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Abstract: The successful quality control and quality assurance of compaction operations are vital
for the long-term performance of earth structures. Traditional in situ measurement methods are in
practice for assessing compaction project specifications. These methods have several shortcomings
and cannot provide complete compaction quality information. With the advancement in automation
and information technology in the construction section, intelligent compaction roller technology has
the potential to solve this problem. However, this technology still has many problems and needs
more comprehensive studies for its implementation. This study focuses on the development of a
Web-GIS-based intelligent compaction system and the assessment of the practical application of
this technology. The developed system consists of major components—namely, system hardware
and software—to provide real-time compaction information and an effective management system.
An experimental study was conducted to assess the correlation between the developed system’s
compaction quality and traditional measurement methods. The linear regression analysis identifies
the strong correlation and promises the feasibility of an intelligent compaction system instead of a
traditional in situ test for compaction quality control. Two implementation case studies of real-time
projects are presented to validate and demonstrate the practicality of the developed system.

Keywords: intelligent compaction system; CMV; GIS; automation; compaction quality; IC roller

1. Introduction

Compaction is the most critical aspect of earthwork in civil engineering projects, such
as the construction of pavements, embankments, railways, factories, stadiums, and the
housing sector. It improves the physical and dynamic properties of earthen materials by en-
hancing the strength and bearing capacity, controlling excessive subsidence and undesirable
volume change, and reducing permeability. Quality Control (QC) and Quality Assurance
(QA) methods ensure the compaction quality according to the design specifications. The
objective of QA /QC is to improve the quality of the compaction, stability, and infrastructure
service level. A widely accepted QA /QC criterion for compaction is uniformity and desired
density based on in situ measurements. In situ measurements are also a common problem
in other industry fields for quality assurance and control; for example, in the air emissions
control of heavy metals from power plants, specific rigorous models have to be developed
to measure unfeasible measurements to improve the operative management [1]. Similarly,
in compaction, the conventional QA /QC methods rely on on-site manual measurements
and post-compaction tests at limited spots [2]. These methods have several shortcomings:
(1) the test results are based on limited point samples not representing the compaction
quality of the entire work area; (2) these tests are time-consuming, labor-intensive, and
have poor control accuracy; (3) the on-site destructive manual test cannot provide real-time
compaction information; (4) the number of roller passes are based on operator judgment,
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which could produce under- or over-compaction zones. These inherent limitations lead
to unreliable testing results and misleading compaction information, which may cause
long-term performance failure and high infrastructure maintenance costs [3,4].

The advancement in information and sensing technologies has transformed every
sector of life, providing modern and efficient solutions [5]. In recent years, industry 4.0 and
cloud computing have been key for providing solutions for process monitoring, system
optimization, and performance assessment with appropriate data collection strategies and
cloud storage systems [6]. These technologies have also revolutionized the construction
industry and offer innovative solutions to improve productivity, efficiency, quality, and
control throughout the project life cycle [7-9]. An emerging and constantly evolving
technology named Intelligent Compaction (IC) has the potential to address conventional
compaction problems [3,10]. IC technology was first introduced in the 1970s and is still
under continuous development [11]. It consists of a high-precision accelerometer vibratory
roller, a Global Positioning System (GPS), an infrared thermometer, and a real-time feedback
system [12]. Figure 1 shows the generic structure of the IC roller. The accelerometer
monitors the vibration characteristics of the roller drum to measure the compaction strength
during operation. The precise GPS provides the location of the roller, and the infrared
thermometer measures the on-surface temperature. The real-time feedback system reports
compaction information on the onboard computer screen. The IC roller provides spatially
referenced compaction information in real time with 100% coverage of the compacted
area [13]. The compaction information includes the roller speed, location, number of passes,
vibration amplitude and frequency of drum, and Compaction Meter Value (CMV). CMV
is a unitless value that characterizes the compaction quality and provides Continuous
Compaction Control (CCC) in real time [14,15]. CMV calculation is based on the dynamic
response between the vibratory drum and the material under compaction, indicating
material stiffness. The higher the CMV values, the larger the stiffness, and vice versa.
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Figure 1. Major components of the IC roller.

