Image
KLTXP7505 PCB 75mm x 5 mm 1 dbi M
KLTX2018 ceramic 20 mm x 20 mm 1 dbi ‘E
—
KLTX2525 ceramic 25 mm x 25 mm 1.5 dbi = ‘
il

In addition, an RFID scales positioning accuracy test device was made, as shown in
Figure 4. The device consists of a slide rail and a slider, with the RFID reader and antenna
mounted on the slider. RFID tags are arranged on the flexible shaft of the vibrator to form
RFID scales strip, with a 2.4 cm interval between the centers of each tag. The RFID scales
strip is placed directly beneath the slide rail, allowing the antenna to move linearly along
the rail to any position on the RFID scales. The height of the slide rail’s ends can be adjusted
to make sure that the distance between the RFID antenna and the strip is consistent with
the actual distance during vibration.

Data transmission

module
Slide rail \

1
RFID scales Strip RFID PCB antenna
on the flexible shaft (KLTXP7505)

Figure 4. RFID scales positioning accuracy test device.

Although the width of the RFID tags used in the three RFID scales strips were not
exactly the same, all the tags on the three types of strips were arranged at intervals of
2.4 cm, as shown in Figure 5. The RFID tag zone was defined as a range of 1.2 cm to the left
and right of the tag’s centerline, with a total width of 2.4 cm. Because of relative rotation
between the concrete vibrator and the digital board, it is necessary to test the recognition
performance of the RFID scales when the antenna faces different parts of the RFID scales
strip, specifically when the antenna faces the center, the side, and the back of the tag.

The specific experimental steps are as follows:

1.  Starting from the initial tag numbered 0, move the antenna along the slide rail so that
the RFID antenna centerline can fall within different RFID tag zones. As the example
in Figure 5, when the antenna centerline is moved to the zone of tag numbered i,
activate the measurement function of the RFID read head, and record the identified
tag numbers and RSSI values at that time. The recorded raw data are the input for the
RFID scales depth measurement algorithm. Moreover, the tag number of the RFID
tag zone where the antenna centerline is located is recorded as the target tag number.
The recorded target tag number is similar to the ground truth in machine learning
classification tasks, used for evaluating the accuracy of the RFID scales.

2.  To ensure randomness of data collection, 4-5 measurements will be conducted within
each RFID tag zone. For each measurement, the RFID antenna is moved along the slide
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rail so that its centerline falls at any random position within the tag zone, and then,
the RFID scales read head recognizes the nearby tags and records the measurement
raw data.

3. When a round of measurements has been completed along the RFID scales strip from
one end to the other, rotate the flexible shaft of the vibrator to adjust the part of the
tag that the RFID antenna faces. Repeat the experiment step 2. Conduct the same
measurements when the antenna faces the center, the side, and the back of the tag.

4. Test another RFID scales hardware composition, repeating steps 1, 2, and 3.

| .— RFID antenna centerline
Tag centerline

2.4cm /
—

|
|
| 1.2cm |
| | |

Antenna moving direction
—

|

|

|

|

|

|

|
| =

|1+1
S~~~

i1 i | i+2 i+3
Y A Target tag number
Tag zone Target tag zone

Figure 5. Schematic diagram of different RFID scales compositions experiment.

For concrete vibration depth monitoring, a measurement accuracy of centimeter level
is sufficient. Therefore, no matter where the RFID antenna centerline is within the RFID
tag zone, the RFID scales is expected to locate the current RFID tag zone which the RFID
antenna centerline is in, which is also the RFID tag closest to the RFID antenna theoretically.
Specifically, when the RFID antenna centerline is inside an RFID tag zone, the maximum
deviation of the RFID antenna’s real position from this tag center is 1.2 cm. If the RFID scales
can locate the tag zone the antenna is in, it can be considered that the positioning accuracy
of the RFID scales already meets the accuracy requirements for vibration depth monitoring.

