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Abstract

The compaction success of vibratory roller compaction can be assessed by systems for continuous compaction control
(CCC) or intelligent compaction (IC) which calculate soil stiffness-proportional quantities based on measurements of the
motion behavior of the vibrating drum. However, state-of-the-art intelligent compaction meter values (ICMV) do not only
depend on the stiffness of the soil but are also strongly influenced by machine and process parameters. In this paper, the
methodology for determining an advanced ICMV is presented, in which the mechanical properties of the soil, the process
parameters and geometric relationships in the contact area between the drum and the soil are directly included in the
calculation. The methodology is explained on the example of measurement data from a compaction test conducted on
sandy gravel with a heavy single-drum roller. The results of the novel ICMV are compared with those of the most widely

used IC systems.

Keywords Continuous compaction control - Intelligent compaction - Nondestructive testing - Roller compaction -

Soil dynamics

1 Introduction

Vibratory rollers are the primarily used machinery for near-
surface compaction of granular media in earthworks. A
vibratory roller uses a rotating-mass type of excitation in
the axis of the drum to induce a predominantly vertical
load transfer into the soil. The dynamically excited drum
and the underlying soil form an oscillating interaction
system with changing contact conditions. Different modes
of operation of the interaction system may be observed,
depending on the tuning of roller design parameters
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(dimensions of the drum, mass of the drum, axle load,
unbalance moment, etc.), process parameters (e.g., excita-
tion frequency, amplitude setting of the excitation, travel
speed of the roller) and soil stiffness (grain size distribu-
tion, grain shape, water content, bedding density, loading
history, etc.). If the drum remains in permanent contact
with the soil, it operates in “continuous contact” [2]. In the
event that the drum loses contact with the soil due to the
dynamic excitation, Adam [2] distinguishes between the
operating modes “partial uplift,” “double jump,” “rock-
ing,” and “chaos.” “Partial uplift” with a periodic loss of
contact at each revolution of the unbalance is the desired
mode of operation, as it allows efficient compaction
without excessive stress on the compaction equipment or
the operator.

The characteristics of the motion behavior of the
vibrating drum can be used to assess the compaction state
of the soil or its load-bearing capacity. This basic idea has
been used for decades by systems for continuous com-
paction control (CCC) and intelligent compaction (IC)
[2, 3, 12, 14, 15, 24, 29].

In 1979, Thurner and Sandstrom found that the motion
behavior of a vibrating drum depends on the stiffness of the
soil. They used this finding to introduce the first system for
CCC with vibrating rollers which enables a work- and
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roller-integrated monitoring of the compaction process
[24]. Since then, numerous research studies have been
conducted to better understand the interaction between the
vibrating drum of a vibratory roller [3, 17, 20, 27, 31] or an
oscillatory roller [16, 18] and the soil.

The mechanics of the drum-—soil interaction have for
example been modeled by means of lumped parameter
models [17, 25, 31] or cone models [2, 12]. All these
studies assume a constant contact geometry between the
drum and the soil.

In more recent research, dynamic elasto-plastic finite
element models have been developed (e.g., [4, 5, 19]) to
investigate the interaction between a vibrating drum and
the soil. Kenneally et al. [11] already highlight the
importance of the consideration of the variable contact
geometry between the drum and soil in their FE analysis.

A most recent study [22] discussed the relevance of the
variable contact geometry between vibrating drum and soil
surface and introduced a simple mechanical model that
enables the calculation of realistic force—displacement
curves that are in good accordance with measurements.

Other recent studies primarily focus on the application
of machine learning or artificial neural networks (ANNS)
on intelligent compaction (e.g., [6]).

This paper describes the methodology for determining
an advanced ICMV in which the mechanical properties of
the soil, the process parameters and the geometric rela-
tionships in the variable contact area between drum and
soil are directly included in the calculation.

1.1 Shortcomings of current ICMVs

The three leading systems for CCC/IC with vibratory
rollers on the market, the Compactometer, the Terrameter
and the ACE system with their four associated ICMVs—
CMV, OMEGA, Eyib and kg—differ in their procedure for
signal evaluation and ICMV determination (e.g., frequency
or time domain), their theoretical background and conse-
quently also in their units [3, 14, 15, 24].

The different algorithms for determining the ICMVs are
based either on empirically found correlations or on
mechanical considerations (e.g., force—displacement dia-
gram). The soil is assumed to have at most linear elastic
material behavior. The contact geometry between drum
and soil, if it is taken into account at all, is described by
means of formulas for Hertzian pressure and, in addition,
the impact distance is kept constant during compaction.
However, the variable drum contact width has a significant
influence on the system reaction of roller and soil [22].
Likewise, the ratio of roller speed to excitation frequency
(i.e., the impact distance) determines how much energy per
unit length is introduced into the underlying soil layer.
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Therefore, all mentioned and currently available ICMVs
show a more or less pronounced dependence and sensitivity
toward the prevailing soil conditions (e.g., water content),
the selected process parameters (travel speed, excitation
frequency and amplitude), the mode of operation of the
drum, etc., so that all parameters that influence the motion
behavior of the drum also show a significant influence on
the readings of IC systems.

The current ICMVs are therefore not only influenced by
the soil stiffness but also by the numerous roller and pro-
cess parameters listed above. The guidelines governing the
practical use of IC in earthworks take this into account in
that all roller and process parameters must be kept constant
during IC measurements for acceptance testing.

