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Abstract

Ground improvement in the form of soil compaction plays a important part in reclamation projects. The de-
velopment of the Cofra Roller Compaction (CRC), a non-circular impact roller, has proven to be valuable in
these projects. However, the heterogeneity of the subsoil causes locally a non-uniform degree of compaction.
Traditional compaction control tests are limited in measuring depth, expensive and cause time delay. There-
fore, the Continuous Compaction Control (CCC) and Continuous Impact Response (CIR) method were devel-
oped in order to provide more real-time information of the compaction based on the response of the drum
of the roller. The aim of this study is to develop a semi-empirical energy model which is based on the contact
forces of the roller-soil interface as most CCC systems, but also uses field test data as was given in the CIR
system to validate this model.
The relevant parameters needed for this model were obtained from the field test conducted for the HES Har-
tel Tank Terminal project in Rotterdam. These included the impact acceleration, the cone resistance, the in
situ density, the dynamic modulus and the dynamic plate load test velocity.
Two methods are considered in this thesis and both aim to reproduce the measured values from the dynamic
plate load test during the field test. The first method considers the acceleration signals and includes double
numerical integration of these signals to obtain the displacement, while the other considers modelling the
roller as a dynamic plate load test and obtaining the displacement from solving a 2-DOF spring-mass-damper
system.
However, after analysis of the motion of the roller, it was observed that due to the non-circular shape of the
roller, a wedge effect was created where horizontal shearing forces caused loosening of the soil. This inhibited
soil compaction up to 0.5 m depth. The impact acceleration signals were thus not representative of the soil
compaction.
Nonetheless, the DPL-Soil model was proven to be successful in correlating the soil settlement to the dynamic
modulus. This study considers a silty sand, so further research should be carried out to obtain correlations
for various soils. In order to develop the semi-empirical energy model, it is thus recommended to capture an
accurate acceleration response. This can be done by placing accelerometers at a minimum depth of 0.5 m,
replacing the 8G accelerometer with e.g. 16G accelerometer and increasing the sampling rate to at least 1000
Hz. In order to filter out the soil variability, a field test with the roller should be performed on a homogeneous
sand without fines. Correlations can then be drawn again for the same field tests performed in this thesis.
Finite Element Modelling (FEM) could be used to model the interaction between the non-circular shape of
the lobe, the rolling motion and the soil. This might form a better correction method for the acceleration
signals than those explained in this thesis. Low frequency geophones can be used to measure the velocity
directly. This because low frequency data of the accelerometer should be removed and the roller works on a
low frequency. The load imparted to the ground could also be measured directly by burying earth pressure
cells at a minimum depth of 0.5 m and at various depths to get a more accurate representation of the pressure
distribution through the soil layers. By using other numerical integration methods such as Simpson’s 3/8 rule
and Boole’s rule, the numerical accuracy of the displacement response of the roller could also be improved.
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1
Introduction

This Chapter starts with the problem description, followed by the research objective and questions. Hereafter
the scope of the research is given. Lastly, this Chapter is closed with the research approach and the outline of
this report.

1.1. Problem description
Cofra B.V. is an innovative contractor specialising in ground improvement techniques and membrane con-
struction. Their adaptation of the Cofra Roller Compaction (CRC) technique, a High Energy Impact Com-
paction (HEIC) technique, has proven to be of great advantage for the compaction of large reclamation
projects.
However, the heterogeneity of the subsoil causes locally a non-uniform degree of compaction. This non-
uniformity represents zones of overcompacted and undercompacted soil, potentially leading to differential
settlements.
Hence, compaction control is required over the complete project site in order to determine the density or
stiffness of the compacted layers. They are mainly executed using spot tests.
These spot tests carry their own complications such as (Adam and Brandl, 1997):

• Limited measuring depth of 20 to 40 cm

• Expensive

• Delay in construction work

The solution for this is the current state of the art method Continuous Compaction Control (CCC), which is
already used for vibratory roller compaction and oscillatory roller compaction.
The current theory of CCC is based on smooth drum vibratory rollers where excentres cause a vibration and
create a response from the subsoil. The non-circular drums of the CRC do not contain excentres and cause
an impact on the subsoil due to the rotation of non-circular masses, the weight of each module (6 tonne) and
the high towing speed of the tractor (10 - 15 km/h).
Currently there is no CCC method for impact rollers, however, Landpac developed a Continous Impact Re-
sponse (CIR) system, where site monitoring is performed by relating GPS- and acceleration data per impact
to soil properties. The CRC has the availability to the same data.

1.2. Research objective and questions
1.2.1. Research objective
The aim of this thesis is to gain insight into the effect of a high energy impact compactor such as the Cofra
Roller Compaction on the subsoil by usage of the accelerometer located on the centre of the axis of the drum.

The main research objective is formulated as:
To develop a semi-empirical energy model which is based on the contact forces of the roller-soil interface as

1
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most CCC systems, but also uses field test data as was given in the CIR system to validate this model
These relevant parameters for the semi-empirical energy model are obtained from a field test and include the
roller impact acceleration, the soil density and the dynamic modulus of the soil.

The sub-objectives include:

• Performing a field test and obtaining the relevant parameters

• Signal processing of the acceleration signals

• Obtaining the correct displacement response

• Developing the load-displacement curves

• Obtaining the model dynamic modulus and validation with the field test dynamic modulus

1.2.2. Research questions
The following research questions are answered to achieve the research objective.

1. Which soil properties influence the compaction of the soil?

2. What are the differences between the compaction control systems? (CCC vs. CIR)

3. What are the relevant parameters needed for the Roller-Soil model?

4. Which steps should be considered when analyzing acceleration data for displacement purposes?

1.3. Scope of the research
This thesis focuses on the compaction process of this interacting roller-soil system. The soil in this case is
granular material and all other soil types are considered out of scope. The matric suction of the soil will also
not be considered during the compaction process. An analysis of the motion of the roller with regard to the
shape of the roller forms the critical part in developing the semi-empirical model. The complex dynamic soil
behaviour is reduced to an one-dimensional wave propagation problem, which is represented by a frequency
independent spring-mass-damper system with linear springs, viscous dampers and point masses. Data ob-
tained from a field test performed at the Hartelstrook in the port of Rotterdam (HES Hartel Tank terminal) is
used as validation of the model.

1.4. Research approach and outline
In order to fulfill the main research objective, this research is carried out by using two methods.
Both methods consider the dynamic modulus to prove soil compaction and aim to reproduce the measured
values from the dynamic plate load test during the field test.
The first method considers the acceleration signals to determine the dynamic modulus. In order to obtain
the correct displacement response, the acceleration signals are filtered and double numerically integrated.
The corresponding load is also obtained from these corrected acceleration signals.
The second method considers the interface between the roller and the soil, to first be modeled as a dynamic
plate load (DPL) test. The input for this DPL-Soil model is obtained from the field test measurements.
This model considers a 2-DOF system with corresponding spring stiffness and damper coefficients for the
DPL and the soil. The obtained soil settlements are then validated with the measured soil settlements from
the DPL.
The Roller-Soil model considers the spring stiffness and damper coefficient for the soil from the DPL-Soil
model as input and incorporates the geometry of the roller. The schematic overview of the research approach
is given in Figure 1.1.
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Figure 1.1: Schematic overview of the research approach

This report is structured in the following manner. Firstly, the literature review is presented in Chapter 2. This
Chapter results in answering research questions 1 and 2. Subsequently Chapter 3 focuses on the method-
ology of the field experiments and the analysis of the obtained results. Afterwards the correlations of the
peak impact accelerations and the integrated peak velocities with the obtained field test measurements are
depicted in Chapter 4. Hereafter Chapter 6 follows, which introduces the DPL-Soil model and its purpose.
Chapter 7 presents the discussion of the field test results, the correlations and the DPL-Soil model. Subse-
quently in Chapter 8 the answers to the research questions and the main research question are given. Lastly,
recommendation for further research are stated in Chapter 9.





2
Literature review

In this Chapter an overview is given of relevant literature. First, the compaction theory is explained, followed
by a general overview of Cofra Roller Compaction. Hereafter, the current control systems for compaction,
namely Continuous Impact Response (CIR) and Continuous Compaction Control (CCC), are presented.