3.2. RFID Scales Measurement Accuracy

In the RFID scales accuracy experiments, nine different RFID scales compositions were
tested. The number of measurements conducted at various positions of the RFID scales for
each composition is shown in Table 3. The experiment found that when the RFID scales
adopted a single-tag strip scheme, neither type of ceramic antenna was able to detect the
signal of the tag from the RFID scales strip when the shaft of the vibrator was rotated
and the antenna faced the back of the tag. Therefore, there are seven effective RFID scales
compositions available for comparative analysis.

Table 3. The number of measurements conducted for nine different RFID scales compositions.

RFID Antenna
RFID Scales Strip
PCB KLTXP7505 Ceramic KLTX2018 Ceramic KLTX2525
Single-tag strip 451 Unreadable for the back Unreadl?:iliz for the
Dual-tag strip 340 325 326

Triple-tag strip 309 323 323




Buildings 2024, 14, 885

10 of 19

To compare the performance of different RFID scales and various positioning algo-
rithms, two metrics are defined: accuracy rate (AR) and generalized accuracy rate (GAR).
The accuracy rate refers to the ratio of the positioning result of RFID scales belonging to tag
zone i when measurements are made in tag zone i. For the accuracy rate, the maximum
deviation between the RFID scales positioning result and the actual location is 1.2 cm.
The generalized accuracy rate refers to the ratio of the positioning result of RFID scales
belonging to tag zone i — 1, i, or i + 1 when measurements are made in tag zone i. For the
generalized accuracy rate, the maximum deviation between the RFID scales positioning
result and the true position is 3.6 cm. In fact, the depth monitoring error within 3.6 cm is
already sufficient for concrete vibration quality control.

As mentioned in Section 2.3, an exponential weighting positioning algorithm is used
to process the detected RFID tag data. In order to further illustrate the advantage and
necessity of the exponential weighting positioning algorithm, three different positioning
algorithms were compared. The illustration of the three different positioning algorithms
is presented in Table 4. Because the key of the RFID scales positioning system is how to
handle the weight of different tags, the three chosen algorithms in Table 4 represent three
typical methods of handling weights. For the maximum value algorithm, the weight of
the RFID tag with the highest RSSI is 1, and the weight of other tags is 0. For the harmonic
mean weighting algorithm, the weight difference between RFID tags is not significant,
within an order of magnitude. For the exponential weighting algorithm, the weight of
the RFID tag with the highest RSSI value is not within the same order of magnitude as
the weights of other tags. The tag with the highest RSSI value is assigned the greatest
proportion of weight. The accuracy of the maximum value algorithm, the harmonic mean
weighting algorithm, and the exponential weighting algorithm is analyzed in detail in
Section 3.3 through the error cumulative distribution function (CDF) diagram. Additionally,
the optimal number of weights for the exponential weighting algorithm is determined.

Table 4. The illustration of the three different positioning algorithms for RFID scales.

Positioning Algorithm

Rules Calculation Formula

Maximum value algorithm

Harmonic mean weighting algorithm

Exponential weighting algorithm

The position of the RFID tag with the highest RSSI among
the detected tags is taken as the positioning result for the
RFID scales. When multiple tags have the same RSSI, the icA

tag with the largest tag number is selected.
The top k RFID tags with the highest RSSI are taken, the
harmonic mean weight of each tag is calculated. Perform 1

the weighted average of the positions of these tags as the Wi= -+ I
RFID scales positioning result. iea ™

The top k RFID tags with the highest RSSI are taken, the

exponential weight of each tag is calculated. Perform the oRi

weighted average of the positions of these tags as the
RFID scales positioning result.