In addition, IC is an indirect measuring method for
determining the compaction state of the soil and only
provides relative values, partly without a physically justi-
fied background, which cannot be converted into each other
under any circumstances. Rather, a calibration has to be
performed for each roller—soil combination, in which the
ICMVs are correlated with conventional testing methods in
order to be able to finally relate them to the conventional
compaction parameters used in contractual standards and
regulations, such as the deformation modulus of static and
dynamic load plate tests Ey, Eyp or Ey 4, or the degree of
compaction Dp,. This calibration process is time-con-
suming and often error-prone if untrained personnel are
used.

All these circumstances underline the complexity of IC
in the context of its practical application, especially when it
comes to the correct interpretation of ICMV curves and the
target-oriented application of IC in the sense of an areal
compaction control. At the same time, the obvious need for
further research and the desire for a new ICMV capable of
compensating for the weaknesses of the existing ICMVs—
not least in order to make IC more user-friendly in prac-
tice—becomes apparent.

On the basis of the optimization potential of current
ICMVs, TU Wien and HAMM AG started a research
project with the primary objective of developing an
advanced ICMV for vibratory rollers.

1.2 Concept for the novel ICMV

During dynamic compaction with vibratory rollers, a
characteristic motion behavior of the drum is established as
a function of the soil properties. With the known machine
parameters of the compaction device and the recorded
motion behavior of the drum, the reaction force of the soil
can be calculated [13]. Subsequently, a force—displacement
diagram illustrating the relation between soil contact force
and drum displacement can be determined in order to



Acta Geotechnica

derive parameters that provide relevant information about
the compaction state of the soil. The measured soil
response in the form of a force—displacement diagram is
the first of five steps in the determination of the novel
ICMV. This first step is a standard procedure that is already
used by other IC systems [3, 14, 15]. The calculation of the
soil contact force and the derived force—displacement
diagram are explained in Sect. 3.

The challenging contact conditions between drum and
soil surface characterize the dynamic interaction system of
a vibratory roller [22]. In addition to the periodic or ape-
riodic loss of contact between drum and soil, the area
between the two contact partners is a variable quantity
during the loading phase, due to the cylindrically curved
drum. A geometric model is introduced in the second step
of the ICMV determination (Sect. 4) in order to account for
the variable contact area between drum and soil. The
measured motion behavior, already used for the measured
soil response in the first step, is imposed on the geometric
model in a path-controlled manner to determine the time-
dependent width of the contact area between drum and soil
while the length of the contact area is assumed to be
constant and equal the length of the drum.

In the third step (Sect. 5), the measured motion behavior
is applied on a Kelvin—Voigt model representing the soil.
The spring stiffness and dashpot coefficient of the Kelvin—
Voigt model are determined according to Wolf [30] but
under consideration of the variable contact geometry
obtained in the previous step. The variability of the contact
geometry makes the spring stiffness and the dashpot
coefficient time-dependent variables even when assuming a
constant Young’s modulus of the soil. The result of the
third step is a theoretical soil response in the form of a
force—displacement diagram.

By adjusting the parameters of the soil model charac-
terizing the theoretical force—displacement diagram in the
fourth step (Sect. 6), the best possible match between the
theoretical and measured force—displacement diagrams can
be found by means of a best-fitting process using suit-
able control criteria (target variables). Thereby, all control
criteria represent characteristic variables of the force—dis-
placement diagram which have a physical meaning and
therefore, can be used as ICMV.

The parameter that best characterizes the stiffness of the
compacted soil is its Young’s modulus. Therefore, the
Young’s modulus of the mechanical soil model after the
last iteration of the fitting process is adjusted to the static
load from the measurements in a fifth and final step
(Sect. 7). The resulting quantity is defined as novel ICMV
for vibratory roller compaction and denoted by Egeo.

The novelty of the idea presented in this paper for the
determination of the ICMV consists in the fact that both

soil mechanical and geometrical parameters and correla-
tions with direct physical meaning are directly included in
the ICMV determination. Therefore, roller and process
parameters as well as the modes of operation can be con-
sidered intrinsically to the system. Thus, the novel ICMV
has the potential to be largely unaffected by changes in
roller and process parameters (such as travel speed of the
roller, frequency and amplitude of the excitation, direction
of rotation of the unbalance, etc.) or modes of operation
and thus to provide an absolute value mainly characterizing
the soil stiffness with the corresponding unit of MN/m?2.
The methodology for determining the novel ICMV is
explained using the example of experimental field tests
with a HAMM single-drum roller.

2 Experimental field tests

The experimental field tests were carried out in a gravel pit
near Vienna in 2019 as part of the joint research project
between roller manufacturer HAMM AG and the Institute
of Geotechnics at TU Wien. The extensive test program is
not discussed in this paper, but is documented in [8].

The tests were carried out during an expansion of the
gravel pit after the topsoil had been removed. Two test
lanes, each 120 m long, were established on the surface of
the sandy gravel layer of the gravel pit.

A HAMM H20i single-drum roller [9] was used for the
tests. All machine parameters relevant for the ICMV cal-
culation are given in Table 1; additional information can be
found in [9]. The particular test referred to in this paper
was performed with a large amplitude setting of the roller,
an excitation frequency of f = 25 Hz and a variation of the
travel speed (v =2.5—4.0—6.0km/h) along the test
lane.

The measuring system consisted of one-dimensional
accelerometers with a sensitivity of 30 g mounted at the
bearing of the drum. Accelerations were measured in
horizontal direction of travel (x) and in vertical direction

Table 1 Roller parameters of the HAMM H20i single-drum roller
used in the experimental field tests HAMM H20i technical data [9]

Roller parameter Value
Diameter of the drum d 1.60 m
Length of the drum 2a 2.14 m
Eccentricity of rotating mass e 0.0676 m
Rotating mass me 177.4 kg
Mass of the drum mgy 5590.6 kg
Mass of the frame mg 6807.0 kg

@ Springer



Acta Geotechnica

(z) with a sampling rate of 10 kHz (see Fig. 1). In addition,
relevant information of the CAN bus system was recorded,
such as direction of travel, GPS data, amplitude setting,
excitation frequency setting and travel speed.