Following several years of IC technology in use, the Federal Highway Administration
(FHWA) of the United States Department of Transportation (USDOT) started research on
the IC roller in the year 2000. In 2008, for the first time in the US, the IC technology was
adopted on the TH-64 reconstruction project in Minnesota [16]. This study guides the
effective implementation of IC technology, and the challenges are still under study. In 2009,
the Indiana Department of Transportation (INDOT), in collaboration with FHWA and Trans
Tech, used an IC roller to construct two miles of asphalt road. Since then, some studies have
been exploring the IC for QA /QC in the US and Europe but still need to address many
existing problems [2]. IC technology can still not measure the material density or stiffness
directly, which has been used as a standard for QA /QC for decades [17]. To measure
the compaction quality monitoring and control of the IC roller, it is essential to develop
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the empirical relationship between IC parameters and material density or stiffness. With
the development of these established relationships, the IC roller can provide the QA/QC
information without depending on conventional in situ measurements [18]. Research
efforts have been put forward to investigate the indirect measurement of mechanical soil
properties by accessing the benefits of IC technology in civil engineering projects. In 1980,
one of the earliest studies in the field showed a linear correlation between CMV and soil
strength [19]. This research provided the basis for multiple research projects for vibration-
based monitoring by establishing the correlation between the drum vibration characteristics
and traditional in situ strength measurement tests [4]. In 1989, Thurner and Sandstrom [20]
developed a documentation management system for compaction based on oscillation
and vibration measurements. Noshe et al. [21] performed a study showing a strong
correlation between the CMV and dry density of clayey gravel. Several studies carried
out by researchers have shown the strong relationship between CMV with the Dynamic
Cone Penetration (DCP) test and density in different soil types [15,22-24]. The Plate Load
Test (PLT) is a known in situ test for determining the strength of soils by measuring the
ultimate bearing capacity; few studies have been carried out to investigate the correlation
between CMV and PLT [25,26]. These relationships help the civil engineering industry to
rely on IC roller technology for QA /QC and develop QA /QC standards. It is critical to
investigate the correlation between the IC roller and in situ measurements, as their linear
regression should have a coefficient of R > 0.7 [26]. However, studies have investigated
and recognized the feasibility of IC rollers for earthwork operations. Surprisingly, this field
is still immature and needs more comprehensive studies.

This study set out to develop an intelligent compaction system to manage compaction
operations efficiently and evaluate its effectiveness. It discusses the principle and compo-
nents of an intelligent compaction system comprehensively. The data for this study were
collected from in situ site measurements and IC roller operations from two real construction
projects. One was an earthwork project for contaminated soil replacement, and the other
was a land development project to construct an event stadium. Then, linear regression
analysis investigated the empirical relationship between the IC Roller CMV and PLT in situ
tests. Two implementation cases of the real-time project were presented to authenticate the
feasibility of the proposed system. This work offers some important, fresh insights into the
automation of the construction industry for compaction earthwork operations.

2. Intelligent Compaction System

The intelligent compaction system was developed in this research to manage and
control compaction information effectively. It consists of two major components: system
hardware and software.

2.1. System Hardware

In order to have a precise location, a GPS controller with a high-precision DGPS an-
tenna was installed. The data are transmitted to a Web-GIS-based compaction management
system according to the National Marine Electronics Association (NMEA) 0183 standards.
These standards define electrical signal characteristics, data types, and formats, allowing
the software to display, record, and interpret GPS receiver information [27]. Among the
various formats of the NMEA 0183 standards, the GGA format was adopted to provide
information on latitude, longitude, and Universal Time Coordinated (UTC) time on the
GIS map (Table 1). The RADIAN accelerometer is attached to the roller drum. It has a data
logger that records the data and a data transmitter that transmits the data in 0.01 s for Fast
Fourier Transform (FFT) Analysis. The entire system hardware used in this research is
shown in Figure 2.
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Table 1. GGA data details and format.