2.1. Compaction
According to (Patel, 2019) compaction is the process of applying mechanical energy to a soil mass, causing
rearrangement of the particles and densification through the expulsion of air from the voids between the soil
grains. It has the following effect on engineering properties of the soil (Patel, 2019):

• Increase in shear strength and consequently the bearing capacity of the soil

• Increase in stiffness

• Decrease in void ratio and thus decrease in permeability

Figure 2.1(a) depicts the relationship between the moisture content and the dry density of various soils. An
increasing water content leads to an increase in dry density until the optimum moisture content is reached,
which corresponds to the maximum dry density, and hereafter the dry density decreases.

(a) (b)

Figure 2.1: Compaction, (a) Compaction curves (Patel, 2019), (b) Stages of wetting during compaction (Based on (Hogentogler, 1937)

The general compaction methods in laboratory and in the field include static loading, impact loading, vibrat-
ing, rolling, gyrating, kneading and tamping. The effectiveness of these methods depend on the frictional
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force between soil particles supported by the capillary action, and the lubrication effect of the moisture film
around the soil particle. These consecutively depend upon the size, shape, soil mineralogy, and the pore wa-
ter. Figure 2.1(b) shows the four stages of wetting the soil encounters during compaction. At the optimum
moisture content, the compacting force is fully used to rearrange the soil particles to the most dense state
due to neutralization of the capillary force as a result of the right amount of water(Patel, 2019).

2.2. Non-circular impact roller
High energy impact compaction (HEIC) can be employed by various non-circular shaped roller. These in-
clude the three-, four- and five-sided roller depicted in Figure 2.2.

Figure 2.2: Various roller shapes: (a) three-sided, (b) four-sided, (c) five-sided (Ranasinghe, 2017)
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The HEIC technique is a technique that densifies loose granular materials due to lifting and falling of the
non-circular rotating masses. This method of compaction is also referenced in papers as rolling dynamic
compaction (RDC). Due to the combination of potential and kinetic energy and the large mass of drums,
this compaction technique produces a larger amount of compactive effort than traditional compaction tech-
niques such as static and vibratory compaction. The amount of compactive effort can be related to the influ-
ence depth, as given in Figure 2.3.

Figure 2.3: Effectiveness of different compaction methods with respect to the nail/hammer analogy (Ranasinghe, 2017) modified from
Pinard(1999)

2.3. Cofra Roller Compaction
The Cofra Roller Compaction (CRC) is a three-sided impact roller, which uses a high energy impact com-
paction (HEIC) technique. As the name suggests, this technique is based on the high energy generated by the
roller by means of the lifting and falling motion of the non-circular rotating masses. This motion is depicted
in Figure 2.4.

Figure 2.4: Motion of the CRC (CofraB.V., 2016)

The CRC consists of

• a roller with two modules

• a tractor

• a data recording system
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The dimensions of the roller are given in Figure 2.5.

Figure 2.5: Roller dimensions (CofraB.V., 2018)

The data recording system consists of GPS trimbles and an accelerometer. The accelerometer is located on
the drums tube axle. With each impact, the location coordinates, deceleration and the number of passes is
recorded in this system. An example of this data is given in Figure 2.6.

Figure 2.6: Example of CRC data

The levelling unit is not part of the basic setup. This is needed to prevent wear of the equipment due to the
uneven ground and high speed. It can either be attached to the roller or to a separate machine. The former
will cause a decrease in roller speed and impact energy, while the latter will have no such effect.

2.4. CCC system
The Continuous Compaction Control (CCC) systems have been the state of the art method when assessing
the compaction of the soil due to vibratory rollers. The current control systems consists of the following sys-
tems depicted in Figure 2.7.
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Figure 2.7: Current CCC systems (Cacciola, 2013)

According to (Pistrol et al., 2016) the basic principle of the CCC is to assess the soil stiffness by evaluating the
motion behaviour of the dynamically excited drum.
Therefore in order to develop this system, the parameters that influence the motion behaviour should be
kept constant such as the roller operating parameters (e.g. velocity), and the motion behaviour should be
recorded (Pistrol et al., 2016).

2.5. CIR system
The Continuous Impact Response (CIR) system, which is developed by Landpac, monitors the response of
the soil due to loads induced by their HEIC. The system uses the accelerometer, which is placed on the axle
between the two modules. The acceleration is measured continuously and the peak deceleration is recorded
at each impact. These peak decelerations give an indication of the response of the soil, where lower deceler-
ations indicate a softer response and an increase in deceleration indicate a stiffer soil.
In order to provide a more qualitative answer, the decelerations are related to an appropriate traditional en-
gineering measurement catered to the particular site. These include cone penetration testing, dynamic cone
penetration, plate load testing, zone load testing or california bearing ratio, which are performed at the spe-
cific points where deceleration data is measured. Using the GPS data the system then generates a color coded
map, which indicates the relative measure of the appropriate engineering property(Landpac). An example is
given in Figure 2.8.
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Figure 2.8: CIR maps (Kelly and Gil, 2012a)

2.6. Signal processing
Processing of the acceleration signals depend upon the usage of it. Given that displacement is to be quantified
from the double numerical integration of the acceleration-time signals, the following should be implemented
in the code (Tsouvalas, 2019):

• Detrending of the data

• Type of filter

• Cut-off frequency

• Order of filter

• Acausality or causality

• Numerical integration method

The specifications of the accelerometer determine the frequency bandwidth in which the response can be
recorded. In order to capture an accurate ground response and ensure an accurate double numerical in-
tegration of the acceleration-time data, the accelerometer should use a sampling frequency of 4 kHz (Scott
et al., 2019).
Before filtering the data, the mean of each signal should be subtracted in order to detrend the data and pre-
vent phase shifting of the signal. The accelerometer already contains an anti-aliasing filter. By further filtering
the data, the absolute value of the error in position could be reduced, however there is still a chance for the
variation in the positional error to increase with time (Thong et al., 2002). The frequency resolution plays a
big part in the analysis of this data. The finest frequency resolution would be (Rogers et al., 1997)

dF = fs

N
(2.1)

where dF = frequency resolution [Hz], fs = sampling rate [Hz] and N = number of data points analyzed [-]
It should be noted that there is no ’best’ method for filtering; it is subjective.
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Filtering can take place in either the time domain or the frequency domain. In the time domain it is per-
formed by a convolution of the transform of the filter and the actual signal, while in the frequency domain,
the acceleration-time data is constructed in the frequency domain by applying a Fourier transform and after-
wards identifying the lower and upper limits of the interested frequency range. Regardless of which domain
is chosen, the filtered result will remain the same (Tsouvalas, 2019).

Three types of filters exist namely low-pass filters, high-pass filters and band-pass filters. As the name suggest,
a low-pass filter allows frequencies lower than the stated cut-off frequency to pass through, while a high-pass
filter allows frequencies higher than the stated cut-off frequency to pass through. A band-pass filter allows
frequencies within a certain bandwidth to pass through.

A wide range of generic filters are available including Butterworth, Chebyshev, Elliptic and Bessel. A simpli-
fied overview of the frequency response to these filters is given in Figure 2.9.

Figure 2.9: Frequency response to the Butterworth, Chebyshev, Elliptic and Bessel filter (EEEguide)

The following can be noted from Figure 2.9:

• The Butterworth filter has the flattest pass-band but a poor roll-off rate.

• Compared to the Butterworth filter, the Chebyshev filter has a steeper roll-off rate, but some pass-band
ripple.

• The Elliptic filter has the steepest roll-off rate, but it also contains some pass- and stop-band ripple.

• The Bessel filter has the worst roll-off rate, but the best phase response.

The identification of the cut-off frequencies plays a big role in obtaining a correct displacement response
from the acceleration signal. The upper limit of the frequencies depend on the accelerometer specifications
and the sampling rate, while the lower limit depends on the observed time window (Tsouvalas, 2019).
Furthermore, the order of the applied filter also plays a role in filtering. As depicted in Figure 2.10, an increase
in order is linked to a more abrupt cut-off, while a lower order filter might remove valuable information.
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Figure 2.10: Low-cut Butterworth filter in the frequency domain and the time domain with a cut-off frequency of 0.05 Hz (Boore and
Bommer, 2005)

A filter is called causal if its output only depends on current and past inputs, while acausal filters are outputs
of past and future inputs. An acausal filter is recommended in this case, considering that it prevents phase
distortion in the signal.
After acceleration signals are corrected, the velocity and displacement response can be obtained by two meth-
ods. This can be done by either direct time integration of the acceleration signal or transformation in the
frequency domain and inverse transformation back in time (Tsouvalas, 2019).