3 Measured soil response

The novel ICMV for vibratory rollers is based on the soil
response measured on the drum during compaction. The
vibrating drum is considered as a rigid body—accelerations
measured on one part of the drum are assumed to represent
the motion of the entire drum. Accelerations have to be
measured on an undamped part of the drum (e.g., the
bearing). In the following, a parallel movement of the drum
is assumed (same accelerations in the left and right bear-
ing) to limit the required measurements to one side of the
drum. However, the presented theory can be extended to
account for a different motion behavior of the left and right
side of the drum (like observed in a rocking mode of
operation).

3.1 Calculation of the soil contact force Fb

The contact force F}, between the drum of the roller and
the soil surface—which is defined positive for compres-
sion—comprises three main parts. Provided that there is
sufficient dynamic decoupling between the drum and the
frame, its vertical component is given by [2, 7, 13]:

Fig. 1 Measurement setup and definition of directions x and z in the
experimental field tests (top), and photograph of the experimental
field test (bottom)
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Fi = Fa + Fs — Fe

1
= —mga; + (mq +mg)g —mee 0% sin(0t + ¢) M)

The inertia force Fy is determined by the measured vertical
acceleration a, in the bearing of the drum multiplied with
the mass of the drum m (including the eccentric mass me).
The static load F's acting on the axis of the drum is the sum
of gravitational forces caused by the mass of the drum my
and the proportional mass of the frame on the axis mg.

The magnitude of the centrifugal force resulting from
the dynamic excitation is calculated from the eccentric
mass me, its eccentricity e and the square of the angular
excitation frequency 0 (with 0 = 27f). A multiplication of
the centrifugal force by the sine of the phase angle, which
comprises the angular frequency 0, the time ¢ and the phase
lag ¢, gives the excitation force Fe.

The frequency f of the excitation results from the
acceleration measured in the bearing of the drum. There-
fore, the phase lag ¢ between the excitation (= centrifugal
force or position of the eccentric mass, respectively) and
the response (= drum movement or acceleration of the
drum, respectively) remains the only unknown in Eq. 1.

For a lifted drum vibrating freely in the air without
contact to the soil, the phase lag ¢ between the excitation
force Fe and the response in the form of drum acceleration
a; is 180°. The phase lag ¢ deviates from 180° as soon as
the drum interacts with the soil.

3.2 Force-displacement diagram based
on measurements

A force—displacement diagram can be drawn for each
period of excitation utilizing the soil contact force F}, and
the vertical displacement s, (see example in Fig. 2). This
kind of diagram is already used for multiple ICMVs
[3, 14, 15] and illustrates the reaction of the soil to the
imposed movement of the drum (= resulting system
response). The force—displacement relationship enables an
analysis of energy, damping and stiffness characteristics
for the compacted soil and therefore, provides information
for the assessment of numerous compaction parameters:

The inclination of the hysteresis during loading and
unloading phase can be associated with the stiffness and
the state of compaction of the soil. The inclination of the
unloading path is typically larger due to the compaction
during the loading phase (plastic deformations of non-co-
hesive soil). Therefore, the soil behaves more rigidly dur-
ing the unloading phase [23].

Since the unloading path does not match the loading
path in the force—displacement diagram in Fig. 2, the
dynamically excited drum transfers energy to the soil. The
energy mainly comprises the radiation damping (=
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soil contact force

A
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Fb,max
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W ... energy " reversal point

transmitted from
the drum to the soil

U ... unloading energy returned

to the drum
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Fig. 2 Schematic representation of force—displacement diagram of the vibrating drum for mode of operation “partial uplift” [8]

geometric damping) and the performed compaction work. determination of other ICMVs. Starting with Sect. 4, the
The material damping (grain-to-grain friction) and the  methodology for the novel ICMV uses a different approach
energy converted to heat only play a minor role. The dis-  compared to previous studies. The new approach is
placement of the force in the direction of action of com-  explained on the example of measurement data obtained
paction corresponds to the dynamic energy W transmitted  during the experimental field tests described in Sect. 2.
into the soil. The area enclosed by the force-displacement ~ Figure 3 shows the calculated soil contact force Fy, (ac-
relationship is thus a measure of the energy imprinted in  cording to Eq. 1) from the experimental field tests over the
the soil (light gray in Fig. 2). The dark gray area in Fig. 2 vertical displacement s, for eight periods of excitation. The
represents the portion of the generated roller energy that is vertical displacement s, was not measured directly in the
returned to the drum from the soil. experimental field tests but is calculated from the accel-
The mean soil contact force Fy, pyeqn OVer one period of  eration measurements. A lowpass constrained least squares
excitation (or two periods in case of mode of operation  FIR filter of order 300, with a cutoff frequency of 300 Hz,
“double jump”) has to equal the static load Fs. An inte- a passband ripple of 0.01 dB and a stopband attenuation of
gration of the temporal course of the soil contact force over 95 dB is applied on the measured acceleration signal.
one period of excitation (or two in case of “double jump™) Offset adjustment is performed by subtracting the mean
eliminates the components of acceleration and centrifugal
force of the eccentric mass and also gives the static load
Fs. The static load Fg and the magnitude of the excitation 3
force Fe are usually known. Therefore, the above condition
makes it possible to check the applicability of Eq. 1 for the
calculation of the soil contact force Fy,.

x10°

The maximum soil contact force Fy, 1,4 and the points

of start and end of contact obtained from the force—dis-
placement diagram are additional parameters for the eval-
uation of the compaction process.