Field Example Details
c GGA Global Positioning System Fix Data
UTC 123,519 hhmmss.sss
Latitude 4807.038 ddmm.mmmm
N/S indicator N N = North, S = South
Longitude 01131.324 dddmm.mmmm
E/W indicator E E = East, W = West
Position Fix 1 0 = Invalid, 1 = Valid SPS, 2 = Valid DGPS, 3= Valid PPS
Satellite Used 08 Satellite being used (0-12)
HDOP 0.9 Horizontal dilution of precision
Altitude 545.4 Altitude in meters according to WGS-84 ellipsoid
Altitude Unit M M = Meters
Geoid Separation 46.9 Geoid separation in meters according to WGS-84 ellipsoid
Separation Units M M = Meters
DGPS Age (empty field) Age of DGPS data in seconds
DGPS Station ID (empty field) -
Checksum *42 -
Terminator (CR)/(LF) -

Note: * Checksum data always begins with asterisk symbol (*)

BGNGGA , 071057.00, 3731
SGNGGA , 071058. 00, 3731

GGA, 071059.00, 3731
GNGGA, 071100.00, 3731
SGNGGA, 071101 .00, 3731
JGNGGA , 071102.00, 3731

GGA, 071103.00, 3731

GGA, 071104.00, 3731
GNGGA, 071105.00, 3731
JGNGGA , 071106.00, 3731
SGNGGA, 071107.00, 3731
GNGGA, 071108.00, 3731
GNGGA, 071109.00, 3731
GNGGA,071110.00,3731

.761 1
,7613148.
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Figure 2. System hardware of the IC roller.
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2.2. System Software

The software used in this research is a Web-GIS-based civil engineering program
developed on Google Map and JAVA script API technology that was developed in previous
research [28]. It can locate and provide maintenance data and monitor the work perfor-
mance management of earthwork equipment in real time. In this research, an addition
has been made to the current Web-GIS-based earthwork equipment management system.
It not only provides the GPS location of the roller but also the compaction information
such as the number of passes, the roller path, the strength of the compaction material,
etc. The design algorithm and Entity-Relation Diagram (ERD) for the system software are
shown in Figures 3 and 4, respectively. The number of passes is determined from the GPS
using roller movement information, and the accelerometer data are transmitted for time
matching analysis. According to CMV standards, the CMV in the range of 0 to 100 can only
be considered for analysis, and any values above 100 are excluded [29].

Roller | - 1l

\ NMEA(GPGGA) | [ Accelerometer |
Server

S——

v

P — Analysis  -----eeooo

| Fast Fourier Tranform |

v | |
pomemmeeees Analysis = -----eeeee- . 1| Compaction Meter Value | i :

4 | (Time, Latitude, Longitude)| | | (Time, CMV)

No

Time Matching
CMV<100

Yes

Web-GIS Telematics
Visualization

v

Providing compaction
information

Figure 3. Design of the system software algorithm for compaction information.

The software’s user interface indicates the location, the number of roller passes as IC
control, and the quality information as the CMV. It shows the compaction information in
different color bands. The number of roller passes is expressed in 12 color bands, and the
compaction quality is indicated in 5 color bands in terms of CMV. These color bands provide
real-time visual information about the compaction information to the roller operator and
construction manager. It stores not only the compaction information but also the project
information such as the project’s name and address, the project manager, the machine
operator, the crew, the instruments, and the photographs. The stored information can also
be recalled by project name or date. It also uses the Geo-fencing function to draw the
polyline mark, the project area, and the restricted area for the roller. It also allows for the
addition of the roller specifications and the recalling of the previous compaction record of
the current or any previous project.
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Figure 4. Entity-relation diagram of a system for compaction information.
2.3. Compaction Strength Measurement
The strength of the earthen material is named as a bearing coefficient measured
in terms of the change in stress (load applied) and the material settlement. Intelligent
Compaction Measurement Values (ICMV) are the most common terminology for analyzing
the compaction strength. The CMV, CCV (compaction control value), stiffness Ks, and
vibration modulus E,; are the most common IC compaction measurement values that
interpret the data from the accelerometer for quality control (Table 2). The FHWA and
several state Departments of Transportation of the US suggested that these values strongly
correlate with traditional in situ strength measurement tests [30].
Table 2. IC roller compaction measurement values.
Roller MV Unit Calculation Equation IC System
Dynapac
Compaction Meter Value None CMV =C- % ngﬁif N
Volvo
Compaction Control Value None CCV = [—AO-SI+AT-5I+A2-5I+A3I} .100 Sakai
Agsmt+Am
Stiflirsless None Ks = w?-[mg + mofg;"s"] Ammann-Case
ot AF _ Eyjp2e7t
Vlbratlog Modulus None M 2(1-12) [214+051n m(20) Eyi BOMAG
vib (1—172)16(mb+my+my)g(%)

