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Abstract The compaction process is often carried out in relation to transportation infrastructure. The process
is complex since the soil is a heterogeneous environment. Adequate compaction is necessary to ensure the
homogeneity and durability of the pavement. This paper presents a novel visual method for assessing soil
compaction. A slow-motion camera (optical sensor) and tracking markers placed on the compaction plate,
were used to determine the trajectory of the compactor’s movement. Based on this and the proposed energy
criterion, it is possible to observe changes in soil compaction up to the desired level. Quality control of
soil compaction was experimentally compared to the standard method. The experiments show that the visual
method gives similar results to the standard one. The proposed innovative visual method allows for developing
and optimizing the machine’s workload efficiency and enables online compaction level monitoring.

Keywords Intelligent compaction · Quality assurance · Dynamic compaction · Field testing ·
Soil compaction state monitoring

1 Introduction

Compaction is a critical process in transportation infrastructure development, where ensuring the homogeneity
and durability of the pavement relies on adequately compacted soil [1–4].

The required level of compaction can be difficult to achieve, on the one hand, due to the diversity and
heterogeneity of earth materials and their moisture content [5–7] and, on the other hand, due to the parameters
of the machinery used [8–13] and the expertise of the operators [14]. Compaction control is a highly relevant
topic in earth engineering. In cities, for work on small and medium areas (substructure for sidewalks, bicycle
paths, or sewers), lightweight compactors in the class of up to 300 kg are used for compacting substrates such as
gravel or sand and soil. They have a constant excitation frequency and amplitude, so operators can only control
the compaction work by maintaining the same speed of the compactor and varying the number of passes. This
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procedure often results in an unevenly compacted earthwork area, in which some part is sufficiently compacted,
and the rest is insufficiently or excessively compacted.

However, the inherently heterogeneous nature of soil presents challenges in achieving consistent com-
paction quality. Traditional methods, while effective, often lack the precision and adaptability required to
optimize energy usage and monitor compaction in real-time. To address these challenges, this paper proposes
a novel visual method for assessing soil compaction, employing slow-motion cameras and tracking markers
to monitor the compactor’s trajectory and using an energy-based criterion to evaluate compaction progress.

In parallel, the field of composite metamaterials [15–21]—engineered materials designed to exhibit prop-
erties not found in nature—provides a compelling framework for advancing soil compaction technologies.
Metamaterials achieve unique characteristics through the deliberate arrangement of their internal structures,
often leveraging principles of wave manipulation [22,23], energy efficiency, and dynamic adaptability [24].
Inspired by these principles, the proposed visual method incorporates similar strategies to optimize the com-
paction process. By visualizing and analyzing the energy transfer within the soil and dynamically monitoring
compaction levels, the approach mirrors the energy efficiency and adaptability often observed in metamaterial
research.

This demonstrates how techniques like wave propagation analysis, real-time feedback loops, and energy
flow optimization can revolutionize traditional compaction methods. Furthermore, the experimental validation
of the visual method against standard approaches underscores its potential to enhance machine efficiency and
enable precise, online monitoring of compaction quality. This innovative approach bridges material science and
geotechnical engineering, offering a transformative perspective on sustainable and effective soil compaction.

The proposed system utilizes slow-motion cameras and tracking markers affixed to the compactor plate. By
analyzing the vertical displacement and trajectory of these markers, the system evaluates the dynamic response
of the soil during compaction. This approach employs an energy-based criterion to estimate compaction
progress, enabling precise monitoring of soil density and uniformity. Experimental validation demonstrated
the method’s capability to match the accuracy of traditional measurement techniques, such as dynamic modulus
evaluation using ZORN ZFG 3000 GPS plates, while significantly reducing assessment time.

Beyond practical compaction monitoring, the ideas explored along this paper are based upon a theoretical
background that allows the description of the interplay between soil structure and fluid dynamics, focusing
on porous systems with fluid saturation [23,25–28]. In this framework, soil is modeled as a viscoelastic
porous matrix containing non-connected, periodically distributed inclusions and saturated by a viscous fluid.
Accurately modeling such systems requires addressing the mechanical interactions between the solid matrix
and the fluid, a problem that traditionally involves solving complex coupled partial differential equations.

To simplify these interactions while retaining essential microstructural details, a macro-modeling approach
can be employed. This method, inspired by advancements in homogenization theory and microstructural contin-
uum mechanics [29–31], introduces micro-shape functions to link macro-scale behaviors with microstructural
properties.

Vision-based methods enable real-time, cost-effective monitoring for light compactors, while microstruc-
tural analysis offers deeper insights into soil behavior under compaction forces. By bridging practical appli-
cations with theoretical advancements, this research opens pathways for:

1. Developing intelligent compaction systems for lightweight compactors;
2. Optimizing energy transfer and wave propagation during compaction;
3. Understanding and mitigating soil-fluid interaction phenomena in construction.