A force—displacement diagram as shown in Fig. 2 and 7 -
its characteristics form the basis of the novel ICMV for o e ‘ ‘ ‘ ‘
vibratory rollers and all further steps for its evaluation '
presented in this paper. Up to this point, the method used

state-of-the-art technology, which is also used for the Fig. 3 Force—displacement diagram from measurements on the
vibrating drum of a HAMM H20i single-drum roller

soil contact force Fj, (N)
&
;

vertical displacement s, (m) %1073
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value from the signal. According to the recommendations
in [10], the signal is then filtered again with a highpass
butterworth IIR filter with a passband frequency of 8 Hz, a
passband ripple of 0.001 dB, a stopband attenuation of
105 dB and a stopband frequency of 4 Hz. The cumulative
integral of the signal over the time ¢ is then computed via
trapezoidal method followed by another offset adjustment
and application of a highpass butterworth IIR filter with the
same characteristics as before to obtain the vertical velocity
v,. Finally, the vertical displacement s, is calculated by
computing the cumulative integral of v,, adjusting the
offset and applying a highpass butterworth IIR filter with
the same settings as before. It should be noted that the
resulting vertical displacement s, is a relative displacement
and not the absolute displacement of the drum due to the
numerical integration and offset adjustment described
above.

4 Simulation for the determination
of the contact area between drum and soil

The dynamic interaction between the drum of the roller and
the soil is decisively characterized by the contact area
between the two subsystems. While the length of the
contact area (denoted by 2a) may be assumed to equal the
length of the drum, the contact width (denoted by 2b) is a
variable quantity in the course of the loading phase, due to
the cylindrically curved drum and thus causes a significant
non-linearity in the interacting system. During the loading
phase, the drum increasingly penetrates the soil and the
contact width between the two subsystems increases. After
the drum reaches the lower reversal point of its motion, the
contact width decreases again until it becomes zero and
drum and soil move independently of each other during the
loss of contact phase.

The simulation presented in the following is based on
the measured motion behavior of the drum—taking into
account the points of start and end of contact (see Fig. 2)—
which is imposed in a path-controlled manner on a sim-
plified geometric model to determine the contact geometry
between the drum and the soil (see Figs. 4 and 5). The
procedure is shown on the example of the “partial uplift”
operating mode, as it is the desired mode of operation for
compaction work with vibratory rollers. However, the
considerations made can be applied analogously to the
operating mode “double jump.” With respect to the
“continuous contact” operating mode, the presented
method is limited, since there is no periodic loss of contact,
no contact points can be identified and the contact width
remains unknown at any time. However, the operating
mode “continuous contact” only plays a minor role in
vibratory roller compaction.
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4.1 Input parameters of the simulation

The horizontal and vertical displacements xpg and zpfp,
respectively, of the drum center M describe the motion
behavior of the drum (see Fig. 4). The horizontal dis-
placement component x)q comprises the travel distance
xq = vt with speed v and the horizontal component of the
vibratory excitation xy, which equals the displacement s,
calculated from measurements. The vertical displacement
component zp corresponds to the displacement s, from
measurements. The movement of the drum center is thus
defined by the measurements and already contains infor-
mation about the speed of the roller v, the frequency of the
excitation f—and thus also the impact distance /; = v/f —
as well as the direction of rotation of the eccentric mass.
The upper and lower reversal points of the drum are given
by the amplitude of the vertical drum displacement s, (see
Figs. 2 and 4). Note that the geometric relationships in
Figs. 4 and 5 are not shown to scale—the impact distance /;
and the displacements x)q and zpj are over-scaled com-
pared to the drum radius r.

In the first step, the contact points (start and end of
contact) are identified in the force—displacement diagram
(see Fig. 2) and assigned to the movement of the drum
center in Fig. 4 resulting in the coordinates of the drum
center for the start (xy |z ) and end (xyj|zyy) of contact. It
is noted that the determination of these contact points is
crucial in the simulation for the determination of the con-
tact area and predefines the quality of the ICMV obtained
from it. A mechanically balanced drum with synchronous
oscillation (by means of a rigid body movement) is the
basis for a sufficient identification of the contact points.

It is assumed that at the end of the unloading phase, i.e.,
at the time of the end of contact, the drum shape is
imprinted in the soil and remains unchanged until the
beginning of the next loading phase. From the knowledge
of the contact points along the measured drum movement,
the essential input parameters for the contact width
simulation:

e the level of the subgrade before compaction zy

e the level of the subgrade after compaction z¢

e the distance sy of the uncompacted subgrade from the
zero line

o the distance hy, of the compacted subgrade from the
zero line

can be determined for each period of excitation using
geometrical relations (see Fig. 4).

At the point of end of contact (drum center coordinates
xU|ZU), the drum looses contact to the soil and moves
independently until it gets in contact with the soil again at
the intersection xy|zy of the uncompacted subgrade with the
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movement of drum center (measured)
TyM = Tq + Xy =Vt + S,

ZM = Sz
start of contact
T T T S T (ZL'L\ZL)

~

_end of contact |
(zu|zu)

a=r+h,
_start of contact

~ (uncompacted)

\
‘end of contact
vZ (compacted)

Fig. 4 Imposing the measured motion behavior of the drum on a simplified geometric model to determine the contact width 2b. Illustration for
the determination of the input parameters zy, zc, ha and hy, of the simulation

movement of drum center (measured)
ITM =Tq+ Ty =0T+ 5,

ZM = Sz

~(rL|zL
end of conta :t\( o)
(,’I?{j|2{j) N {1731‘7“1\1)

upper reversal point

———————— - zero line %

lower reversal point

start of contact
/ (uncompacted)

zero line

T

x

2b

" end of contact
(compacted subgrade)