2.7. Past field tests
Relevant past field experiments can be found in Table 2.1. These mostly include the three-sided roller. How-
ever, in order to discuss the lateral extent of the roller, (Jaksa et al., 2012) is added to this table.

Table 2.1: Past field tests

Roller type Tests performed Soil type Influence depth [m] Reference
3-sided CPT Loose to very loose marine sands 4 (Kelly et al., 2000)

3-sided and 5-sided CPT Very loose marine sands 4-5 (Kelly et al., 2000)
3-sided CIR and geophones Waste material with underlying loose to dense sand 4 (McCann and Schofield, 2007)
3-sided CPT Dredged marine sands 5 (Kelly and Gil, 2012b)
3-sided CPT and DPL Coarse grained marine sands 3 (Kelly and Gil, 2012b)
4-sided EPC, sand replacement test and DCP Well-graded sand with clay fines of low plasticity 3 (Jaksa et al., 2012)

2.8. Synthesis
The thesis focuses on combining the CCC and CIR system, by developing a semi-empirical energy model
which is based on the contact forces of the roller-soil interface as most CCC systems, but also uses field test
data as was given in the CIR system to validate this model.



3
Field test

In this chapter the field test is described. The goal of this test was to determine the influence depth and lateral
extent of the CRC roller and the soil properties that affect the compaction of the soil.

3.1. Trial location
The field test took place in Rotterdam depicted below. It is currently under development and part of the HES
Hartel Tank Terminal project, where it will end up being used for the storage and transhipment of oil products
and biofuels (PoR). Depending on the filling process and previous traffic movement (dozers etc.), the com-
paction degree can be quite significant above the water table.

Figure 3.1: Field test location

The general layout is given in Figure 3.2, which also includes the path of the roller. GPS data was available
from the roller, dynamic plate load (DPL) test, nuclear density gauge (NDG) test, proctor test and the vibra-
tion monitor. However, the GPS coordinates obtained from the DPL test were proven to be quite inaccurate,
extending to even a difference in 30 m. Subsequently, these could not be used and are not given in the general
layout. These coordinates were thus approximated to the NDG coordinates. It should also be noted that the
test consisted of two tracks with the following track definition given in Figure 3.2. After compacting the first
sub-track the CRC is shifted one wheel-width on to the second sub-track (1b). Together they form one track
and this is defined as 1 compaction pass. The same follows for track 2.

13
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((a)) ((b))

Figure 3.2: Track definitions (a) & General layout (b)

3.2. Soil
At location CPT 407 three samples were taken at respectively 1 m, 2 m and 3 m depth. The grain size distribu-
tion curves for these samples are given in figure 3.3.

Figure 3.3: Grain size distribution curves (Mathijssen, 2019)

This resulted in the following (Mathijssen, 2019):

• The soil consists of an uniform sand with an uniformity coefficient Cu of 1.5 – 1.7. This poorly graded
sand demands more compactive effort to reach the same compaction as opposed to a well graded sand.
This can also be seen in Figure 3.4.

• Sample 1 has a higher uniformity coefficient. However, this is due to the relatively large amount of silt.

• The fine material of the samples (< 63 m) only consist of non-plastic silt.

• Overall there is a low average grain diameter D50 (i.e. 150 m), low uniformity coefficient and between 0
to 20 % silt.
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Figure 3.4: Compactive effort (Cofra B.V.)

3.3. Schedule of works
The schedule of activities regarding the field test are presented in Table 3.1, where the red font represents
the cone penetration tests performed on the tracks and the green font represents the cone penetration tests
performed next to the tracks.

Table 3.1: Overview of trial activities

Activities Amount Date
Pre-CPT* (on the track) 6 Day 1
Pre-CPT (next to the track) 1 Day 1
Samples for Proctor test 4 Day 1
DPL test 4 Day 1
Roller compaction 5 passes - Day 1
Post CPT*’s after 5 passes 6 Day 1
Post CPT’s after 5 passes 4 Day 1
NDG after 5 passes 7 Day 1
DPL test 7 Day 1
Samples for Proctor test 2 Day 2
Roller compaction 20 passes - Day 2
Post CPT*’s after 20 passes 4 Day 2
Post CPT’s after 20 passes 2 Day 2
NDG after 20 passes 4 Day 2
DPL test 4 Day 2
Roller compaction 30 passes - Day 2
Post CPT*’s after 30 passes 4 Day 2
Post CPT’s after 30 passes 2 Day 2
NDG after 30 passes 4 Day 3
DPL test 4 Day 3
Roller compaction 5 passes - Day 3
NDG after 5 passes 2 Day 3
DPL test 2 Day 3
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3.4. Methodology
Various tests were performed during this field test such as CPT, DPL tests and NDG tests. These were per-
formed before compacting the soil with the roller, and after 5, 20 and 30 passes with the roller. Furthermore,
a vibration monitor was placed to measure the vibrations caused by the roller and soil samples were taken to
perform laboratory tests such as the proctor test. This section describes the method for each test.

3.4.1. Trial pits
As previously mentioned, the roller impacts the ground due to the non-circular shape of the roller and the
towing velocity of the tractor. The roller hits the ground surface with the flat part of the lobe and the wedge
part of the lobe pushes the topsoil forward due to the constant towing velocity, depicted in Figure3.5. As a
result of this, the soil remains looser till approximately 0.5 m depth (Kim and Chun, 2016). Hence, the NDG
and the DPL tests, which are surface tests, were unable to deliver results which could be compared to the BC
results. Thus, it was decided to respectively dig 10 cm, 20 cm and 50 cm of soil and perform these tests at
location 264. By comparing this to the value obtained before compacting the soil, the relevant depth could
be approximated. This is given in Table 3.2.

Figure 3.5: Heaving and loosening of the topsoil due to the motion of the roller

Table 3.2: Overview of DPL test results for location 264

Type Depth [m]
Dynamic
modulus Evd [MPa]

BC 0 40.11

AC5

0 17.46
0.1 25.37
0.2 30.12
0.5 46.78

The decision was made to make pits with length of 2.5 m, width of 2.2 m and depth of 0.5 m, to perform these
tests. After execution of these tests, the pits were covered and the roller could be used again. This is depicted
in Figure 3.6.

After the roller performed a total of 20 passes, the post-CPT’s were taken and again the pits were dug to
perform the NDG and DPL tests. The same method followed after 30 passes. Considering that the pre-
compaction data could not be used for comparing due to the depth difference, two new pits were dug up
next to the tracks. These pits serve to see the comparison in results between before compaction and after
compacting the soil with 5 passes.
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Figure 3.6: Preparing the trial pits

3.4.2. Cone penetration test
Cone penetration tests were performed on the track and next to the track at a depth of around 5 m. The
measured cone resistance is used to determine respectively the depth- and lateral influence of the CRC. The
GPS coordinates for the performed CPT’s could not be recovered. However, considering the close proximity
of these to the previous CPT’s and the NDG tests, the assumption was made to use the GPS coordinates of the
latter tests which are given in the general layout depicted in Figure 3.2. Figure 3.7 shows Geonius performing
the CPT’s.

Figure 3.7: CPT truck

3.4.3. Dynamic plate load test
The dynamic plate load test with the light weight falling device is used to determine the deformation modulus
of the soil. It is based on the dynamic soil response by application of an impact-like load to a load plate (Adam
et al., 2009). The components of this device are depicted in Figure 3.8.

This test is performed by first pre-loading the soil by applying three impacts to ensure full contact between
the load plate and the soil. Hereafter the plate is connected to the computer and it should be noted that the
GPS-position should be visible on the display. Subsequently a sequence of three pulses is applied where each
pulse measures the peak vertical displacements of the load plate, which coincides with the settlement of the
soil surface.
The maximum stress exerted on the soil is assumed to be constant and equal to 0.1 MN/m2. The dynamic
modulus is then calculated according to Equation 3.1, where smax is the maximum displacement and the
average of the previously measured peak settlements.