The AR and GAR of three different positioning algorithms across various RFID scales
hardware compositions are shown in Tables 5-7. For the harmonic mean weighting algo-
rithm and the exponential weighting algorithm, Tables 6 and 7 also record the accuracy of
using one to six different quantities of RFID tags for the weighted calculations to determine
the optimal number of weights for these algorithms. In each table, the highest AR and
GAR for each algorithm are highlighted in bold. According to Tables 5-7, the performance
of RFID scales using PCB antenna KLTXP7505 and a single-tag strip is worse than other
compositions in both AR and GAR. When the RFID scales consists of a ceramic antenna
KLTX2018 and a triple-tag strip, the AR of all three algorithms reach their maximum, with
little difference, all between 82% and 83%. For the GAR, when the RFID scales consists of
a ceramic antenna KLTX2525 and a dual-tag strip, the GAR of all three algorithms reach
the maximum, all above 99%. The geometric dimension of the ceramic antenna KLTX2018
is smaller than that of the ceramic antenna KLTX2525, and the size of the RFID tag U3314
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used in the triple-tag strip is also smaller than the RFID tag U4619 used in the dual-tag
strip. For the simplicity of description, the RFID scales composed of the ceramic antenna
KLTX2018 and a triple-tag strip is called the small antenna small tag (SAST) scheme, and
the RFID scales composed of the ceramic antenna KLTX2525 and a dual-tag strip is called
the large antenna large tag (LALT) scheme. Thus, the best RFID scales composition should
be chosen from either the SAST scheme or the LALT scheme.

Table 5. The accuracy rate (AR) and generalized accuracy rate (GAR) of maximum value algorithm.

RFID Antenna
RFID Scales Strip PCB KLTXP7505 Ceramic KLTX2018 Ceramic KLTX2525
AR GAR AR GAR AR GAR
Single-tag strip 47.45% 80.48% Unreadable for the back Unreadable for the back
Dual-tag strip 45.59% 79.12% 60.31% 95.07% 58.59% 99.38%
Triple-tag strip 44.01% 71.84% 82.66% 92.88% 78.95% 96.59%

The bold numbers in the table indicate the maximum values of AR and GAR.

Table 6. The accuracy rate (AR) and generalized accuracy rate (GAR) of harmonic mean weighting

algorithm.
RFID Antenna
RFID Scales Strip Weighting Number PCB KLTXP7505 Ceramic KLTX2018 Ceramic KLTX2525
AR GAR AR GAR AR GAR
1 48.78% 81.37%
2 34.81% 80.04%
. . 3 28.38% 76.27%
Single-tag strip 4 26.39% 70.51% Unreadable for the back Unreadable for the back
5 18.63% 63.41%
6 19.73% 52.77%
1 49.12% 83.53% 60.00% 97.23% 57.67% 99.69%
2 42.35% 90.00% 70.15% 95.69% 71.17% 99.39%
Dual-tag stri 3 42.06% 87.94% 66.46% 95.69% 71.78% 98.77%
& strip 4 31.47% 92.35% 68.62% 94.77% 72.70% 99.08%
5 23.82% 88.82% 43.08% 93.54% 59.82% 97.55%
6 24.41% 86.18% 42.46% 94.46% 58.90% 97.85%
1 46.28% 78.32% 82.04% 92.57% 80.19% 95.98%
2 43.69% 77.35% 79.57% 96.90% 79.88% 96.90%
Triple-tag stri 3 27.51% 82.20% 59.75% 94.74% 65.33% 94.12%
ple-tag stop 4 2330%  84.79% 61.61% 94.12% 72.14% 95.36%
5 14.89% 78.32% 47.37% 94.12% 66.56% 94.43%
6 11.00% 80.91% 43.96% 92.88% 58.82% 94.43%

The bold numbers in the table indicate the maximum values of AR and GAR.

For the SAST scheme, the smaller antenna size and the more densely arranged RFID
tags allow the RFID read head to more sensitively detect the signal strength differences in
RFID tags at different positions. This enables more refined RFID positioning measurements,
leading to a higher AR of positioning. However, in terms of GAR, the LALT scheme is
about 6% higher than the SAST scheme. This is because the larger RFID antenna and
larger RFID tags can enhance the signal strength and stability of the detection for the target
tag and its adjacent tags. The LALT scheme can more stably resist the impact of external
interference on tag identification results. Therefore, as in Tables 6 and 7, the LALT scheme
can significantly improve the GAR to 99.69% while slightly reducing the AR. This high
GAR indicates that the positioning error of the RFID scales is almost controllable, with
nearly 100% certainty that the positioning error of the LALT scheme is within the range of
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3.6 cm. This ensures that the RFID scales positioning measurement result is smoother and
more continuous, without abrupt data anomalies and jumps.