L K

Fig. 5 Imposing the measured motion behavior of the drum on a simplified geometric model to determine the contact width 2b. Operating
phases: L = loading (green), U = unloading (red), T = separation (blue)

imprinted drum shape of plastic deformations from the  between drum center positions at end of contact and start of

previous load cycle at the beginning of the next loading  contact is given by:
phase (drum center coordinates xy |z ). The distance I

@ Springer



Acta Geotechnica

2 2
]L = \/(ZU — ZL) + (XL — xU) (2)
The inclination of distance /] is defined by the angle of:
o = arctan (M> (3)
AL — XU

Angle agp (see Fig. 4) is:
IL
— 3 4
o[ = arcsin (2}’) 4)

where r is the radius of the drum. The difference of the
angles o and oqp is the angle o between the perpen-
dicular through the center of the drum and the start of the
contact at point I which is defined by its coordinates x| and
z1. The horizontal and vertical distance between the drum
center at contact start L and point I are given by:

Ax = rsin AT (5)
Az = rcosaqyy (6)

The essential input parameters for the subsequent contact
width determination in Sect. 4.2 are thus determined. They
can be calculated as follows: Distance /, of the compacted
subgrade from the zero line:

hy = zy (7)
Level of the subgrade after compaction zc:

Zc =r+hy (8)
Level of the subgrade before compaction zy:

w=z=2 +Az=r+ha )

Distance hg of the uncompacted subgrade from the zero
line:

ha = —(r — zu) (10)

The level of the subgrade before compaction zy (or the
vertical distance of the soil surface iy above the zero line)
is significantly influenced by the speed of the roller v, the
frequency of the excitation f, the horizontal vibration
amplitude s, and thus by the direction of rotation of the
eccentric mass, as well as by the vertical coordinates of the
points of start (z1 ) and end (zyj) of contact. The level of the
subgrade after compaction z¢ (or the vertical distance hy, of
the compacted subgrade from the zero line) mainly
depends on the coordinates (xyj|zyy) of the end of contact
point.
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4.2 Determination of the contact width 2b

At the end of the unloading phase (drum center position U
and red in Fig. 5), the level of the subgrade after com-
paction zc is reached and the drum looses its contact to the
soil. These end of contact points (xyj|zyy) are obtained
from the measurements and it is assumed that the circular
drum shape with the center of curvature at (xyj|zyy) gets
imprinted to the subgrade by means of plastic deformations
and remains unchanged until the beginning of the next
loading phase. This results in an undulating subgrade after
compaction, as shown in Figs. 4 and 5.

After the separation phase (T and blue in Fig. 5), in
which the two subsystems move independently of each
other, and at the beginning of the next load cycle, the drum
hits the soil at the intersection of the level of the subgrade
before compaction zy with the imprint of the drum shape
from the previous unloading phase (point I in Fig. 4) and
penetrates into the subgrade again.

The drum with radius r and length 2a (which is assumed
to be the length of the contact area) can now be imposed on
the soil beginning at the start of contact (xy |z1 ) following
the measured motion behavior and under consideration of
the input parameters zc, zu, ha and 7y, obtained in
Sect. 4.1. The procedure is shown in Fig. 5 for an arbitrary
position of the drum center (xpj|zpg) during the loading
phase and mode of operation “partial uplift.”

Analogous to Egs. 2 to 4, the distance I between the
end of contact point and the current drum center position
M, its angle of inclination o and the angle oqy can be
computed:

M Z\/(ZU—ZM)2+(XM—XU)2 (11)
o = arctan (M> (12)
M~ XU
Iy
= - 13
2318 al‘CSll’l<2r> ( )

For every point in time during loading, an angle f
between the vertical perpendicular through the drum center
M and the intersection point of the drum at its current
position and the imprinted shape of the previous load cycle
is given by:

By = g — oqq (14)

where the sign of f8; is defined by Fig. 5.
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As soon as the drum reaches its lower reversal point, the

drum movement changes from loading to unloading
(transition from green (L) to red area (U) in Fig. 5). The
angle S at this point in time between the direct line from
the intersection point of the drum and the drum shape from
the previous load cycle to the drum center and the vertical
perpendicular through the drum center has a negative sign
according to Fig. 5 and is defined as:
Pru = — arccos (@) (15)
The drum subsequently moves upward and out of the soil
again. Therefore, the angle f; decreases in magnitude
until contact is finally lost and the drum contact width
2b thus becomes zero.

Both angles, f8] and fyy, describe the rear part of the
contact width. Analogous, at every point in time during
loading and unloading, an angle By can be identified
between the vertical perpendicular through the drum center
M and the intersection point of drum and subgrade before
compaction zy to define the front part of the contact width:

B¢ = arccos (@) (16)

The entire contact width 2b is the sum of its front part bg
and rear part br. It is computed according to Eq. 17 under
consideration of the definition of sign for the angles in
Fig. 5:

2b = r(ﬁf — ﬁr)
. ﬁf ...for T (17)
with fy = By -..forL
fru -..forU

According to Eq. 17, the rear part of the contact width by is
defined in dependence of the operating phase by the angles
B (separation, T), ;1 (loading, L) and fiyy, (unloading, U),
respectively. The front part of the contact width by is solely
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Fig. 6 Contact width 2b and its components for eight periods of
excitation of the experimental field tests with a HAMM H20i single-
drum roller

defined by the angle ;. The maximum contact width is
reached at the lower reversal point of the drum, when the
operating phase changes from loading to unloading (see
Fig. 5).