According to existing road construction specifications, compaction quality mainly depends on manual
control of compaction parameters (number of compaction passes, compaction trajectory, vibration frequency
which determines the centrifugal force and interaction between compactor and soil [13], the thickness of
compacted layer [13] and travel speed) during construction and random spot tests after the completion of
construction [32,33]. However, there are problems with conventional compaction quality control methods
because compaction quality cannot be recorded in real-time [34,35]. As a result, traditional inspection methods
cannot effectively control the compaction quality of the constructed facility. They need to meet the requirements
of road construction quality control, which are becoming increasingly stringent. In the last few years, intelligent
compaction methods have rapidly developed and been applied [36,37]. These methods are commonly used in
vibratory rollers [32] and heavy compactors over 300 kg [13].

Intelligent Compaction (IC) technology [38,39] automatically assesses dynamic modulus of strain [40–42]
by continuously controlling its compaction parameters. Rollers and compactors weighing more than 300 kg
are equipped with systems in which the most common methods are used for measurement: CMV - Com-
paction Measurement Value [43–47], RMV—Resonant Meter Value [48], CCC— Continuous Compaction
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Control [49–52]. IC intelligent soil compaction technology1 is an integral part of the compaction quality
control procedure, as several works show [3,6,13,32,37,53–63].

Soil compactors weighing more than 300 kg are increasingly equipped with particular soil compaction rate
indicators. Amman2 has used ACE Force and ACE ECON systems in its compactors (models APH 50/75,
APH 55/75, APH 60/85, APH 65/85).3 The sensor measures the reaction of the ground to a vibrating plate.
The acceleration of the plate is converted into voltage signals. The compaction parameters are then calculated
and shown in visual form on display with a LED indicator visible to the operator. Correct measurement values
can only be obtained when moving back and forth at maximum speed. The second solution encountered is the
ECONOMIZER system4 from BOMAG. A third example of a compaction control system is Compamatic5 from
Wacker Neuson, which detects the machine’s location during compaction using a cell phone and documents
the degree of compaction on a map.

Another example is a solution from Husqvarna which uses the Compaction Indicator (CI) system on its
LG400 and LG504 compactors.6 The last example is a solution from Project, which uses the PROCONTROL
system.7 The installation of the aforementioned soil compaction control systems on heavy compactors rep-
resents a high cost not only for the system and the machine itself but also increases the cost of the work in
progress.

A separate and important class of equipment is light compactors. The operator guides these devices (machine
weight up to 300 kg). They can be driven in one or two directions. They are often used where it is difficult
to reach with a heavy and large compactor and for small jobs. Hand compactors also include vibratory ram-
mers [64]. These devices still need to be factory-equipped with the intelligent compaction systems found in
heavy compactors.

Due to the brief machine-ground contact time, practical and cost-effective methods for compaction quality
control with light compactors are lacking [8]. This article introduces research results focused on a vision-based
approach to analyze and assess the soil compaction process using a light plate compactor. The developed
procedure enables the creation of a real-time monitoring system for the compaction state of the soil medium.
The presented vision-based method measures soil compaction by studying the trajectory of selected points
on the light plate compactor. By monitoring the points’ positional changes during successive passes, the
achieved dynamic modulus of strain can be evaluated. This new vision-based method for soil compaction
measurement (trajectories) reduces the time needed for soil compaction measurement control. Ultimately, it
can be employed for automatic and real-time assessment of soil compaction. The method has the potential to
develop an intelligent compaction system for small compactors.

In the following sections, the authors presented the concept of a new vision-based method for assessing
soil compaction using the measurement of trajectories of selected points of the compactor plate. Experimental
results for various popular values of compaction frequencies are also included. Based on the experimental
studies, the effect of the compactor travel direction and excitation frequency on the trajectories of the monitored
points was evaluated. Based on the adopted energy criterion for assessing the results, the possibilities of
identifying the state of soil compaction are shown. A comparison was also made between the results obtained
using the proposed vision-based method and the measurement of dynamic modulus of strain determined by
analyzing the signal from the acceleration sensors mounted on the compactor plate and the measurement of
dynamic modulus of strain by the traditional method using a dedicated ZORN ZFG 3000 GPS plate.8 The
determined relationships between the vertical displacement of selected points on the compactor plate and the
dynamic modulus of compaction described in [33] were used to evaluate the actual soil compaction.