The CMV is used in this research for the characterization of compaction. Its calculation
is based on the relationship between the acting vibrations on the roller drum and the
repulsive ground force by measuring the g forces on the vibrating drum [19,31]. During
compaction vibrating, the drum exerts vibration energy on the earthen material. The
material vibration response is recorded, and the Fast Fourier Transform (FFT) spectral
analysis is applied to the vibration acceleration value to calculate the CMV based on the
power spectrum (amplitude). FFT is an optimized algorithm of the Fourier Transform (FT)
discovered by French mathematician J.B.A Fourier. A signal wave is repeated over a period
of time and factorized in frequency components. The theory has been applied successfully
in developing machine and electronic sectors based on time signals such as time or vibration
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signals. Since the change in stress is directly proportional to vertical acceleration measured
from the drum accelerometer, FFT can be used to measure the compaction strength of the
ground indirectly in terms of CMV [12,32]. Figure 5 represents the equilibrium diagram of
the centrifugal force (Fc), drum load (Fp), and repulsive ground force (Fr) acting on the
roller drum and the ground. This can be expressed as Equation (1); the amplitude can be
calculated by integrating the acceleration measured twice.

My X = M-e-w?> cos wt — (mw + mf) g —Fr 1)

Fc= m-e-w?coswt

r'y

Fr

Figure 5. Equilibrium diagram of forces acting on the vibration roller.

Here, my, is the weight of the drum, X;, is the acceleration of the drum, m is the
eccentric load, e is the eccentricity, w is the angular speed, ¢ is the time, m i is the weight of
the roller frame, and g is the gravitational acceleration.

The vibration of the roller has certain frequencies for different compaction qualities,
and FFT can be used to measure the repulsive force. The repulsive force also increases if
the compaction roller is operated several times to increase the compaction. The force of the
vibrating roller depends upon the vibration frequency and the repulsive force, and they
have different frequency amplitudes on the power spectrum according to the compaction
material stiffness. FFT is applied to the vibration acceleration value, and the frequency’s
power spectrum is calculated to provide the CMV, as shown in Equation (2) [33,34]. Aoa
is the second harmonic of the frequency domain amplitude of drum acceleration, Au is
the first harmonic of the frequency domain amplitude of drum acceleration, and C is the
constant, with a typical value of 300.

_~Am
CMV = C-

@

The CMV directly correlates with the bearing coefficient shown in Table 3. The typical
CMV values for different earthen materials are shown in Table 4.
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Table 3. A general correlation between the CMV and the bearing coefficient.

Measurement Method Example
Strength
300
i
I
Bearing _ 100 _ 200 _ 300 200 .
Coefficient 0= 15 40="75 100 = 55 ! i
100 demend
i !
3 5 10 Settlement
Bearing
Coefficient
100
CMV = C x 222 (C=300) 30 = 300 75 = 10300 90 = 22300 40

4

cmv

Table 4. Typical CMV values.

Soil Type Compaction Meter Value
Rock fill 60~100
Gravel 30~80
Sand 20~50
Clay and Silt 5~30

3. Correlation and Implementation

This section first discusses the construction site information, data collection, and
data processing of field tests. Finally, statistical regression analysis was performed to
establish the correlation between the traditional PLT test and the IC roller. In the end, the
implementation studies are discussed.