During the field test it was performed on six locations namely 1, 2, 264, 267, 270 and 281.
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Dynamic plate load test components
(Adam et al., 2009)

Performing the DPL test

Figure 3.8: DPL test

Evd (M N /m2) = 22.5

smax (mm)
, (3.1)

3.4.4. Nuclear density gauge test
The NDG test depicted in Figure 3.9 is performed at 0.5 m depth.
It uses low level radiation to measure the wet density, dry density and moisture content of soil. Gamma rays
are emitted at the tip of the source rod and the resulting radiation is measured in the base of the gauge. By
means of this the density of the soil is then calculated. The moisture content is determined by measuring the
hydrogen as a result of neutron emitions in the gauge (The Virginia Department of Transportation , VDOT).

Nuclear density gauge test (The Virginia
Department of Transportation , VDOT)

Performing the NDG test

Figure 3.9: NDG test

3.4.5. Vibration monitoring
The Profound VIBRA vibration monitor is depicted in Figure 3.10. It registers continuously the vibration peak
values over time namely velocity in x-, y- and z- direction.
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Figure 3.10: Vibration monitor

3.4.6. Standard proctor test
According to Proctor, soil compaction depends on the following factors:

• Soil type,

• Moisture content

• Compactive effort

• Dry density of the soil

By assuming the same soil type and compactive effort, the relationship remains that the dry density of the
soil will vary with moisture content. In order to perform this laboratory test, soil samples were taken at the
locations of the NDG tests given in Figure 3.2. The procedure includes the following:

• Sieve the representative soil through a number four sieve.

• The soil is wet at a selected molding water content and placed in three layers into a mold of given
dimensions.

• Each layer is compacted by 25 blows of a 2.5 kg rammer dropped from a distance of 304.88 mm.

• The dry unit weight is determined.

This procedure is repeated for various molding water contents to determine the relationship between the dry
unit weight and the molding water content for the soil (for Testing and Materials, 1992).

Figure 3.11: Standard proctor test procedure
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3.5. Results
This section presents the results of the HHTT field test conducted at Maasvlakte 2.

3.5.1. Cone penetration test
Depth influence

Figure 3.12: CPT 281

By comparing the results before compaction with the results obtained after compaction the following could
be seen. Firstly, CPT 281 clearly shows an improvement in cone resistance with an increase in roller passes.
This is depicted in Figure 3.12.
Secondly, the influence of the roller can be measured from 0.5 to 4 - 4.5 m depth.
It should also be noted that in the first 0.5 m of every CPT graph, the cone resistance after compaction is
lower than before compaction. This is due to the loosening of the topsoil from the roller motion and due to
the small pit that was excavated up to 0.5 m after each cycle of passes to perform the nuclear density and
dynamic plate load tests.
Thirdly, before the compaction trial the soil at location 264, 270 and 284 was already dense. In order to meet
the project requirements a minimum cone resistance of 10 MPa was needed. An overview of the cone resis-
tance against the depth for previously mentioned CPT’s are depicted below in Figure 3.13, Figure 3.14 and
Figure 3.15. In these figures it can also be seen that there are sharp increases in cone resistance for example
at 2.2 m depth for location 264. This most likely indicates a highly resistant material such as a rock (from the
previous revetment).

Along with the friction ratio against the depth, also the relative density was plotted in these figures. By using
the Baldi correlation, the relative densities at the locations could be determined. This correlation uses the
following equation

Dr = 1

2.41
l n

qc

157σ
′0.55
v

(3.2)
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Figure 3.13: CPT 264

Figure 3.14: CPT 270

The dense state of the soil can be confirmed by the previous figures. As a result of this, these CPT’s did not
show the preferred results as for example in CPT 281.
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Figure 3.15: CPT 284

Figure 3.16: CPT 267

Lastly, CPT 267 shows very unfavourable results; depicting a decrease in cone resistance after each cycle of
passes. Figure 3.17 classifies the soil according to the relation between the friction ratio and the normalized
cone resistance. This classification was used to determine the soil behaviour after each cycle of passes and
thus reason the decrease in cone resistance. This result could be due to the following reasons:

• AC5 was taken near the previous CPT’s.

• AC20 and AC30 went through a layer of fines and/or silty sand as the friction ratio reaches up to 3%.
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Figure 3.17: Robertson and Campanella, 1990

Lateral influence
In order to determine the lateral extent of the roller several CPT’s were performed next to the tracks where the
roller had not been used. The table below shows an overview of these.

Table 3.3: Overview of CPT’s (lateral influence)

BC AC5 AC20 AC30

270 L3 264 L3
270 L1 270 L1
270 L2 270 L2
270 L3 270 L3

267 L2
267 L3
270 L3

Where L1, L2 and L3 are respectively at a distance of 0.5, 1 and 2 m from track 2. By comparing the CPT’s taken
at location 270 L3 for the different number in passes, no significant increase in cone resistance was noticed.
The small differences in cone resistance might be due to natural soil variation.
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Figure 3.18: Lateral influence CPT 270 at L3

3.5.2. Dynamic plate load test
The results for the DPL tests, which were performed at 0.5 m depth, are given in Table 3.4. Considering the
given time, some tests were performed 2 or 3 times in the pit. This leads to a more accurate overview of the
dynamic modulus and it was averaged to depict the transition with increasing passes in Figure 3.19. The re-
sults show both favourable and unfavourable results with no clear relation to the previous tests. Considering
that for example at location 267 an increase in dynamic modulus is noted, while from previous CPT and NDG
results, the opposite was noted.

Table 3.4: Overview of DPL test results

Location
Dynamic modulus Evd [MPa]
BC AC5 AC20 AC30

1 49.45
31.87
32.1

2 35.49
39.61
37.75

264 46.78
41.59 37.44
42.13

46.39
43.35

267
31.47 35.49 44.38

42.61

270 37.07
38.86

41.67
39.89

281 40.83
33.28 29.15
34.62 27.92
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Figure 3.19: Overview of DPL test results (averaged)

3.5.3. Nuclear density gauge- and Standard proctor test
Table 3.5 provides an overview of the NDG results compared to the Proctor results. These NDG tests were
performed at 0.5 m depth.

Table 3.5: NDG results overview compared to Proctor results

Location # of passes In situ density [kg/m3] Moisture content [%] Dry density [kg/m3] Proctor density [kg/m3] Optimal moisture content [%] Compaction grade [%]

1
BC 1777 8.4 1639

1653 16
99

AC5 1760 7.2 1642 104

2
BC 1817 9.9 1653

1633 16
101

AC5 1834 7.8 1701 104

264
AC5 1832 13.3 1617

1656 14.5
98

AC20 1855 8.8 1705 103
AC30 1828 6.6 1715 104

267
AC5 1900 7.4 1769

1666 14.5
106

AC20 1804 6.2 1699 102
AC30 1837 8 1701 102

270
AC5 1850 8.6 1703

1649 16
103

AC20 1816 8.4 1675 102
AC30 1857 8 1719 104

281
AC5 1816 6.7 1702

1652 14.5
103

AC20 1879 7.4 1750 106
AC30 1797 6.4 1689 102

From the results above it can be seen that the dry density increases with increasing passes at all locations with
exception of locations 267, 270 and 281. This can be related to the previously depicted CPT results, where
location 267 already showed unfavourable results. However, for location 281 this is unexpected considering
the increase in cone resistance obtained from the CPT’s. It should be noted that the proctor samples and
NDG testing were done at 0.5 m depth and is very location specific. The table also shows that the moisture
content is lower than the optimal moisture content, but the corresponding dry density is reached.

The roller thus uses a higher compactive effort, which relates to a decrease in optimal moisture content. By
looking at the figure below, a fitting proctor curve would thus be more on the left side.
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Figure 3.20: Influence of compactive effort on compaction (flatGEO Consulting Company Limited)(after BS 1377 : 1990 - Part 4)

3.5.4. Vibration monitoring
The following figures depict respectively the vibration velocity and acceleration as a function of the distance
from the centre of the roller to the vibration monitor. This decay which can be approximated to a power
trendline is expected and shows that the largest vibrations can be measured up to 2 meter next to the source.