1 H.F. Thurner, A. Sandstrom, Continuous Compaction Control, CCC, in: Paris, 2000: pp. 237-246.
2 Contact Ammann Now, https://www.sar-pol.eu/zageszczarka-ammann-aph-6585-de-ace-econ, (2022). Accessed 5 Decem-

ber 2022.
3 Ammann, ACEecon Offered on Ammann Reversible Plates, https://www.ammann.com/en/news-media/news/aceecon-

offered-on-ammann-reversible-plates, (2022). Accessed 5 December 2022.
4 Bomag, ECONOMIZER. The technology that makes the compaction process faster and easier, https://www.bomag.com/

ww-en/technologies/overview/economizer/, (2022). Accessed 5 December 2022.
5 Wacker Neuson, Reversible vibratory plates: comfortable and powerful, https://www.wackerneuson.pl/en/products/

vibratory-plates/reversible-vibratory-plates, (2022). Accessed 5 December 2022.
6 HUSQVARNA REVERSIBLE VIBRATORY PLATE HUSQVARNA LG400 CE CL EL LOMBARDINI, https://

www.isprzet.pl/en/reversible-vibratory-plates/reversible-vibratory-plate-husqvarna-lg400-ce-cl-el-lombardini.html, (2022).
Accessed 5 December 2022.

7 Project, REVERSIBLE VIBRATORY PLATE PROJECT ZGS-45 R, https://www.isprzet.pl/en/reversible-vibratory-plates/
reversible-vibratory-plate-project-zgs-45-r.html, (2022). Accessed 5 December 2022.

8 ZFG 3000 Light Weight Deflectometer (LWD), www.zorn-instruments.com, (2023). Accessed 14 February 2023.

https://www.sar-pol.eu/zageszczarka-ammann-aph-6585-de-ace-econ
https://www.ammann.com/en/news-media/news/aceecon-offered-on-ammann-reversible-plates
https://www.ammann.com/en/news-media/news/aceecon-offered-on-ammann-reversible-plates
https://www.bomag.com/ww-en/technologies/overview/economizer/
https://www.bomag.com/ww-en/technologies/overview/economizer/
https://www.wackerneuson.pl/en/products/vibratory-plates/reversible-vibratory-plates
https://www.wackerneuson.pl/en/products/vibratory-plates/reversible-vibratory-plates
https://www.isprzet.pl/en/reversible-vibratory-plates/reversible-vibratory-plate-husqvarna-lg400-ce-cl-el-lombardini.html
https://www.isprzet.pl/en/reversible-vibratory-plates/reversible-vibratory-plate-husqvarna-lg400-ce-cl-el-lombardini.html
https://www.isprzet.pl/en/reversible-vibratory-plates/reversible-vibratory-plate-project-zgs-45-r.html
https://www.isprzet.pl/en/reversible-vibratory-plates/reversible-vibratory-plate-project-zgs-45-r.html
www.zorn-instruments.com
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2 System architecture

2.1 Test field and data acquisition

The experimental part of the study was conducted in a soil channel (cf. Figure 1) filled with non-cohesive soil—
sand [65]. The channel is 12 m long, 1.8 m wide, and filled with soil medium to a depth of 1 m. Grain size
tests conducted on six selected soil samples in the channel showed no significant differences in granulometric
composition. The calculated value of the homogeneity index [66] was Cu = 2.11. This indicates material is
not very susceptible to compaction. The test bed was equipped with sensors to measure dynamic modulus of
strain and monitor the trajectory of movement of selected points of the compactor plate. The measurement
system included the following components:

i. one Sony DSC- RX0 II digital camera9 monitoring a 1.5 m × 0.8 m section of the soil channel within the
camera’s field of view, resolution 1920 × 1080, resolution up to 0.4 mm - see Fig. 5;

ii. two AC131 accelerometers, 10 mV/g±10%;
iii. a workstation used to collect data from the camera and acceleration sensors and for preliminary analysis

of the video camera image, additionally enabling system diagnostics,
iv. a traditional dynamic vibratory plate ZORN ZFG 3000 GPS was used to verify the actual dynamic modulus

of strain Evd MN/m2 of the top bearing layer. Bearing capacity evaluation can be carried out for soils with
a grain size up to 63 mm and dynamic modulus of strain Evd = 105 MN/m2. The device has a 300 mm
diameter plate with an integrated displacement sensor and a guide with a 10 kg weight.

As mentioned, the proposed method for evaluating the soil compaction operates on analyzing the movement
trajectories of selected points of the compactor plate during successive passes, that is, compaction cycles. The
method makes it possible to measure a machine’s trajectory during operation at relatively low cost.

Two methods were used to determine the movement trajectories of the compactor plate. The first was to
determine the trajectory using slow-motion technology. Measurement points A, B, and C were marked on the
compactor plate (Fig. 2), whose trajectories during the experiments were recorded with a Sony high-speed
camera, recording 1000 fps and positioned outside the soil channel (Fig. 1a, c). Based on the video analysis,
trajectories of the compactor plate were obtained for the selected three markers (A, B, C) in Tracker software.10

The distances from the end of the compaction plate measured in the X axis are for point C -100 mm, point B
-300 mm, and point A -550 mm.

The second method used to compare the results obtained by the vision method was based on analyzing
the vibroacoustic signal acquired from unidirectional acceleration sensors placed on the compactor plate. This
method is increasingly used to assess the dynamic modulus of strain [64]. Compactor plate accelerations were
recorded using two AC131 acceleration sensors placed directly on the device (Fig. 1b). The Y-axis acceleration
sensor was mounted on the plate’s top surface on the left side of the compactor. It was located 220 mm from
the end of the plate, while the second sensor measuring X-axis acceleration was mounted on the rear of the
compactor at half the width of the plate.