3.1. Construction Site Description

Two real construction earthwork sites were selected for this research. One construction
project involves the replacement of contaminated soil and compaction operation over an
area of 8300 m2. The other project is a land development project for the construction of an
event stadium which also requires extensive earthwork operations, including compaction
with an area of 11,500 m?. The same IC roller was used for both projects, equipped with a
Leica DGPS and a RADIAN accelerometer. The project overview and compaction operation
are shown in Figure 6.

Project Name Contaminated Soil replacement Event Stadium Construction

Project Overview

Ground extent

Compaction
Operation

Figure 6. Research experiment environment.
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3.2. In Situ Measurements

The in situ traditional point measurement methods are based on the material modulus
or density that must be correlated to verify the intelligent compaction measurement value.
A variety of measurement methods documented in the studies are the Falling Weight
Reflectometer (FWD), Light Weight Reflectometer (LWD), Plate Load Test (PLT), Dynamic
Cone Penetration (DCP), Cone Penetration Testing (CPT), Sand Cone Replacement Method,
Nuclear Gauge (NG), radio isotope method, and Electrical Soil Density Gauge [3]. Studies
have proven that modulus- or stiffness-based measurement correlates better with ICMV
than other methods [26]. Considering this, the stiffness-based measurement method PLT
has been adopted for the correlation and verification in this study. The PLT is a suitable
method for evaluating the ultimate bearing capacity, shear strength, and deformation
parameters without any effect of sample disturbance. It measures material characteristics
by accessing the force applied over time and by measuring the amount of penetration due
to that force. Over the period, different countries have developed their coded approach
for the PLT. The Korean Road Transport Cooperation standard is named KS F 2310 and is
widely adopted in Korea. Table 5 shows the criteria for the bearing coefficient of the PLT
according to Korean standards.

Table 5. Criteria for the bearing coefficient of the PLT according to Korean standards [35].

Type Pavement of Pavement of
M Cement Concrete Asphalt Concrete
Settlement (cm) 0.125 0.25
Beari Embankment 10 or more 15 or more
(_f}?,rl,ng On ground 15 or more 20 or more
coefficients Auxiliary substratum, backfilling 20 or more 30 or more

The PLT procedure adopted was as follows,

1. Select the test area with the level surface or make it as level as the plate size. Remove
any loose material or embedded fragments.

2. Install the bearing plate and force measurement system.

3. Add a0.35 kg/cm? load to stabilize the plate and adjust the force measuring gauge
to zero.

4. Add035kg/ cm? loads in incremental steps and record the settlement against each
incremental load.

5. The test terminates when the settlement reaches 1.5 cm or when the applied force
exceeds the material’s yield point.

6. Identify the load strength at the 0.25 cm settlement for each interval of test and
calculate the bearing coefficient kg/cm? by comparing it with the Korean Standard.

The PLT was conducted on both sites with different soil conditions. The test was
conducted on eight different spots on each site. The location of each spot test was recorded
using RTK-GPS, and all the test points were evenly distributed on both sites. Each spot was
compacted with three passes of a roller with pass times of 1to 3 s, 8 to 10 s, and 18 to 20 s,
respectively. The PLT test was conducted by applying the load for the same time interval
for each pass. So, 24 PLT tests were conducted for each site for 24 passes at eight different
spots. The roller was stopped at the settlement of 0.25 cm for each spot. The photograph of
the PLT arrangement at the construction site is shown in Figure 7. The PLT test data are
shown in Table 6.
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Figure 7. Plate load test arrangement at the construction site.

Table 6. Plate load test results.