Figure 3.21: Vibration velocity as a function of the distance between the roller and the vibration monitor



3.5. Results 27

Figure 3.22: Vibration acceleration as a function of the distance between the roller and the vibration monitor

Figure 3.23: Measured vibration acceleration and corresponding roller acceleration





4
Correlations

In this chapter correlations are derived based on the peak acceleration values and the field test measure-
ments in section 4.1. This is also determined for the integrated peak velocity and the field test measurements
in section 4.2. Each of these is performed for four cases with each four field test measurements. For each
case the correlation was made with four field test measurements namely in situ density, dry density, dynamic
modulus and the average cone resistance.

4.1. Peak acceleration
The four cases include the mean peak acceleration of each cycle, the maximum peak acceleration of each
cycle, the peak acceleration at the last pass of each cycle and the mean peak acceleration at the last pass of
each cycle. Only the correlation graphs for the case of the maximum peak acceleration per cycle are given in
this section. The other three cases are depicted in Appendix A.1.1, Appendix A.1.2 and Appendix A.1.3.

Figure 4.1: In situ density vs. Maximum peak acceleration per cycle

29
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Figure 4.2: Dry density vs. Maximum peak acceleration per cycle

Figure 4.3: Dynamic modulus vs. Maximum peak acceleration per cycle

Figure 4.4: Average cone resistance vs. Maximum peak acceleration per cycle
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4.2. Integrated peak velocities
Considering that velocity is directly related to the imparted energy, these correlations were also made for the
integrated peak velocity to see if this would give a better correlation than the peak acceleration.
The four cases include the mean integrated peak velocity of each cycle, the maximum integrated peak velocity
of each cycle, the integrated peak velocity at the last pass of each cycle and the mean integrated peak velocity
at the last pass of each cycle. Only the correlation graphs for the case of the maximum integrated peak velocity
per cycle are given in this section. The other three cases are depicted in Appendix A.2.1, Appendix A.2.2 and
Appendix A.2.3.

Figure 4.5: In situ density vs. Maximum integrated peak velocity per cycle

Figure 4.6: Dry density vs. Maximum integrated peak velocity per cycle
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Figure 4.7: Dynamic modulus vs. Maximum integrated peak velocity per cycle

Figure 4.8: Average cone resistance vs. Maximum integrated peak velocity per cycle
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Response of the roller

In this chapter the response of the roller is analysed in terms of the measured acceleration signals. The first
section 5.1 describes the method of acceleration signal processing. The corrected acceleration signals are
then double numerically integrated in section 5.2 to obtain the displacement response of the roller.

5.1. Signal processing
The accelerometer used during the field test is the Ellipse A2 8g accelerometer given in Figure 5.1. It is located
on the centre of the axis of the drum, which is depicted in Figure 5.2.

Figure 5.1: Ellipse A2 8g accelerometer(systems, 2018) Figure 5.2: Accelerometer location on the centre of the drum axis

The field test defined 6 test locations and corresponding to the GPS data, the following acceleration signals
given in Figure 5.3 were obtained.

The acceleration data is recorded as continuous time functions and when digitizing continuous data, certain
restrictions need to placed e.g. the length of the data window and the sampling rate (Rogers et al., 1997).
Cofra obtains 100 samples at 100 Hz to generate the acceleration pulse per impact, leading to a sampling
interval of 0.01 s. This sampling interval should be chosen corresponding to the data of interest, because it
determines the Nyquist frequency, which is the highest frequency component that can be properly recon-
structed in spectral calculations(Rogers et al., 1997). Before sampling, the accelerometer uses an advanced
anti-aliasing FIR filter in order to prevent the signals to become indistinguishable when sampled.
With a given 100 samples per impact, the observed time window is 1 s, leading to a lowest frequency of 1 Hz.

Given that displacement is to be quantified from the double numerical integration of the acceleration-time
signals, the following was implemented in the code (Tsouvalas, 2019):

• Detrending of the data

33
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Figure 5.3: Overview of raw accelerations signals per location

• Acausality

• Butterworth filter

• Trapezoidal rule as numerical integration method

Before filtering the data, the mean of each signal was subtracted in order to detrend the data and prevent
phase shifting of the signal. The Fourier spectra of these signals were obtained to define the proper cut-off
frequency. These are depicted in Figure 5.4.
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Figure 5.4: Overview of Fourier spectra per location
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An acausal filter was chosen, considering that a causal filter had almost no effect on the corrected signal and
acausal filtering eliminates the delay. A butterworth filter with order 6 was chosen based on the steepness of
the curves. The higher the filter order, the more abrupt the cut-off.
The identification of the cut-off frequencies plays a big role in obtaining a correct displacement response
from the acceleration signal. The upper limit of the frequencies depend on the accelerometer specifications
and the sampling rate, while the lower limit depends on the observed time window (Tsouvalas, 2019).
The accelerometer has a bandwidth of 390 Hz and a sampling rate of 4 kHz. The acceleration data is pro-
cessed by Cofra with a sampling rate of 100 Hz. The highest frequency component that can properly be
reconstructed is thus, according to the Nyquist rule, 50 Hz.
The observed time window per impact is 1 s, leading to a lowest frequency of 1 Hz.
However, from the raw acceleration signals given in Figure 5.3 can be seen that the acceleration starts at a
non-zero value. This non-zero value can be removed by removing the lower frequencies.
Filtering is subjective and in this case with the filtering is focused on conserving the peak acceleration, re-
moving the non-zero start value of the acceleration and most importantly, deriving the correct displacement
response. The examples shown are applied to the acceleration signal after 1 pass at location 270.
In figure 5.5 the unfiltered vs. filtered acceleration signal is depicted, where the filtered signal was cut-off at 28
Hz. It can be observed that by applying a cut-off frequency of 28 Hz, the peak acceleration is higher and the
pulse is more smooth compared to the unfiltered signal. Hence, the cut-off frequency of 28 Hz was chosen.

Figure 5.5: Unfiltered vs. filtered acceleration signal with a cut-off frequency of 28 Hz

Figures 5.6, 5.7 and 5.8 show the effect of removing the lower frequencies. By comparing these figures it can
be seen that the peak acceleration reduces more when applying a cut-off frequency of 4 Hz compared to 2
Hz, while maintaining the same initial acceleration. However, Figure 5.8 shows the curve approaching zero
in the beginning and the end of the impact.

Hence, the corresponding displacement response for lower cut-off frequencies should be analyzed as well.
The corresponding displacement response for a cut-off frequency of 1 Hz and 2 Hz are given in figures 5.9
and 5.10.
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Figure 5.6: Unfiltered vs. filtered
acceleration signal of 2 to 28 Hz

Figure 5.7: Unfiltered vs. filtered
acceleration signal of 3 to 28 Hz

Figure 5.8: Unfiltered vs. filtered
acceleration signal of 4 to 28 Hz

Figure 5.9: Displacement response with a bandwidth of 1 to 28 Hz

Figure 5.10: Displacement response with a bandwidth of 2 to 28 Hz

It can be observed that both figures do not show the expected displacement response, where after the impact
the displacement increases slightly until residual settlement in the form of plastic deformation is obtained.
By removing low frequencies, the peak acceleration decreases, but the initial acceleration approaches zero.
However by not removing low frequencies, the peak acceleration is conserved, but the initial acceleration is
non-zero. It should also be noted that within this observation window of 1 s, only one impact is measured.
Therefore with an excitation frequency of 1 Hz, valuable information can be lost by removing the lower fre-
quencies. Therefore it was decided to conserve the peak acceleration and try out other methods to correct
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the start acceleration. Filtering in the form of a low-pass Butterworth filter with a cut-off frequency of 28 Hz
was applied to the remaining acceleration signals.
The filtering was applied to the mean of the acceleration signals for each cycle per location. These cycles
include 5, 20 and 30 passes. In this way the transition for each location could be clearly distinguished with
three representative mean signals from each cycle.
In order to represent the acceleration signals in the frequency domain, the Fourier transform was applied.
The Fourier spectrum of these mean acceleration signals is depicted in Figure 5.11. The frequency band-
width is then identified where the signal-to-noise ratio is adequately high. After applying a low-pass filter
with a cut-off frequency of 28 Hz, the filtered Fourier spectrum of each mean acceleration signal could be
determined. The filtered fourier spectrum of the mean acceleration signal of all locations is given in figure
5.12.