The last component of the measurement system, namely the dynamic plate model ZFG 3000, was used
to verify the actual dynamic modulus of strain with the results obtained by the vision method and the more
commonly used method based on acceleration sensors.

Compaction tests of the soil medium were conducted with a lightweight plate compactor from Dromasz Drb
3011 with a curb weight of 155 kg, a maximum fundamental excitation frequency of 84 Hz, and a centrifugal
force of 30.5 kN. The maximum depth the machine can effectively compact is a layer of soil up to 0.3 ms thick.

The tests were conducted for two excitation frequencies of 74 Hz and 84 Hz in two series. In the first series
of tests, ten passes were made forward (odd passes labeled: I, III,...IX,...) and backward (even passes labeled:
II, IV,..., X,...) (Figs. 1a, 2) at a frequency of 74 Hz and then the forward and backward passes were repeated
at a frequency of 84 Hz. The frequency change was implemented by varying the speed of the machine up to a
certain level. The frequency values were determined using an acceleration sensor mounted on the compactor
plate. The distance of one run was 4 m. The second series of measurements was carried out identically with the
difference that the compactor first ran at a higher frequency of 84 Hz and then at a lower frequency of 74 Hz.

9 Sony, RX0 II, DSC-RX0M2, https://www.sony.pl/electronics/cyber-shot-aparaty-kompaktowe/dsc-rx0m2/specifications,
(n.d.). Accessed 21 December 2022.

10 Tracker Video Analysis and Modeling Tool, https://physlets.org/tracker/, (2023). Accessed 29 March 2023.
11 Dro-Masz, https://dro-masz.pl/zageszczarki/380-zageszczarka-dro-masz-drb25b-hgx160.html, (2022). Accessed 21

December 2022.

https://www.sony.pl/electronics/cyber-shot-aparaty-kompaktowe/dsc-rx0m2/specifications
https://physlets.org/tracker/
https://dro-masz.pl/zageszczarki/380-zageszczarka-dro-masz-drb25b-hgx160.html
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Fig. 1 Diagram of the strategy for measuring the trajectory and compaction of the soil. a Test scheme, b sensors placement on the
compactor for the recording of plate displacements, c camera, d, e compaction modulus measurement, 1—compactor equipped
with measuring system, 2—camera, 3—soil channel, I, II,...—number of the compactor pass

For each frequency, ten forward and reverse passes were tested. Both series of tests were repeated six times.
After each series at a given frequency, at 1 m intervals, the dynamic strain modulus Evd was measured (points
A1, B1 C1—see Fig. 1d) using a lightweight dynamic plate (Fig. 1e). The modulus was used to determine the
soil compaction index.

2.2 Measurement analysis

To carry out the experimental tests, it was necessary to develop a measurement system. The test stand consisted
of two systems, one for vibroacoustic measurements (using acceleration sensors) and the other for vision
measurements (using a camera). The essential components of the measurement systems are shown in Fig. 3.
The first measurement system analyzed signals containing information about the excitation from two AC131
accelerometers. The acquired signal was converted from analog to digital form using an NI 6002 DAQ card
and converted into text files using an application developed in the LabVIEW language.12

Figure 4 shows two acceleration amplitudes waveforms as a function of time from 0 to 200 s recorded from
the sensor mounted on the side of the compactor plate during reverse movement for 74 and 84 Hz excitation.
The effect of the excitation frequency on the obtained values of the amplitudes is clearly visible.

In the second parallel method of analysis, the trajectory of the compactor plate movement was recorded
based on image analysis obtained from the Sony camera. The detection of the positions of the markers (points
A, B, C in Fig. 2) on the compactor plate was done using the Tracker software Fig. 6 shows a screenshot from
the software showing the analyzed trajectories of point A for displacements along the X -axis vs. time t and
along the Y -axis vs time t . To calibrate the values of the trajectories, a 500 mm long calibration straight line
was placed between two reference points located on the compactor above the bolts.

In order to verify the accuracy of the measurements obtained with the slow-motion camera, additional tests
were performed with additional measuring equipment, including:

12 LabVIEW, https://pl.farnell.com/ni-labviewabVIEW, (2022). Accessed 29 December 2022.

https://pl.farnell.com/ni-labviewabVIEW
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Fig. 2 Visualization of the compaction process (arrow indicates the direction of the compactor movement). a The 40th second
of operation—Video 1, b the 53rd second of operation— Video 1, c the 30th second of operation—Video 2, d the 50th second
of operation—Video 2

Fig. 3 Diagram of the measurement system

1. Mini SmartShaker model K2007E01,13

2. signal generator Rigol DG1022Z,14

3. displacement sensor Peltron PJy20.15

The camera was mounted on a rigid tripod at a distance of 0.5 ms from the SmartShaker. A sinusoidal
excitation signal with a frequency of 90Hz was sent to the electrodynamic shaker. A linear displacement
sensor was attached to the shaker on a specially designed frame. Figure 5 shows an example of the vibration
characteristics in the Z -direction collected by the measurement system and a slow-motion camera. The sensor
and camera recorded data simultaneously for 0.5 s. Analysis of the results obtained shows that the measurement
error between the two methods was 0.4 mm. The accuracy of the displacement sensor reading was 0.02 mm.