Contaminated Soil Replacement Site Event Stadium Construction
Compaction Load Settlement ) Load Settlement .
Spot Interval of Displ t Bearing Interval of Displ t Bearing
Test Load Strength 1sli;:teex:en Coefﬁcignt Test Load Strength 1sli;:teex:en COEfﬁCignt
e f) e f)
(s) (kgf/cm?) Reading (cm) (gf/cm®) (s) (kgf/cm?) Reading (cm) (gf/cm?)
1 1.22 0.25 4.89 1 1.88 0.25 7.53
1 10 0.98 0.25 391 10 1.80 0.25 7.20
20 1.33 0.25 5.33 20 2.05 0.25 8.21
1 1.94 0.25 7.75 2 3.45 0.25 13.79
2 9 191 0.25 7.65 9 3.17 0.25 12.69
19 2.00 0.25 8.01 19 351 0.25 14.02
2 2.09 0.25 8.36 3 3.99 0.25 15.95
3 10 2.32 0.25 9.30 10 4.07 0.25 16.30
18 2.09 0.25 8.35 18 3.82 0.25 15.29
3 1.53 0.25 6.12 2 4.35 0.25 17.39
4 8 1.84 0.25 7.35 8 4.24 0.25 16.96
20 1.93 0.25 7.73 20 3.98 0.25 15.93
1 1.84 0.25 7.34 1 4.46 0.25 17.84
5 9 211 0.25 8.44 9 4.34 0.25 17.37
19 1.85 0.25 7.40 19 4.08 0.25 16.33
2 2.55 0.25 10.20 3 4.50 0.25 17.99
6 10 2.79 0.25 11.17 10 4.60 0.25 18.40
18 2.84 0.25 11.37 18 4.49 0.25 17.94
1 2.65 0.25 10.61 1 4.80 0.25 19.20
7 8 2.85 0.25 11.42 8 4.96 0.25 19.86
19 3.23 0.25 12.91 19 5.04 0.25 20.18
2 321 0.25 12.83 2 5.05 0.25 20.19
8 9 3.09 0.25 12.35 9 5.61 0.25 2243
20 3.09 0.25 12.34 20 5.10 0.25 20.39

The contaminated soil replacement site consisted of soil, whereas the event stadium
construction site consisted of gravel and rock aggregate. The result clearly shows that the
bearing capacity of the event stadium construction site was higher than the contaminated
soil replacement site as their geological conditions differed. Even at the same site, every
spot has a different range of bearing coefficient values, meaning different compactions.
These different bearing coefficient values can help test the developed intelligent compaction
system and compare it with both sites.

3.3. Intelligent Compaction System Measurements

To measure the CMYV value for the compaction information, it is important to test the
feasibility of the developed intelligent compaction system. The roller was operated at a
4 km/hr speed with 30-32 Hz to reciprocate a 10 m distance. The first objective was to
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20

confirm that the CMV value is directly proportional to the number of passes; the second
objective was to verify that the bearing coefficients depend upon the number of passes; and
the third objective was to confirm that the changes in the CMV are directly proportional to
the changes in the bearing coefficient shown (Table 3) and to match the typical CMV with
respect to the material (Table 4). These three objectives were achieved, which verifies the
applicability of the developed system.

The IC roller values were recorded. Figure 8 shows the CMV data recorded during
the compaction operation. The CMV values show that the event stadium values are higher
than the contaminated soil replacement site. The values also show the same trend as the
PLT test; for example, in the event stadium site, compaction spot number 5 has a higher
CMV value than spot number 1. This proves that the CMV values are directly proportional
to the bearing coefficients. So, CMV can be correlated with the bearing coefficient values,
and a relationship can be developed to measure the compaction quality.

Contaminated soil replacement site

-1 —+~—3 —5 7 8

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Times

Event stadium construction site

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Times

Figure 8. CMV data recorded during the compaction operation.

3.4. CMV and PLT Relationship

The recorded data of the CMV and PLT results of the same points were plotted with
the CMV on the x-axis, the bearing coefficients were plotted on the y-axis, and linear
regression analysis was performed (Figure 9). The R-squared values for the contaminated
soil replacement site and event construction site are 0.855 and 0.862. The R-square value
is an important parameter for correlation development and shows the goodness-of-fit for
linear regression models. The value ranges from 0 to 1, or it can be written in terms of
percentage. Higher R-square values mean a better relationship between the model and
the dependent variable. For such study, the value of the coefficient of R > 0.7 indicates a
strong correlation [26]. The R-square values of both construction sites clearly show a high
correlation between the CMV and bearing coefficient from the PLT for compaction strength
measurement. This study proves that the traditional compaction determination method
can be replaced with a more effective CMV method for compaction quality management.
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Figure 9. Regression analysis for the correlation between the CMV and bearing coefficients.