Figure 5.11: Fourier spectra of mean acceleration signals
Figure 5.12: Filtered Fourier spectrum of mean acceleration

signals

5.2. Displacement response of the roller
5.2.1. Original displacement response
The displacement response of the roller, which is depicted in Figure5.13, is obtained by double numerical
integration of the filtered acceleration signal.The trapezoidal rule is used as numerical integration method.

Figure 5.13: Displacement response of the roller after 5 passes at location 270
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5.2.2. Verification of numerical integration method
In order to verify the double numerical integration, the obtained displacement-time signal was double differ-
entiated and plotted against the filtered acceleration-time signal. This was applied to the mean displacement
response after 5 passes at location 270, given in Figure 5.14.

Figure 5.14: Integrated displacement
response of the roller

Figure 5.15: Differentiated velocity vs.
integrated velocity

Figure 5.16: Differentiated acceleration vs.
roller acceleration signal

From Figure 5.16 can be seen that the original form of the acceleration pulse is conserved. However, the
differentiated acceleration is shifted by 0.01 s and the peak is reduced by 3 m/s2.

5.2.3. Correction based on non-deformable surface
Considering that the drum of the roller is non-circular, the centre of the axis will also move when rolling
as opposed to the movement of a circular drum. Therefore the expected roller movement was determined
over a non-deformable surface and the corresponding acceleration was subtracted from the raw acceleration
signals. This movement is depicted in Figure 5.17, where the dropheight before each impact is 0.23 m.

Figure 5.17: Dropheight of the roller (Kelly)

By determining the angular velocity with equation 5.1, where v is the average tractor velocity of 3.43 m/s and
r is the roller radius of 2.07 m, the time for one revolution could be determined.

ω= v

r
(5.1)

During one revolution the roller hits the surface three times, leading to a time of 0.63 s for each impact. By
substituting this value and the dropheight into equation 5.2, an acceleration of 1.15 m/s2 was obtained.

y(t ) = 1

2
at 2 (5.2)

By applying the same numerical integration method as before, the displacement response given in Figure
B.15 was obtained.
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Figure 5.18: Displacement response of the roller after 5 passes at location 270

However, a steep increase in displacement is noticed after the impact. This corresponds with the non-zero
value of the velocity at the end of the impact. This velocity increase is divided over the given time period of
0.99 s. Subsequently the acceleration signal is corrected by subtracting that value over the whole signal. After
application of double numerical integration, the corrected displacement response given in Figure 5.20 was
obtained.

Figure 5.19: Unfiltered vs. Filtered mean acceleration signal after 5 passes at location 270
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Figure 5.20: Corrected displacement response of the roller after 5 passes at location 270

This displacement response matches the original displacement response, considering that the subtraction of
the velocity difference divided by the timeperiod, equals the initial subtraction of the acceleration signal due
to the non-deformable surface, namely 1.15 m/s2.

5.2.4. Correction based on accelerometer in rest state
The acceleration signals contain a pulse which starts at a non-zero value. Before the roller impacts the
ground, the acceleration would have to be zero at a rest state. In order to compensate for these non-zero
values, a correction is applied on the acceleration signals. Namely the maximum non-zero value of acceler-
ation before the impact is subtracted from the whole acceleration signal. By applying the same numerical
integration method as before, the displacement response given in Figure 5.21 was determined.

Figure 5.21: Displacement response of the roller after 5 passes at location 270
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In comparison to the previous section, the displacement response also contains a steep increase, but more
steep. Hereafter, the same method of correcting the acceleration signal was applied, leading to figures 5.22
and 5.23.

Figure 5.22: Unfiltered vs. Filtered mean acceleration signal after 5 passes at location 270

Figure 5.23: Corrected displacement response of the roller after 5 passes at location 270
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DPL-Soil model

In this chapter the DPL-Soil model is described, which functions as step 1 for obtaining the Roller-Soil model.
The setup of the model is described in section 6.1, followed by the results in section 6.2.

6.1. Model setup
In developing this model a substructure technique is used, where the two systems namely the dynamic plate
load test and the soil are first treated separately and hereafter the systems are coupled.

6.1.1. DPL
When using the DPL, an impact-like load is applied to the subsoil via a rigid circular steel plate. The falling
weight slides down approximately 0.7 m along the guide rod and hits a spring-damper element. Only com-
pression forces can be transferred to the steel plate, considering that the rod rests on a sphere without con-
nection in the middle of the steel plate. The dynamic deformation modulus can be determined by using the
average maximum plate displacement of three impacts and assuming a constant soil stress, given in equa-
tion 3.1(Adam and Adam, 2003). The DPL can be modeled as a spring-mass-damper system, which is given
in figure 6.1.
The mechanical model considers the following assumptions.

• Kelvin Voigt body (linear spring with stiffness k and viscous damper with damping coefficient c)

• Mass of falling weight m is 10 kg

• Mass of guide rod ms is 5 kg

• Mass of load plate mp is 15 kg

• Falling height h0 is 0.7 m

• Spring stiffness coefficient k is 337 N/m

• Damping coefficient c is 130 Ns/m

43



44 6. DPL-Soil model

Figure 6.1: Mechanical model of the DPL (Adam and Adam, 2003)

6.1.2. Soil
The complex dynamic soil behaviour of the soil is simplified to a viscoelastic one-dimensional wave propoga-
tion problem. This is represented by a frequency independent spring-mass-dashpot system given in figure
6.2.

Figure 6.2: One-dimensional soil model of the elastic homogeneous halfspace (Adam and Adam, 2003)

For cohesionless soils the following equations hold:

K = 2.z.Ed yn
1−2ν

1−ν
2

(6.1)

C =
√

2.ρ.Ed yn z2π (6.2)

Ed yn ≈ π1−ν2

3(1−2ν)
Evd (6.3)

The following assumptions were made:

• The difference in mass is negligible compared to the device load.

• ν is 0.3 (Range silty sand: 0.2 - 0.4)

• Evd is obtained from DPL field test results

• ρ is obtained from NDG field test results

6.1.3. DPL-Soil interaction system
The DPL-Soil system is divided into two phases namely the fall phase and the full contact phase. A relevant
assumption is that the soil and load plate are in contact during the entire motion.
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Figure 6.3: DPL-Soil interaction system (Adam and Adam, 2003)

z(t0) =−h0 + z0pr e ; wher e z(t0) = 0
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2
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[
m 0
0 M

]{
z̈0

z̈

}
+

[
c −c
−c c +C

]{
ż0
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(6.4)

For the full contact phase, the motion can be described by a 2-DOF system. The mass (m) and the load device
are in full contact when the following equations hold (Adam and Adam, 2003):

−kz0pr e +k(z − z0)+ c(ż − ż0 ≤ 0 and z0 − z0pr e ≥ z

6.2. Results
By solving the equations of motion, the soil displacement was obtained. This was plotted against the dynamic
modulus from the DPL field test and compared to the soil displacement obtained from the DPL field test in
figure 6.4.
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Figure 6.4: DPL field test vs. DPL-Soil model

It can be seen that the DPL-Soil model almost matches the DPL field test results; a maximum margin of error
of 1.38 % was found.
Figure 6.5 shows the correlation between the soil settlement obtained from the model and the dynamic mod-
ulus. A perfect fit is found with the following equation

Soi l set t lement = 0.02257E−1
vd +1.114e −08 (6.5)

Figure 6.5: Correlation between the soil settlement and the dynamic modulus
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Discussion

This chapter presents discussions regarding the field test, the correlations, the response of the roller and the
DPL-Soil model.

7.1. Field test
The results obtained from the HHTT field test showed both expected and unexpected results. The expected
increase in cone resistance after each cycle of passes was clearly observed in CPT 281, but this increasing
behavior could not always be obtained from the NDG and DPL tests. Although it was unexpected that the
soil would be variable. The results showed otherwise as the performed tests showed very location specific
behavior. As an example, when surveying the area, large chunks of organic clay were found as well, which
could have influenced the results.