As a result of both measurement methods, trajectories are obtained showing changes in the position of the
compactor plate as the machine moves forward and backward during the tests, allowing dynamic modulus of
strain to be assessed.

13 K2007E01, https://www.modalshop.com/docs/themodalshoplibraries/brochures/tms-catalog-md-0064.pdf?sfvrsn=
22762554-34, (2024). Accessed 27 June 2024.

14 Rigol DG1022Z, https://www.batronix.com/pdf/Rigol/DG1022DataSheetEN.pdf, (2024). Accessed 27 June 2024.
15 Peltron PJy20, https://peltron.pl/wp-content/uploads/2015/04/pjy.pdf, (2023). Accessed 27 June 2023.

https://www.modalshop.com/docs/themodalshoplibraries/brochures/tms-catalog-md-0064.pdf?sfvrsn=22762554-34
https://www.modalshop.com/docs/themodalshoplibraries/brochures/tms-catalog-md-0064.pdf?sfvrsn=22762554-34
https://www.batronix.com/pdf/Rigol/DG1022DataSheetEN.pdf
https://peltron.pl/wp-content/uploads/2015/04/pjy.pdf
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Fig. 4 Example graph of changes in signal amplitudes as a function of time for 74 Hz and 84 Hz excitation frequencies

To check the actual state of soil compaction, the dynamic strain modulus measurements [33] were carried
out using a Light Weight Deflectometer (LWD). It is a non-destructive testing device where the weight falls
freely on the plate that rests on the tested ground. This causes a deflection that is measured by double integration
of the measured acceleration of the plate. The dynamic modulus is calculated by measuring the deflection and
measuring the average contact pressure generated under the plate. The correlation between deflection and the
dynamic modulus is that the higher deflection results in lower dynamic moduli. This is the very fast, simple
and practical method for assessing soil compaction. Tests were carried out with the ZORN ZFG 3000 GPS
dynamic plate. The measuring device automatically calculates the values of plate deflection and the values of
dynamic strain modulus Evd . The results obtained were used to verify the analysis results of the vibroacoustic
and visual methods.

Figure 6 shows an example of how the vertical displacement value of point A changes as a function of the
horizontal displacement of the machine obtained from image analysis. The graph shows the position changes
in the global Cartesian system Y (X). The trajectory of the point shown is oscillatory in nature, with the most
frequent oscillation of the plate being irregular. In this study, it was decided to introduce filtering to standardize
signal processing and analysis. To analyze the influence of the medium’s compaction on the plate’s vibration,
the changes in the vertical displacement of the plate with time Y (t), shown in Fig. 7, are analyzed. The value
of the horizontal speed of the compactor was determined by averaging the horizontal displacement of the
machine X (t), shown in Fig. 8.

Based on the course of the vertical displacements Y (t), a trend line was determined, representing the
average changes in the positions of the plate. The relationship (1) was used to determine the value of the trend
line ∫ t2

t1
Y0(t) dt =

∫ t2

t1
Y (t) dt (1)

where Y0(t)—trend line, Y (t)—vertical displacement values obtained from image analysis. For example, Fig. 7
shows the course of changes in the displacement of point A with the trend line determined based on a 4th-degree
polynomial.

Considering the correction of the displacement values obtained from the image analysis by the trend line,
the course of the displacement changes shown in Fig. 7 was obtained. Only the characteristics prepared this
way were used to determine the amplitudes of the vertical vibrations and the RMS parameter.

In this paper, it is assumed that the term “vibration amplitude” refers to the range of variation of the
maximum and minimum values (Amax - Amin) according to relation (2). For ease of interpretation, the terms
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Fig. 5 Example results of point A(X,t; Y,t) amplitude, analysis in Tracker software

are shown in Fig. 8

�A = 1

k

k∑
i=1

Ymax (i) − 1

k

k∑
i=1

Ymin (i) (2)

where k—time interval of the analyzed signal, Ymax (i)— successive maximum values of the amplitudes in
the interval considered, Ymin(i)—consecutive minimum values of the amplitudes in the interval considered.