3.5. Implementation and Visualization of Compaction Information

The developed IC technology has two main features: the first is to visualize the path
of the roller, and the second one is to show the CMV indicating the compaction quality. The
visualization of the location information provides the roller path and shows the number of
roller passes. The twelve color bands show such information, such as blue, the first pass.
Then, it turns from green to brown, and the color tends to be reddish as the number of
passes increases. Figure 10 shows such compaction information. The single line shown on
the screen is 1.8 m wide on the actual ground as the width of the drum. The map grid size
was set to 0.18 m. The construction site manager can easily identify the number of passes
all over the site and avoid any unnecessary operation of the roller. The system provides
real-time roller operation monitoring, allowing the construction manager or roller operator
to change the plan.
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Contaminated soil replacement site

Color Map (No. of Passes)

-~

Color Map (No. of Passes)

Figure 10. Screenshot of the system software visualizing the position and number of passes.

The visualization of the compaction quality information based on the CMV values
provides the ground compaction strength (Figure 11). This feature allows the construction
site manager to identify under-compact areas and avoid any over-compaction in well-
compacted areas in real time. The number of passes can be adjusted by comparing the
results of the compaction quality information. From Figure 11, it can be seen that in the
contaminated soil replacement site, most of the area has a CMV value of 40-60. However,
in some areas, the CMV value is 20-40. So, in the low CMYV areas, more passes are required,
and the site manager can plan for additional roller operations. The CMV values in the event
stadium construction site should be 40 or higher according to the Korean standard (KS F
2310) [35]. Figure 11 clearly shows that the event stadium construction site has achieved
the optimal compaction value, and there is no need for further compaction.
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Figure 11. Screenshot of the compaction strength information.

4. Discussion and Conclusions

Compaction is one of the most critical aspects of earthwork operations. The real-
time compaction information can allow the construction manager to plan and execute the
operation effectively. However, traditional QA /QC methods are still in practice, which do
not provide real-time information and cannot assess the compaction quality throughout the
construction site. Furthermore, these tests are time-consuming, labor-intensive, and based
on the engineer’s experience. Automation and information technology have recently been
implemented in the construction industry to solve such problems; however, compaction
and other heavy machinery operations require more mature efforts.

This study set out to develop an intelligent compaction system to manage compaction
operations efficiently and evaluate its effectiveness. The first part of the study discusses
in detail the developed system consisting of three major components: system hardware,
system software, and compaction measurement calculations. The second part investigates
the developed system’s performance by comparing it with the established traditional com-
paction quality control method. The findings of the linear regression analysis indicate a
strong relationship between the CMV and in situ measurements, with the coefficient of
determination greater than 0.85. The practical implementation was conducted on two real
construction projects, which validated the effectiveness and feasibility of the developed sys-
tem.
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Overall, this study confirms the previous efforts and provides additional detailed evi-
dence for implementing the IC roller in the construction industry. Although this study has
successfully demonstrated the potential of the developed system, it has several weaknesses.
One limitation of this study is that the research results depend on the two specific site con-
ditions and material types, which implies that a calibration area is always required for new
site conditions. Another potential source of weakness in this study is that it investigates
only non-plastic earthen material for the compaction layer. In terms of the direction of fu-
ture research, further studies need to be carried out in different soil or aggregate types. The
correlation of CMV with other non-destructive in situ compaction measurement techniques
may also be studied. Non-linear models and more sophisticated regression analysis tools
and techniques need to be employed in the future to study the above correlation.
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FFT Fast Fourier Transform
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FT Fourier Transform
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NG Nuclear Gauge

NMEA  National Marine Electronics Association
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