From the CPT results it can be seen that the influence depth of the CRC is between 4 to 4.5 m depth, where
the maximum impact was recorded between 1 and 3 m depth. (Kelly and Gil, 2012b) shows four different case
studies where the 3-sided impact roller is used. The first case study resembles the soil from the HHTT field
test the most, considering that it consists of poorly graded sand with silt. The compaction was validated by
means of performing CPT. The results showed improvement up to 5 m depth, but the largest improvement of
cone resistance was recorded between 0.5 and 2 m from 4.7 MPa to 11.6 MPa after 40 passes. The depth range
of improvement coincides with the results from the HHTT field test. The difference lies however in the values
of cone resistance. For the HHTT field test an overall improvement of about 2.75 to 20.5 MPa after 30 passes
was recorded.

The cone penetration tests performed in order to determine the lateral influence, proved to be insufficient
considering that no significant increase in cone resistance was noticed between 0.5 and 2 m from track 2.
The possibility exists that the lateral extent is in the range of 0 to 0.5 m. However, the zone of disturbance of
the CPT was included, which accounts for approximately one cone diameter and is equal to 0.4 m.
(Jaksa et al., 2012) carried out a field trial to quantify the zone of influence of the 4-sided impact roller by
means of a number of earth pressure cells embedded in the ground. The lateral extent was found to be 1 m
from the track, with values of approximately 50 kPa at this horizontal offset.
This difference in lateral influence can be equated to the fact that the CRC roller is a 3-sided roller and there-
fore has a different pressure distribution. Furthermore, 50 kPa of pressure does not necessarily indicate a
visible increase in cone resistance and both field tests were performed on different soils. The soil from (Jaksa
et al., 2012) is classified as well graded sand with some clay fines of low plasticity, while the soil used in this
thesis is classified as uniform sand with non-plastic silt. The uniform sand will need more compactive effort
to reach the same compaction compared to well graded sand.

Regarding the accelerations, the first case study of the study conducted by Kelly and Gil, observed an improve-
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ment of initial decelerations from 5.3 g up to 11.4 g after 40 passes (Kelly and Gil, 2012b). This coincides with
an improvement from 52 m/s2 to 112 m/s2. The measured decelerations from the HHTT field test reached far
lower values, namely an improvement from 25 to 70 m/s2. However, during the HHTT field test a higher range
of cone resistance values was observed after a lower amount of passes namely 2.75 to 20.5 MPa as opposed to
4.7 to 11.6 MPa. This shows that the soil from the HHTT field test demands less compactive effort compared
to the soil from Kelly and Gil’s case study and the impact decelerations are not necessarily a quantitative tool
to measure the compaction of the soil.

7.2. Correlations
The correlations for both the peak acceleration and the peak integrated velocity show a large spreading of the
data. A positive linear fit was expected for these variables with the field test measurements, which included
the in situ density, dry density, dynamic modulus and average cone resistance.
The four cases for the peak acceleration and the peak integrated velocity included the mean of each cycle, the
maximum of each cycle, the last pass of each cycle and the mean of the last pass of each cycle. From these
four cases, the best correlation was found for the maximum of each cycle, which was given in section 4.1 and
section 4.2.
The amount of spreading in the correlations can be linked to the non-circular shape of the lobe of the roller.
From figure 3.5 can be seen that due to the shape of the lobe, the topsoil is pushed as the roller is towed fur-
ther by the tractor. This causes the topsoil to loosen up to 0.5 m depth. Considering that the accelerometer
measures the impact acceleration, these values may vary depending on which surface the lobe hits. The flat
part of these undulations indicate a compact surface, while the steeper part indicate a looser surface. With
this reasoning, the large spreading of peak acceleration and peak integrated velocity in all correlations could
be justified. Furthermore due to this large range of values during each cycle, no proper correlations could be
found for cases one, three and four.

7.3. Response of the roller
7.3.1. Signal processing
The accelerometer uses a 4 kHz sampling rate, which according to (Scott et al., 2019) is a sufficiently high
sampling frequency to capture an accurate ground response and ensure an accurate double numerical inte-
gration of the acceleration-time data. (Thong et al., 2002) discussed that an increase in accuracy of numerical
integration can be achieved by using faster sampling rates, however, an increase in errors can be found de-
pending on the duration of the time interval of integration.
From equation 2.1 it can be seen that for a given sampling rate, the frequency resolution will improve in cor-
respondence to an increase in analyzed data points. Cofra stores 100 samples every impact using a sampling
rate of either 50 Hz or 100 Hz, where the initial sampling rate of the accelerometer is 4000 Hz. The accelerom-
eter registers the time in hours,minutes and seconds, whenever an impact takes place. From this data is noted
that the time difference in subsequent impacts is 1 s. For the analysis a 100 Hz sampling rate was assumed,
considering that when assuming a constant tractor velocity of 3.43 m/s, the time needed for 1 revolution is
1.9 s and during one revolution the roller impacts the ground three times. Hence, when using a sampling rate
of 50 Hz, three acceleration pulses would be expected during the time period of 2 s.
This low sampling rate can have a large effect on the acceleration data, namely the actual peak acceleration
could not be recognized at this low sampling rate. Furthermore due to the fact that the accelerometer is
capped at 8G, the possibility exists that the actual peak acceleration is higher and not recorded by the ac-
celerometer.

7.3.2. Displacement response
By comparing the various displacement responses of the roller in, for example, Figure 5.9, it can be seen
that after the impact the rebound height is higher than the impact height. This is not what was expected,
considering that after compaction the rebound height represents the elastic deformation. Furthermore, by
removing the low frequencies as observed in Figure 5.10, the expected displacement response was not ob-
tained. However, as previously mentioned, the upper 0.5 m of the soil layer is disturbed as the roller impacts
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the ground. As the roller is towed by the tractor, the non-circular shape of the lobe causes horizontal shearing
forces, which inhibit soil compaction. This has an effect on the corresponding acceleration signal, which is
thus not representative of the soil compaction.
When verifying the numerical integration method, it was observed that the differentiated acceleration is
shifted by 0.01 s and the peak is reduced by 3 m/s2. This could be due to the low sampling rate, which em-
phasizes any numerical error or difference.

7.4. DPL-Soil model
The DPL-Soil model is almost able to produce the DPL field test results. A maximum margin of error of
1.38 % was found. It was noticed that the DPL-Soil model is quite sensitive to the Poisson’s ratio ν of the soil
and that calibrating the data provided a better fit. The DPL-Soil model also assumes a frequency independent
spring-mass-dashpot system and uses viscoelastic modeling, even though the compaction of the soil repre-
sents a non-linear process. It must thus be noted that the given equations for the spring stiffness and dashpot
coefficient of the soil are frequency independent and thus not representative of the soil. However, a perfect
fit was found for the relation between the soil settlement and the dynamic modulus. It should be noted that
equation 6.5 holds for soil with a Poisson’s ratio ν of 0.3035.
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Conclusion

This chapter concludes the findings of this study. The research questions described in section 1.2.2 are tack-
led and hereafter a general conclusion is made.

The aim of this study is to develop a semi-empirical energy model which is based on the contact forces of
the roller-soil interface as most CCC systems, but also uses field test data as was given in the CIR system to
validate this model. In order to achieve this objective, the following research questions are answered:

Which soil properties influence the compaction of the soil?

From the literature study followed that the soil compaction depends on the frictional force between soil parti-
cles supported by the capillary action, and the lubrication effect of the moisture film around the soil particle.
These consecutively depend upon the size, shape, soil mineralogy, and the pore water. This correlation be-
tween the moisture content and the soil compaction could not be derived from the HHTT test, because due
to the larger compactive effort of the roller, the optimum moisture content is lower than from the Standard
Proctor test. This is depicted in Figure 3.20.

What are the differences between the compaction control systems? (CCC vs. CIR)

The two compaction control systems discussed in this thesis included the CCC and the CIR system. The dif-
ferences between these systems include the application and the method. The literature study showed that
the CCC system is used for vibratory and oscillatory rollers, while the CIR system is developed for impact
rollers. The CCC system asseses the soil stiffness by evaluating the motion behaviour of the dynamically ex-
cited drum. Therefore in order to develop this system, the parameters that influence the motion behaviour
should be kept constant such as the roller operating parameters (e.g. velocity), and the motion behaviour
should be recorded.