The change in vibration amplitude value in the above manner is an expected phenomenon, as the difference
in vibration amplitude value of the compactor plate results from soil compaction, and compacted soil is stiffer.
It does not dissipate the same amount of excitation energy as non-compacted soil. Therefore, the possibility
of using the Root Mean Square (RMS) index used in vibration to assess dynamic modulus of strain was
considered, as this index can also be seen as a measure of the energy of the visually recorded vibrations of the
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Fig. 6 The course of changes in the vertical displacement of point A, obtained directly from the image analysis in the horizontal
displacement domain

Fig. 7 The course of changes in the vertical displacement of point A, in the time domain with a marked trend line

compactor plate

RMS =
√

1

n
Y 2
n , Yn = Y − Y0 (3)

where n—number of samples, Yn—vertical displacement of sample n.

3 Results and discussion

As mentioned above, the experimental studies of the trajectories of selected points of the plate compactor were
carried out using the soil channel shown in Fig. 1a, c. As a result of the studies, the trajectories of points A, B,
and C during the compaction process were determined when the machine moved forward and backward (Fig.
9).
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Fig. 8 Changes in the amplitudes of the vertical oscillations Yn(t) of point A after correction with respect to the trend line

Fig. 9 X (t) graph used to determine machine speed

Figure 10 shows the amplitudes of points A, B, and C obtained from image analysis achieved with a slow-
motion camera recording the machine’s forward motion for 74 Hz and 84 Hz excitation frequencies - loose
medium, 2nd pass for both frequencies. The amplitudes were presented in the X − Y plane. X describes the
movement of the selected points of the compactor plate in the direction of motion, and Y defines the movement
of the points in the vertical direction. The results show that the values of the amplitudes change depending
on the frequency. For 74 Hz, they are, respectively, for point A about 1.78 mm, point B—2.47 mm, and point
C—3.85 mm. Increasing the excitation of the machine to 84 Hz, a decrease in the values of the amplitudes at
the tested points was obtained: A–1.93 mm, B—2.43 mm, and C—3.20 mm.

A comparison of the trajectories obtained from image analysis and the acceleration sensors mounted on the
compactor plate is shown in Fig. 11a, b. Changes in the excitation frequency affect the speed of the machine,
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Fig. 10 Trajectories of points A, B, and C in the (X, Y) plane based on slow motion camera image analysis during forward
movement for, a 74 Hz excitation, b 84 Hz excitation

Fig. 11 Trajectories of point B in the (X, Y) plane obtained from image analysis and analysis of acceleration sensor signals during
forward motion of the machine. a 74 Hz excitation, b 84 Hz excitation

which increased by approximately 7% due to a reduction in the excitation frequency of roughly 12%. For
forward motion along the X axis, the speed of the compactor was 290 mm/s for 74 Hz excitation and 270 mm/s
for 84 Hz excitation. It can be seen that both measurement methods give similar results in terms of observed
values and measured amplitudes in the case presented.

Tests were also carried out in reverse motion to compare the influence of the compactor’s direction of
movement. Based on the results obtained, the effect of changing the excitation frequency (74 Hz and 84 Hz)
on the values of the amplitude obtained was again investigated. When evaluating the rate of soil compaction, it
should be considered that a higher compaction speed allows a larger area to be compacted. In contrast, lower
speeds of the vibrating equipment allow more time for additional vibration at a given point, resulting in better
compaction.

Figure 12a show the relationship of the displacement in the X − Y plane for a frequency of 74 Hz during
the reverse motion of the compactor. The machine’s displacement in the X -axis is shown, which is 70 mm at
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Fig. 12 Trajectories of points A, B, and C in the (X, Y) plane based on a slow motion camera image analysis during reverse
movement for, a 74 Hz excitation, b 84 Hz excitation

each point considered. The amplitude values in the Y axis for each point were A—3.71 mm, B—2.40 mm,
and C—2.05 mm. Increasing the excitation frequency to 84 Hz (Fig. 12b), as in the previous case, reduced the
amplitude values on the Y -axis for the points considered: A to 2.61 mm, B to - 2.45 mm, and C to about 2.20
mm. Points A, B, and C have different Y -axis amplitude values depending on the direction of movement.

Figure 13a and b show in detail the changes in the amplitude value of the selected point B of the compactor
plate for the two excitation frequencies obtained from the image analysis and acceleration sensors during the
reverse movement of the machine. Changing the frequency changes the speed of the compactor, which is
260 mm/s for 74 Hz excitation and 280 mm/s for 84 Hz excitation (based on image analysis). The values of
the Y amplitude range from 3.0 to 4.4 mm for 74 Hz excitation and from 1.51 to 2.5 mm for 84 Hz.

During the backward movement, point A (located at the front of the plate) vibrates more strongly than point
C (located at the end of the plate). The values of these points vary according to the direction of movement of
the compactor. Point B, situated in the middle of the plate, vibrates similarly regardless of the direction of the
compactor’s movement. The maximum values in a given range were measured to compare the two methods
to each other.