Table 7. The accuracy rate (AR) and generalized accuracy rate (GAR) of exponential weighting algorithm.

RFID Antenna
RFID Scales Strip Weighting Number PCB KLTXP7505 Ceramic KLTX2018 Ceramic KLTX2525
AR GAR AR GAR AR GAR
1 48.78% 81.37%
2 44.78% 82.48%
. . 3 45.90% 83.15%
Single-tag strip 4 46.34% 83.37% Unreadable for the back Unreadable for the back
5 46.56% 83.15%
6 46.56% 83.15%
1 49.12% 83.53% 60.00% 97.23% 57.67% 99.69%
2 43.53% 88.53% 65.85% 96.62% 64.72% 99.39%
Dual-tag stri 3 42.65% 90.29% 66.46% 97.54% 65.34% 99.69%
Ch 4 4235%  90.59% 66.77% 97.23% 65.64% 99.69%
5 42.65% 90.29% 66.77% 97.23% 65.64% 99.69%
6 42.65% 90.59% 66.77% 97.23% 65.64% 99.69%
1 46.28% 78.32% 82.04% 92.57% 80.19% 95.98%
2 43.69% 77.35% 82.97% 95.05% 79.26% 96.28%
Triple-tag stri 3 44.66% 81.55% 82.66% 94.43% 80.19% 96.28%
ple-iag strip 4 272%  8252% 82.66% 94.74% 80.80% 96.28%
5 42.07% 82.85% 82.97% 94.74% 80.19% 96.28%
6 41.75% 83.17% 82.97% 94.74% 79.88% 96.28%

The bold numbers in the table indicate the maximum values of AR and GAR.

Based on the above reasons, as well as considering the harsh on-site construction
environment during vibration, the LALT scheme is chosen as the best RFID scales hardware
composition. This chosen RFID scales is composed of the ceramic antenna KLTX2525 and a
dual-tag strip. The strong and stable RFID tag detection signal and controllable error of the
LALT scheme make it the best choice for the RFID scales hardware composition.

3.3. Comparison with Other Positioning Algorithms

To further analyze the accuracy performance between various positioning algorithms,
Figure 6 presents the error CDF diagram for three different positioning algorithms when
using the LALT scheme. Since the maximum value algorithm can only position the antenna
to a specific tag on the strip, the error CDF diagram for the maximum value algorithm can
only be plotted in the form of star scatter points. As can be seen from the error CDF diagram,
the GAR of the three positioning algorithms is almost the same. Both weighting algorithms
have higher AR than the max algorithm. By assigning weights to multiple detected RFID
tags, the weighting algorithms can eliminate random interference and noise encountered
during RFID measurement to enhance positioning accuracy. Although the AR of the
harmonic mean weighting algorithm is slightly higher by 5% compared to the exponential
weighting algorithm, within the beginning of the error range, especially the error range
of 0-1 cm, the error CDF for the exponential weighting algorithm is significantly higher
than that of the harmonic mean weighting algorithm. This indicates that the positioning
error of the exponential weighting algorithm is more concentrated within the beginning of
the error range. In other words, the exponential weighting algorithm has a significantly
higher positioning accuracy within the error range of 0-1 cm. Therefore, the exponential
weighting algorithm demonstrates a clear advantage in the positioning error CDF than the
other two algorithms.
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Figure 6. The error cumulative distribution function (CDF) of three different positioning algorithm.

As for the number of detected RFID tags used in the weighting, the AR of the expo-
nential weighting algorithm reaches its maximum when the weighting number is three,
and further increases in the weighting number do not have a significant effect on the AR.
The AR and GAR of the harmonic mean weighting algorithm reach their maximum when
the weighting number is two, but as the weighting number continues to increase, both
the AR and GAR tend to decrease. This is because the exponential weighting algorithm
exponentially amplifies the weight differences between detected RFID tags with different
signal strengths, making the positioning results concentrate near the RFID tag with the
strongest signal, which leads to more stable positioning outcomes. The harmonic mean
weighting algorithm has less distinction in weights between different signal strength levels.
Excessive weighting numbers can introduce more data noise to the positioning, resulting
in a decrease in positioning accuracy.