The CIR system uses the accelerometer, which is placed on the axle between the two modules. The acceler-
ation is measured continuously and the peak deceleration is recorded at each impact. These peak decelera-
tions give an indication of the response of the soil, where lower decelerations indicate a softer response and
an increase in deceleration indicate a stiffer soil. In order to provide a more qualitative answer, the decelera-
tions are related to an appropriate traditional engineering measurement catered to the particular site. These
include cone penetration testing, dynamic cone penetration, plate load testing, zone load testing or california
bearing ratio, which are performed at the specific points where deceleration data is measured. These corre-
lations are colorcoded and using the GPS data of the roller, depicted in a map.

By comparing both systems, it is noted that the CCC system provides a more accurate representation of the
soil compaction, namely a value. While the CIR system provides a range of deceleration values for a given
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compaction requirement, based on correlations. From the correlations performed in this thesis, it can be
seen that with the given data, this CIR system would not provide an accurate representation of the soil com-
paction.

What are the relevant parameters needed for the Roller-Soil model?

The Roller-Soil model is based on modelling the roller as a dynamic plate load test. As a first step in this pro-
cess, the DPL-Soil model was made. As input for this model the following parameters were used including
the dynamic modulus, the in situ density and the velocity with which the DPL hits the soil. After validation of
this model, the spring stiffness and damping coefficient of the viscoelastic soil where obtained, which could
be used in the Roller-Soil model. This is a semi-empirical energy model which also considers the dissipation
of energy by means of the difference in maximum and minimum acceleration. By integrating this difference
over the time and multiplying it with the contactforce, the amount of work could be determined.

Which steps should be considered when analyzing acceleration data for displacement purposes?

First, the acceleration data should be detrended by subtracting the mean from the acceleration signals. Here-
after, the data is filtered based on the accelerometer specifications, the sampling rate and the observed time
window. Lastly the numerical integration method should be chosen.

Unfortunately, the main aim of developing a semi-empirical energy model, which combined both the CCC
and CIR system was not achieved. The recorded acceleration signals were proven not to be representative of
the soil compaction. Several factors contributed to this finding. Firstly, the accelerometer used had a limit
of 8 G, which could imply that the peak acceleration was not captured. Secondly, the low sampling rate of
100 Hz could also contribute to the loss of peak accelerations. Thirdly, as the roller is towed by the tractor,
the non-circular shape of the lobe caused horizontal shearing forces, which inhibited soil compaction and
caused soil disturbance up to 0.5 m.
As an result of this, a wide range (21 - 68 m/s2) of peak acceleration values was observed regardless of the
amount of passes. Due to this large spread of data, no clear correlation could be drawn between the peak
acceleration and the field test measurements.
However, a perfect fit was found between the DPL-Soil model and the DPL field test measurements. With this
model the corresponding dynamic modulus for a given soil settlement was determined for a silty sand with a
Poisson’s ratio ν of 0.3035.
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Recommendations

Considering that this study was unable to produce a reliable semi-empirical energy model, the following steps
are recommended:

• The 8G accelerometer should be replaced with a sensor with higher range e.g. 16G accelerometer and
the sampling rate should be increased to at least 1000 Hz to ensure that the peak acceleration is cap-
tured.

• In order to get an accurate acceleration response measured on the axle, it is recommended to bury
accelerometers at a minimum depth of 0.5 m.

• In this thesis, the load was estimated from the acceleration signals. In order to get a more accurate
representation of the pressures imparted into the ground, earth pressure cells would have to be placed
at a minimum depth of 0.5 m.

• Considering the uneven pressure distribution of the roller, it is also recommended to bury these earth
pressure cells at various depths to get a more accurate representation of the pressure distribution
through the soil layers.

• Low frequency geophones can be used to measure the velocity directly. This because low frequency
data of the accelerometer should be removed and the roller works on a low frequency.

• In order to obtain the displacement response of the roller, the trapezoidal rule was used as numerical
integration method. The accuracy of the obtained response can be tested by also using other methods
such as Simpson’s 3/8 rule and Boole’s rule.

• The DPL-Soil model can be used as a measure for the soil compaction due to the roller. However, the
model in this study is based on silty sand. Further research is required to obtain the correlations for
various soils.

• In order to filter out the soil variability, a field test with the roller should be performed on a homoge-
neous sand without fines. Correlations can then be drawn again for the same field tests performed in
this thesis.

• Finite Element Modelling (FEM) could be used to model the interaction between the non-circular
shape of the lobe, the rolling motion and the soil. This might form a better correction method for
the acceleration signals than those explained in this thesis.
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A
Correlations

A.1. Peak accelerations
A.1.1. Mean peak acceleration of each cycle

Figure A.1: Insitu density vs. Mean peak acceleration per cycle

Figure A.2: Dry density vs. Mean peak acceleration per cycle
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58 A. Correlations

Figure A.3: Dynamic modulus vs. Mean peak acceleration per cycle

Figure A.4: Average cone resistance vs. Average peak acceleration per cycle

A.1.2. Peak acceleration of the last pass of each cycle

Figure A.5: Insitu density vs. Peak acceleration of the last pass per cycle
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Figure A.6: Dry density vs. Peak acceleration of the last pass per cycle

Figure A.7: Dynamic modulus vs. Peak acceleration of the last pass per cycle

Figure A.8: Average cone resistance vs. Peak acceleration of the last pass per cycle
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A.1.3. Mean peak acceleration of the last pass of each cycle

Figure A.9: Insitu density vs. Mean peak acceleration of the last pass per cycle

Figure A.10: Dry density vs. Mean peak acceleration of the last pass per cycle

Figure A.11: Dynamic modulus vs. Mean peak acceleration of the last pass per cycle
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Figure A.12: Average cone resistance vs. Mean peak acceleration of the last pass per cycle

A.2. Integrated peak velocities
A.2.1. Mean integrated peak velocities of each cycle

Figure A.13: Insitu density vs. Mean integrated peak velocity per cycle

Figure A.14: Dry density vs. Mean integrated peak velocity per cycle



62 A. Correlations

Figure A.15: Dynamic modulus vs. Mean integrated peak velocity per cycle

Figure A.16: Average cone resistance vs. Mean integrated peak velocity per cycle

A.2.2. Integrated peak velocity of the last pass of each cycle

Figure A.17: In situ density vs. Integrated peak velocity of the last pass per cycle
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Figure A.18: Dry density vs. Integrated peak velocity of the last pass per cycle

Figure A.19: Dynamic modulus vs. Integrated peak velocity of the last pass per cycle

Figure A.20: Average cone resistance vs. Integrated peak velocity of the last pass per cycle
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A.2.3. Mean integrated peak velocity of the last pass of each cycle

Figure A.21: In situ density vs. Mean integrated peak velocity of the last pass per cycle

Figure A.22: Dry density vs. Mean integrated peak velocity of the last pass per cycle

Figure A.23: Dynamic modulus vs. Mean integrated peak velocity of the last pass per cycle
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Figure A.24: Average cone resistance vs. Mean integrated peak velocity of the last pass per cycle





B
Displacement response of the roller

B.1. Displacement response with band-pass filter of 1 to 28 Hz
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68 B. Displacement response of the roller

Figure B.1: Displacement response of the roller after 5 passes at location 1
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Figure B.2: Displacement response of the roller after 5 passes at location 2
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Figure B.3: Displacement response of the roller after 5 passes at location 264
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Figure B.4: Displacement response of the roller after 20 passes at location 264
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Figure B.5: Displacement response of the roller after 30 passes at location 264
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Figure B.6: Displacement response of the roller after 5 passes at location 267
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Figure B.7: Displacement response of the roller after 20 passes at location 267
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Figure B.8: Displacement response of the roller after 30 passes at location 267



76 B. Displacement response of the roller

Figure B.9: Displacement response of the roller after 5 passes at location 270
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Figure B.10: Displacement response of the roller after 20 passes at location 270
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Figure B.11: Displacement response of the roller after 30 passes at location 270
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Figure B.12: Displacement response of the roller after 5 passes at location 281
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Figure B.13: Displacement response of the roller after 20 passes at location 281



82 B. Displacement response of the roller

Figure B.14: Displacement response of the roller after 30 passes at location 281
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B.2. Displacement response for the first 5 passes at location 270

Figure B.15: Displacement response of the roller for 5 passes at location 270; Red signal depicts the filtered displacement response for
the mean acceleration signal for 5 passes