Additional experimental tests were carried out to assess the actual dynamic modulus of strain. Light
dynamic plate tests are a standard method of evaluating dynamic modulus of strain Fig. 14 shows a summary
of the changes in the dynamic modulus of soil deformation with successive passes of the machine. The soil
deformation was calculated from the accelerometer placed on the light dynamic plate.

The measurement began with a preliminary phase in which the weight was dropped three times to ensure
good contact between the plate and the ground. The measurement also consisted of three readings, from which
three dynamic modulus values were determined. Tests to measure actual compaction were carried out in two
cases. In the first case, where the soil in the channel was compacted first with a lower excitation frequency
of 74 Hz (10 forward and backward passes) and then with a higher one of 84 Hz (10 forward and backward
passes), the results presented show that the modulus value obtained gradually increases with the number of
passes but does not reach a constant value.

This means the number of passes made was insufficient to achieve adequate compaction. In the second
case, where the soil was first compacted at a higher frequency (84 Hz) and then at a lower frequency, the
modulus value stabilized after about ten passes. This indicates that adequate compaction was achieved. The
diagram shows the averaged values based on measurements with a light dynamic plate from 3 selected points
in the soil channel (A1, B1, C1 in Fig. 1).

The relationship between plate amplitude and an increase in dynamic modulus was also investigated. The
results shown in Fig. 15 indicate a strong relationship between these quantities. On the one hand, this is expected
as the plate vibration change results from compaction, and compacted soil is stiffer. On the other hand, it is
essential to realize that this relationship only applies to local conditions (i.e., dependent on soil type, layer
thickness, etc.). Two groups of points can therefore be distinguished: those obtained after ten passes (Fig. 14),
where the value of plate vibration increases (Fig. 15), and those received after ten passes, when the values of
plate vibration amplitudes (Fig. 15) and dynamic modulus stabilize (value 55–60 MPa) (Fig. 14).

Stabilization of the dynamic modulus values means that the soil has been sufficiently compacted, and
further operation of the compactor will not have a significant effect. Depending on the type of soil medium,
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Fig. 13 Displacement of point B in the (X, Y) plane obtained from image analysis and analysis of the acceleration sensor signal
during the machine’s reverse movement, a 74 Hz excitation, b 84 Hz excitation

Fig. 14 Relationship between dynamic modulus and the number of compactors passes for two compaction methods

the moisture content, and the compaction machine used, the stabilization value will be at a different level, but
with sufficient compaction, it will not change significantly.

Figure 14 shows example results of amplitude values during forward and backward movement of the
machine for a 74 Hz excitation, depending on the value of the dynamic modulus of compaction. The amplitudes
range from 1.2 mm to 4 mm, and the modulus values from 42 to 60 MPa. There is a slight increase during the
backward movement compared to the forward movement.
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Fig. 15 Relationship between the displacements of point B marked on the compactor (Y axis in mm) and the dynamic modulus
for a 74 Hz excitation during the forward and backward movement of the compactor

Fig. 16 Amplitude of B point on the Y axis at 74 Hz excitation for runs, 2nd, 6th, 10th, and 20th

Measurement of actual soil compaction using traditional methods was used for comparison with the visual
method. Figure 16 shows the results of the amplitude values for four passes of the compactor at a 74 Hz
excitation with the machine moving forward and obtained using the visual method to identify the trajectory
of selected points of the compactor plate. It can be seen that the vibration amplitudes change depending on
the number of passes - the lowest values were recorded for two passes of the machine and the highest for
20 passes. The amplitude values ranged from �A = 1.2 mm to �A = 3.3 mm. The results also show that
amplitude changes stabilize at the 10th pass, with similar amplitude values to the last pass. Changing the
excitation frequency of the machine to 84 Hz changes the period and amplitude values (Fig. 17). The results
for the higher frequency were carried out for the same number of passes. The Y-axis amplitudes varied from
�A = 1.4 mm to �A = 3.2mm.
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Fig. 17 Amplitude of B point on the Y axis at 84 Hz excitation for runs, 2nd, 6th, 10th, and 20th

Table 1 The RMS, dynamic modulus, and amplitude values for 74 Hz and 84 Hz as a function of the number of passes

Number of passes RMS value Dynamic module [MPa] Amplitude [mm]
74 Hz 84 Hz 74 Hz 84 Hz 74 Hz 84 Hz

2 0.92 0.96 41 42 1.4 1.4
6 1.12 1.2 0 0 2 2.1
10 1.9 2.01 56 57 3.2 3.3
20 2.07 1.93 60 56.5 3.3 3.2

Based on the relationship (3), RMS values were determined for different runs at 74 Hz and 84 Hz. The
results are summarized in Table 1.

The results presented in Table 1 show that the RMS value stabilizes after ten passes, similar to what
happened when using the standard method of soil compaction evaluation with the use of a measuring plate (see
Figs. 14, 15). It can also be seen that for a 74 Hz excitation, the RMS value increases between 10 and 20 passes
slightly, although less than when using the traditional measurement method. For an excitation frequency of 84
Hz, the RMS value decreases slightly, similar to what was observed in the studies based on the use of dynamic
modules.