In summary, through experiments on the measurement accuracy of RFID scales and
comparative analysis of different positioning algorithms, the best RFID scales hardware
composition is the combination of the ceramic antenna KLTX2525 and a dual-tag strip,
which is the LALT scheme. The optimal positioning algorithm for RFID scales is the
exponential weighting algorithm. The optimal weighting number is three, which means
using the top three RFID tags with the highest RSSI signals for weighting. Using this
RFID scales hardware composition and the positioning algorithm to measure the depth
of concrete vibration, the maximum error in depth measurement is, overall, controllable.
There is 99.69% confidence that the vibration depth monitoring error is within 3.6 cm, of
which 65.34% of the depth error is within an even smaller range of 1.2 cm.

3.4. On-Site Vibration Depth Monitoring Using RFID Scales

To verify the feasibility of using RFID scales for monitoring the depth of concrete
vibration, the monitoring of vibration depth was conducted at a construction site, as shown
in Figure 7. Figure 7a shows that when the vibrator is fully inserted into the concrete, the
RFID scales mounted on the digital board is monitoring the vibration depth. Figure 7b
shows that the digital board hanging at the junction of the vibrator’s metal head and the
flexible shaft is moving with the vibrator to the next vibration location after the vibrator
has been withdrawn from the concrete.
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RFID scales strip

VA on the flexible shaft
Digital board

Figure 7. On-site monitoring of vibration depth: (a) RFID scales is monitoring the depth; (b) RFID
scales is moving with the vibrator to the next vibration location.

The concrete vibration depth monitoring device based on RFID scales is shown in
Figure 8. The dual-tag strip arranged along the flexible shaft is protected by a transparent
layer that is both waterproof and scratch-resistant. The digital board has a waterproof
cover with the RFID reader and ceramic antenna KLTX2525 inside. In addition, the data
transmission and power supply module on the digital board can transmit the real-time
depth data from the RFID scales to a computer terminal.

i 7 TR ! -
" Cover of the digital board |

| Digital board

(b)

Transparent
protecting layer

5

Metal head of
| the vibrator
I | i M\.\. g

(©

Figure 8. The concrete vibration depth monitoring device based on RFID scales: (a) RFID scales strip
on the flexible shaft; (b) Digital board with the cover; (c¢) 3D model of the digital board.
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At the vibration construction site, three different vibration depths of 120 cm, 140 cm,
and 160 cm were selected. At each depth, three vibration points were chosen for testing the
depth monitoring performance. Figure 9 presents the time-history data of vibration depth
monitoring at the three different depths. For each depth, three consecutive vibration depth
changes can be clearly observed. The maximum depth value monitored of each vibration
and its corresponding time are marked in the figure.
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Figure 9. The time-history data of vibration depth monitoring: (a) vibration depth of 120 cm;
(b) vibration depth of 140 cm; (c) vibration depth of 160 cm.

By comparing the maximum depth value monitored with the true depth value, the
accuracy of the vibration depth monitoring based on the RFID scales in a real vibration
construction site can be analyzed. Table 8 shows the depth monitoring errors under
different vibration depths. As can be seen from Table 8, most of the depth monitoring errors
are within 1.2 cm, with the maximum error being 2.3 cm. All depth monitoring errors are
within the acceptable range of 3.6 cm. The results of using the RFID scales to monitor the
vibration depth at the construction site are consistent with the AR and GAR of the RFID
scales in the experiment in Section 3.2.
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Table 8. The depth monitoring errors under different vibration depths.
Depth Monitoring Error/cm
True Vibration Depth
The First Vibration The Second Vibration The Third Vibration
120 cm 1.3 1.3 1.3
140 cm 0.5 0.9 —0.7
160 cm 2.3 —0.19 —0.32