The result of the presented simulation is the develop-
ment of the contact width 2b over time. Figure 6 gives an
example obtained from the experimental field tests and
shows the contact width 2b and its components by and by
for the same eight periods of excitation already used in
Fig. 2. The development of the contact width 2b for the
entire compaction test is shown in Fig. 7 which clearly
illustrates the influence of the roller speed on the contact
width.

The simulated contact width, which is based on field
measurements and assumptions presented in this section,
serves as an important basis for the soil mechanical con-
siderations in the following section.

5 Theoretical soil response

In the next step, a simple mechanical model is introduced
to assess the theoretical soil response and simulate a the-
oretical force—displacement relationship. The measured
drum movement is applied on the mechanical model under
consideration of the contact area obtained in Sect. 4 to
calculate a theoretical force—displacement diagram for each
period of excitation.

The soil model is based on considerations by Wolf [30].
The contact area between drum and soil (denoted by its half
side lengths a and b) is converted into a circle of equal area
to represent the top surface of a half-infinite truncated
cone. The simplification of the cone model is the consid-
eration of only one-dimensional waves causing vertical
radiation into the homogeneous subsoil with constant
velocity. In [30] Wolf approximates the behavior of the
truncated cone by a Kelvin—Voigt element. The description
of the soil with a Kelvin—Voigt element is not sufficient to

T
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\
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0
48.1195 48.119 48.1185 48.118
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Fig. 7 Contact width 2b for the entire length of the test lane of the
experimental field tests with a HAMM H20i single-drum roller
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account for the soil behavior during a compaction process.
Higher order material models are required to actually
capture dynamic processes in the soil during vibratory
roller compaction (e.g., hypoplasticity [26]). However, the
main goal in the presented application is the modeling of a
soil response at a certain state of compaction to calculate a
theoretical soil reaction force resulting from the imprinted
(measured) drum deflection. The calculated soil contact
force provides information on the state of compaction and
is used to determine a theoretical force—displacement dia-
gram. This kind of application, as well as the predomi-
nantly vertical load transfer in vibratory roller compaction
justifies the simplifications associated with the cone model.

The dynamic parameters representing the elastic iso-
tropic half space of the cone, the elastic spring stiffness k
and the parameter of the purely viscous dashpot ¢, both
depend on the variable contact area between drum and soil
and are given by [30]:

Gb a 075
k= [3.1(5) +1.6] (18)
I—v
c=k4/2pG ab (adapted) (19)
1 —2v
with:
E
T (20)

where G, v and p are the shear modulus, Poisson’s ratio and
density of the soil, respectively. The dashpot coefficient in
Eq. 19 covers the geometric damping (radiation damping)
in the far field. Material damping in the near field is not
taken into account due to its minor relevance [1]. Previous
investigations [2, 12, 18] pointed out that an increase of the
dashpot coefficient obtained from the cone model by a
factor x is required to account for spatial effects.

By estimating the density p and the Poisson’s ratio v of
the soil and specifying a shear modulus G, the two variable
parameters k and ¢ can be determined for the variable
contact width 2b obtained in Sect. 4 by means of Eqgs. 18
and 19.

Combining the soil parameters from the cone model k&
and ¢ with the displacement s, and velocity v, of the drum
obtained from the measurements gives the forces Fj and
F¢ in the spring and dashpot, respectively, of the Kelvin—
Voigt element:

Fy =ks, (21)
Fc =cv, (22)

@ Springer

The material behavior modeled with Wolf’s cone model is
linear elastic and therefore, not able to capture the com-
paction effect; a vibratory roller has on non-cohesive,
compressible soils. Compaction is associated with plastic
deformations by means of a reduction of the soil volume
and void ratio, respectively, which yields to an increased
soil density and bearing capacity.

For the unloading phase, an increased stiffness is used
for the spring k of the Kelvin—Voigt element by introducing
an unloading stiffness factor & to account for the com-
paction effect gained during the loading phase. This factor
¢ considers the verifiable increase in spring stiffness
k during the unloading phase and thereby, enables the
consideration of permanent plastic deformations of the soil
caused during the loading phase (material non-linearity)
and represents a physical indicator for the description of
the state of compaction.

The calculation of ¢ for each period of excitation is
based on the fact that the soil contact force F}, has to equal
zero at the change from the unloading phase to the sepa-
ration phase. A soil contact force F}, = 0 in turn requires
its components, the spring force Fy and the force in the
dashpot F¢, to cancel each other out at this point in time
(see Fig. 9). The force F} in the elastic spring during
unloading can be determined by Eq. 23:

Fy = ks, (23)

Figure 8 shows the temporal course of the adapted spring
stiffness &k and the dashpot coefficient ¢ for eight periods
of excitation, calculated from the variable contact geome-
try 2a 2b presented in Fig. 6.

The theoretical soil contact force Fy, (blue line in Fig. 9)
is the sum of the adapted spring force Fy (red line in
Fig. 9)—distinguishing between the loading phase (Eq. 21)
and the unloading phase (Eq. 23)—and the force F¢ in the
viscous damper (magenta line in Fig. 9).