It can be seen that both RMS and dynamic modulus indicators behave in a very similar way. This means that
the presented visual method of soil compaction analysis, implemented by examining the trajectories of selected
points of the compactor plate using image analysis and evaluation of RMS values, can be used to control the
state of soil compaction. In addition, this method can be used relatively quickly for quick automated assessment
of dynamic modulus of strain. Such a solution will reduce the risk of possible uneven soil compaction and
minimize excessive compaction time, reducing the cost of the process (Fig. 9).

4 Conclusion

In this study, the authors aimed to preliminarily test and compare two methods for determining the trajectories
of a traditional plate compactor: the first based on acceleration measurements and the second based on image
analysis. Experimental studies were performed for two frequencies of plate compactor excitation, different
numbers of passes, and two combinations of compactor frequencies. The results show that: based on the image
analysis, the correlation between the number of passes of the machine and the amplitude at point B has been
established. By the tenth pass, the amplitude values stabilize. Based on the amplitudes, the RMS value was
calculated, which also shows the stabilization of the values up to the 10th pass of the machine (the RMS values
are about 2), regardless of the excitation frequency of the compactor, for each of the methods used, a relatively
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high similarity was obtained in the results of soil compaction evaluation. This shows that the proposed method
using image analysis is a good and relatively inexpensive alternative to the method using vibroacoustic signal
to evaluate the operation of the compactor (Figs. 10, 13) and the measurement using a measuring plate to
assess dynamic modulus of strain (Fig. 14), depending on the direction of travel, the front of the compactor
plate (point A) vibrates with different values than its end (point C), in addition, it was confirmed [67] that
compacting the soil with no-different excitation frequencies has a positive effect on the value of the obtained
dynamic modulus of compaction (Fig. 14). Better results were obtained by compacting the soil first with a
frequency of 74 Hz and then with 84 Hz than by making passes with a higher frequency and then with a
lower one, obtaining the trajectories from the video is less time-consuming than the traditional measurement
approach based on the use of a dynamic plate. The presented method is versatile, easy to adapt, and provides
comprehensive information about the vibrations of the compaction plate. Therefore, it is a valuable tool for
researchers studying the compaction process. In conclusion, the imaging method, if further automated using,
for example, machine learning algorithms to determine movement trajectories, has the potential to significantly
improve the monitoring of the compaction process and provide a tool for assessing compaction effectiveness
and deciding whether further compaction passes can be discontinued.

The authors plan to perform further research covering these issues as well due to the easy integration of the
machine and the system and market needs. The method has some limitations, for example, when operating the
machine with a dry medium, dust will be an obstacle to recording the trajectory with the camera. Precipitation
can also be a problem, when the camera will record raindrops and the measuring point. The method allows
non-contact measurement of the above parameters, so there is no downtime when changing from one machine
to another. In addition, the degree of compaction can be assessed on the fly during the compaction process.

Soil compaction can be considered a process of densifying soil by reducing void spaces. This directly affects
its strength, permeability, and stiffness. For this reason, it has a direct relationship with cohesive interfaces and
metamaterial design when optimizing soil performance for various applications. This aspect can be addressed
as in [68].

For instance, embedding metamaterial layers [19,69,70] or inclusions into compacted soil can create zones
of controlled deformation, reduce settlement, or enhance load-bearing capacity.

In particular, the use of metamaterials with unique stress-dissipating properties can be integrated with
compacted soils to redistribute loads. This can mitigate stress concentrations at cohesive interfaces, reducing
the risk of shear failure. To this aim, failure and damage in metamaterials and generalized materials may be
approached to extend it to the case of the interplay between compacted soil and this kind of materials. Examples
of damage models which can be used in presence of strain gradient materials are presented in [71–77].

Moreover, under cyclic loads, such as those from earthquakes or traffic, cohesive interfaces are prone to
fatigue. Metamaterials can be designed to absorb and dissipate energy [22,78,79], reducing the degradation of
these interfaces in compacted soils. In geotechnical systems where erosion undermines stability, metamaterials
can enhance cohesion at interfaces by reinforcing compacted soil, effectively improving resistance to hydraulic
or wind forces.

In problems involving the interplay between soil compaction and metamaterials, isogeometric analy-
sis [19,80–83] offers a powerful computational framework by integrating finite element methods. Isogeometric
analysis’ ability to model complex geometries and continuous interfaces with high precision makes it ideal for
capturing the behaviors of compacted soils and metamaterial structures. When combined with Digital Image
Correlation (DIC) [84–87], a non-contact optical technique for visual tracking, the analysis becomes even more
robust. DIC provides detailed deformation maps during soil compaction, enabling accurate insights into stress
distribution, interface behavior, and local compaction effects. This integration enhances both the predictive
accuracy and experimental understanding of soil-compaction dynamics in metamaterial applications.
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