The application at the vibration construction site has confirmed the feasibility of
using RFID scales for monitoring the concrete vibration depth. Indeed, the application
scenarios of RFID scales system in engineering sites in this paper are relatively limited. It is
worth noting that the performance of RFID scales system may be affected by the dynamic
construction site conditions, such as temperature, humidity, vibration, and electromagnetic
interference. In the future, it is necessary to conduct on-site applications and tests in various
environmental conditions at engineering construction sites to continuously improve and
enhance the reliability of the RFID scales positioning systems. Besides achieving the
vibration depth control in real time, the depth data from the RFID scales can be used in
many ways in the future. By analyzing the starting point of the vibration depth monitoring
curve, the time of vibration can be determined. The slope of the vibration depth time-
history curve can be used to assess the insertion and withdrawal speeds of the vibrator,
which can serve as a quality control index to check the requirement of the quick insertion
and slow withdrawal technique in the vibration process.

4. Discussion and Future Outlook

This study is the first attempt to apply an RFID system to address the problem of depth
monitoring during concrete vibration. Inspired by the principles of optical and magnetic
scales, an RFID scales positioning system is proposed, achieving real-time monitoring of
concrete vibration depth with centimeter-level accuracy. Compared to previous research,
the following innovations and improvements have been made.

1. The RFID scales positioning system is proposed for the first time. The optimal inte-
gration of RFID scales with the hand-held concrete vibrator is explored. The dual-tag
strip mounted on the flexible shaft of the vibrator and the ceramic antenna KLTX2525
form the best RFID scales hardware composition, achieving the best depth monitor-
ing accuracy. Because the RFID reader, RFID antenna, and other related electronic
modules of the RFID scales are arranged on the digital board, these electronic devices
are not directly connected to the vibrator. During vibration construction, the digital
board remains outside the concrete, averting any interference from the vibration to
the sensors. This ensures the stable operation of the sensors and achieves real-time
transmission of monitoring data.

2. The RFID scales can conduct the measurement at a frequency of approximately 3 Hz,
satisfying the real-time requirements for monitoring concrete vibration depths. The
concrete vibration is a typical cyclical behavior, which usually requires 10-20 s to
complete a cycle of vibration. During the process of vibration, the depth of vibration
will also exhibit periodic changes. The time of a single detection by the RFID scales is
related to the distance from the antenna to the tag and the number of tags identified
in a single detection, so the time for each detection is not completely consistent.
Experiments have found that the time taken for a single detection is between 0.3 s and
0.4 s, corresponding to a measurement frequency about 3 Hz. For real-time monitoring
of concrete vibration depth, the sampling frequency requirement for depth monitoring
should, according to the Nyquist-Shannon sampling theorem, be at least twice the
frequency of the depth change. The sampling frequency of the RFID scales is around
3 Hz, which is far more than twice the frequency of the vibration depth change.

3. The RFID scales positioning system theoretically has no upper limit for the range of
vibration depth monitoring. By arranging an RFID scales strip of the corresponding
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length on the flexible shaft, the monitoring of vibration at any depth can be realized.
However, it should be noted that the starting location of the RFID scales strip on the
flexible shaft, which is where the RFID tag numbered 0 is located, is at the junction
of the flexible shaft and the metal head of the vibrator. This means that the starting
depth of the depth monitoring by RFID scales is the distance from the tag numbered 0
to the top of the vibrator’s metal head. In other words, the RFID scales positioning
system is only suited for vibration scenarios where the insertion depth of the vibrator
is greater than the length of the vibrator’s metal head. Actually, when the depth of
concrete needed for vibration is less than the length of the vibrator’s metal head, the
metal head does not need to be fully immersed into the concrete, and the insertion
can be assessed directly through visual observation. During the vibration process, the
situations that really require vibration depth monitoring are those where the depth of
concrete vibration exceeds the length of the vibrator’s metal head; once the metal head
is fully immersed in the concrete, the true insertion depth is difficult to judge visually.

4.  The feasibility of using the RFID scales for monitoring vibration depth has been
verified in a construction site application. In an actual vibration scenario, the flexible
shaft of the vibrator inserted into the concrete gets coated with a thin layer of cement
mortar. Field measurements have shown that this layer of cement mortar on the
vibrator’s flexible shaft does not affect the signal reading and accuracy of the RFID
scales. Furthermore, since the cement mortar layer covers any marked information on
the shaft, controlling the vibration depth by marking labels on the shaft and manual
inspection is not feasible. This demonstrates the necessity of digital depth monitoring
in vibration construction from another perspective.