Imprinting the measured motion behavior of the drum
(see Sect. 3) with the associated contact area simulated in
Sect. 4 on a suitable soil model, yields to a system response
by means of a theoretical soil contact force Fy,. The tem-
poral course of the theoretical soil contact force Fys and

its components Fy and F¢ are shown in Fig. 10 for the
same eight periods of excitation used before. Analogous to
the measured force—displacement diagram in Fig. 3, the
theoretical soil contact force obtained in section 5 can thus
be used to determine a theoretical force—displacement
diagram for each period of excitation (see Fig. 11). It
should be noted that the vertical displacement s, is exactly
the same for the measured and the theoretical soil response.
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Fig. 9 Generating a theoretical force—displacement diagram based on a simple soil model: determination of the soil response on the imposed,
measured motion behavior of the drum under consideration of the contact width for mode of operation “partial uplift”

6 Matching theory to measurement data. However, some parameters (e.g., Young’s modulus E
and density p of the soil, and damping factor «) have to be

The theoretical force—displacement diagram computed in  assessed or defined to determine the theoretical soil contact

Sect. 5 is based on measured data like drum displacement ~ force Fy, g and the corresponding diagram depicted in

s; and velocity v, as well as the simulated development of  Fig. 11.

the contact area which is also calculated from measured
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Fig. 10 Theoretical soil contact force Fy, g and its components Fic

and F¢ for eight periods of excitation of the experimental field tests
with a HAMM H20i single-drum roller

force (N)

vertical displacement s, (m) x1073

Fig. 11 Theoretical force—displacement diagram based on the simu-
lation of the contact area between drum and soil and initial conditions
of the mechanical soil model

In order to find the best possible match between the
measured and the theoretical force—displacement diagram,
the aforementioned parameters are varied by means of a
best-fitting process. Control criteria are introduced that
have a clear physical relevance and at the same time
describe both the measured and the theoretical force—dis-
placement diagram. While there are several possible cri-
teria, three obvious criteria are used in the following:

e the maximum soil contact force Fy a1y
b

e the static load Fg (equals the mean soil contact force
Fp mean ©Of one period of excitation in “partial uplift”

operating mode or two periods of excitation in “double
jump” operating mode, respectively)

e the dynamic energy W transmitted into the soil (equals
the area enclosed by the force—displacement
relationship).

The matching of theory and measurement is achieved by a
numerical variation of the Young’s modulus E of the soil
and the damping factor x under consideration of the three
control criteria and is performed until the best possible
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match is found, and the deviation of the two force—dis-
placement relationships from each other becomes minimal
(see Fig. 12).

The Young’s modulus E of the soil has a dominant
influence on the inclination of the force—displacement
diagram (both, during loading and unloading) as well as the
magnitude of the soil contact force and thus, mainly affects
the control criteria for maximum and average soil contact
force (Fb,max and Fy mean: respectively). The damping
factor x, on the other hand, has a significant influence on
the effective dynamic energy W transmitted into the soil
(i.e., the area enclosed by the force—displacement rela-
tionship) and therefore, is the leading parameter for an
adjustment of the fullness of the theoretical force—dis-
placement diagram.

The best-fitting procedure comprises various steps that
are repeated until a sufficient match of the two force—dis-
placement diagrams is achieved. The procedure is carried
out for two periods of excitation Te each to account for the
mode of operation “double jump” and is explained in the
following sections.

6.1 Determination of factors for the soil model

As stated before, the Young’s modulus of the soil E has a
significant influence on the inclination of the force—dis-
placement diagram as well as the magnitude of the soil
contact force Fp, and hence, its maximum Fb,maX‘

Therefore, the first iteration (n = 1) of the best-fitting
process is used to determine a factor Py, to adapt the
arbitrarily chosen initial Young’s modulus Ej =

30 MN/m2 used in Eqs. 18 and 19 in order to fit the sim-
ulation to the maximum soil contact force Fy max.M

obtained from the measurements.

Py(n) = min ”Fb,max,M - Fb,max,SH
= min || max(Fy, ) —max (FiPy) + Fer/Pow) ||

Measurement Simulation

(24)

The resulting factor Py, enters linearly into the spring
force component of the soil model (see Eqgs. 18 and 24)
and with its square root into the damper component (see
Egs. 19 and 24).

The damping factor x introduced in Eq. 19 dominates
the area enclosed by the force—displacement relationship,
and thus, the effective dynamic energy W transmitted into
the soil. Therefore, it can be used to adjust the fullness of
the theoretical force-displacement diagram. A factor Pg,)
is introduced to fit the energy Wgq calculated for the theo-
retical force—displacement diagram to the energy Wy
obtained from the measured diagram under consideration
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Fig. 12 Adapting the model parameters of the soil for a best possible match of simulated (blue) and measured (black) force—displacement

diagram

of the factor Py, obtained in Eq. 24. P, is a linear factor
for the damping part in Eq. 25. For the example presented
in this paper, an initial value of xy = 2 is selected for the
damping factor.

Pa(,,) = min ||WM — Ws‘l

:m1n|| / Fb,MVZdt_ / Fb,SdetH
2Te 2Te

= min || / Fp mvz d

2Te (25)
S———
Measurement
- / (FiPy(n) + FePatn) v/Pon)) vz 4|

2Te

Simulation

6.2 Modification of soil parameters

The initial values for the Young’s modulus of the soil Ej
and the damping factor k¢ used for the determination of the
soil parameters k and ¢ in Egs. 18 and 19, respectively, are
now factorized by the coefficients Py, and P, obtained
from Egs. 24 and 25, respectively.

En) =E(u—1)Pb(n) (26)
K(n) =K(n-1)Pan) (27)

The updated values of E(,) and K, serve as input param-
eters for the determination of the spring stiffness k in
Eq. 18 and the dashpot coefficient ¢ in Eq. 19 to rerun the

simulation for the theoretical soil response presented in
Sect. 5. The newly generated theoretical force—displace-
ment diagram is the initial condition for the second itera-
tion (n = 2) of the best-fitting process.