5. In this paper, the RFID scales strip is arranged on the outside of the flexible shaft of
the vibrator, with a transparent protective layer covered on the scales strip. In the
subsequent large-scale engineering application of the proposed RFID scales, when the
flexible shaft of the vibrator is manufactured, the RFID scales strips can be embedded
within the rubber layer of the flexible shaft, utilizing the rubber layer for better
protection. Moreover, the automated damage inspection for the RFID scales strip
could be possible based on the identified RFID tags data and the machine learning
anomaly detection algorithms. The use of machine learning for automated RFID
scales strip damage inspection represents an interesting and worthwhile direction for
further research.

In fact, vibration depth monitoring based on the RFID scales is the foundation for a
series of subsequent vibration digital monitoring and real-time quality control of concrete
vibration. The proposed approach for monitoring concrete vibration depth depends ex-
clusively on the time-history data of the RFID scales. In the future, further research and
development can be carried out upon the combination of RFID scales depth monitoring
and other monitoring methods.

For example, during the layered vibration process of large-volume concrete, the
construction standards require that the metal head of the vibrator must penetrate at least
5 cm into the previous layer of concrete to ensure good interlayer bonding. If the RFID
scales-based vibration depth monitoring system proposed in this study can be combined
with methods that monitor the working state of the vibrator in real time through parameters
such as the electric current and voltage of the vibrator’s motor [27], the concrete vibration
depth of each layer can be calculated by the working state of the vibrator and the depth of
vibration together. Thus, the precise monitoring of the vibration depth for each layer of the
large-volume concrete can be achieved. Additionally, by equipping the digital board with
sensors such as satellite positioning and UWB positioning module, it is possible to track the
location of the digital board. This would enable the monitoring of the horizontal position
of the vibration insertion point, thereby realizing the full process digital monitoring of
key quality factors in concrete vibration, such as horizontal location, depth, time, and
technique. Another possible direction is adapting the RFID scales monitoring system to
scenarios where the depth of concrete vibration is less than the length of the vibrator’s
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metal head. Distance sensors can be installed at the bottom of the digital board, such as
infrared distance sensor, ultrasonic distance sensor, etc., to measure the distance from the
bottom of the digital board to the surface of the concrete. When the insertion depth is less
than the length of the vibrator’s metal head, the digital board hangs at the junction of the
vibrator’s metal head and the flexible shaft. Combined with the posture data of the digital
board, the depth of the concrete vibrator inserted into the concrete can be calculated in
real time.

5. Conclusions

This study fills the research gap in concrete vibration depth monitoring. The digital
method for monitoring vibration depth using an RFID system is proposed for the first time.
Inspired by the optical and magnetic scales, an RFID scales positioning system is proposed.
The RFID scales is integrated with the hand-held vibrator through the digital board, and
the RFID scales measurement algorithm is based on the exponential weighting method is
illustrated. The principle and hardware composition of the RFID scales are explained in
detail. The performance differences between RFID scales composed of different antennas
and tags are compared and analyzed. The best RFID scales hardware composition consists
of the ceramic antenna KLTX2525 and a dual-tag strip, which can achieve centimeter-level
depth monitoring accuracy. The RFID scales measurement algorithm uses the RSSI value
of each tag to calculate the weight. The exponential weighting algorithm can eliminate the
data noise of the RFID scales during depth monitoring. The optimal weighting number
is 3. Under this condition, there is 99.69% confidence that the vibration depth monitoring
error is within 3.6 cm, of which 65.34% of the depth error is within an even smaller range
of 1.2 cm. The feasibility of using RFID scales for vibration depth monitoring is verified
by the application at the vibration construction site. The on-site measured depth error is
consistent with the positioning error of the RFID scales in the experiments. This research
provides a new perspective and system solution for concrete vibration depth monitoring,
broadens the measurable range of depth in vibration monitoring, and improves the quality
of concrete vibration for deeper structures.
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