6.3 Iterations of the simulation

The two steps of the best-fitting process explained in
Sects. 6.1 and 6.2 are repeated until the initial conditions
of iteration n, E(, and k), match the parameters E,_p)
and K(,_;) of the previous iteration step and the soil
parameters k and ¢ remain unchanged. According to
Egs. 28 and 29, this condition is satisfied when the factors
Ppy(ny and Py, approach their limiting value close to 1, and
thus, no further iteration step is required.

En) = E(n-1)Ppn) (28)
K(n) = Kn—1)Pa(n) (29)

Figure 13 shows the initial values of the Young’s modulus
(Ey = 30 MN/m2) and the damping factor ko = 2 for the
entire test run and their change due to the best-fitting
process. Both parameters, E and x deviate significantly
from the initial values after the first iteration (n = 1). The
parameters after the third (n = 3) and fourth (n = 4) iter-
ation are almost identical. The iteration process was
therefore ended after the fourth iteration.

Figure 14 shows a comparison of the measured maxi-
mum of the soil contact force Fb,max,M with the results of

the simulation after the first (n = 1) iteration (Fp, 11ax.S.1)
and the fourth (n = 4) and final iteration (F}, 1.« § 4)- The
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difference of the maximum soil contact force between
measurement and simulation is minimal (Eq. 24).

The result of fitting the simulated energy Wg to the
energy calculated from measurements (Wpp) is shown in
Fig. 15. After the first iteration, the simulated energy still
deviates significantly from the energy calculated from
measurements. However, after the fourth and final itera-
tion, the energy obtained from simulation is almost iden-
tical to the energy calculated from measurements (Eq. 25).

Figure 16 shows the force—displacement diagram from
measurements for the same eight periods of excitation as in
Fig. 11, but in comparison with the final results of the sim-
ulation after four iterations (n = 4) of the fitting process.
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Fig. 16 Theoretical force—displacement diagram based on the simu-
lation of the contact area between drum and soil after four iterations
(n = 4) of the best-fitting process
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7 Definition and application of the novel
ICMV

In addition to its relevance for the inclination of the force—
displacement diagram and the magnitude of the soil contact
force, the Young’s modulus of the soil has a significant
influence on the mean soil contact force Fy, 0y, evaluated

for two periods of excitation and thus on the static load Fy.
Therefore, a final step in the best-fitting procedure is
required to adjust the Young’s modulus of the soil deter-
mined in Eq. 28, given the control criteria Fy max and W
by means of the factors Py, and P,,), respectively, to the
static load Fg \p resulting from the measurements.

FsS(n)
Egeo = E(;) —
g ()FS,M

(30)

According to Eq. 30, the Young’s modulus E(, resulting
from Eq. 28 is factorized by the ratio of the static loads
from the simulation Fg,) and the measurements Fs,M-

The Young’s modulus determined after the static load
factorization is denoted by Egeo and defined as novel
ICMV for vibratory roller compaction.

The novel ICMV has the unit of MN/m? and is the first
of its kind to represent a purely soil stiffness-proportional
quantity. In its determination both, geometrical and soil
mechanical considerations are incorporated in a way that
allows to account for machine and process parameters as
well as operating modes—that all have a significant influ-
ence on other ICMVs—in a system-immanent way.

The individual steps for the calculation of the novel ICMV
were explained on the example of measurement data from a
field test conducted with a HAMM H20i single-drum roller
(see Sect. 2). Egeo is evaluated for the entire pass of the roller
and compared to the most common ICMVs—CMV/RMYV,
OMEGA, Ej;, and kg—in Fig. 17. The travel speed of the
roller was increased (v = 2.5 — 4.0 — 6.0km/h) during the

100
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40
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16.0 km/h

48.1185 48.118
GPS latitude (°)

0
48.1195 48.119

Fig. 17 Results of the novel ICMV Egeo in comparison with the
readings of four established ICMVs for a test compaction with a
HAMM H20i single-drum roller

test to investigate a potential influence of the travel speed on
the ICMV reading.

Figure 17 shows that all investigated ICMVs (with the
exception of RMV) show a qualitatively similar course
along the test lane. However, differences in sensitivity,
robustness and, of course, absolute values can be observed.
RMYV is not a stand-alone ICMYV, but is supposed to be used
in conjunction with the CMV in case of a “double jump”
mode of operation [24]. The low values of RMV in Fig. 17
indicate that the roller operates in “partial uplift” mode
and “double jump” does not occur.

Egeo shows an average magnitude of about 40 MN/m?
and is able to capture the inhomogeneous conditions
especially in the first third of the test lane. CMV and
OMEGA show a stronger scatter of measured values, which
makes the identification of weak spots more difficult.
Moreover, the dependency of the ICMV on the travel speed
of the roller is most pronounced for the CMV. The trend of
Egeo is similar to that of E\;}, and kg, which are consid-
ered the most advanced ICMVs on the market [21].

8 Discussion

For the novel ICMYV, the measured motion behavior of the
drum is imposed on a simplified geometric model to deter-
mine the contact geometry between the drum of the roller
and the soil. The presented approach enables a direct con-
sideration of the impact distance in the calculation of Egeo
and therefore limits the influence of the travel speed of the
roller and the excitation frequency on the final ICMV
reading. The determination of the contact geometry requires
the identification of the start and end points of contact in the
measured motion behavior. The following steps of the
ICMV calculation greatly depend on an accurate identifi-
cation of those points. Therefore, the presented methodology
requires clean measurements on a mechanically balanced
drum with synchronous oscillation (by means of a rigid body
movement) for reliable and robust ICMV determination.

In its presented formulation, Egeo can be used for the
“partial uplift” (desired) and “double jump” modes of oper-
ation. An extension of the geometric model to account for
different motion behavior of the left and right sides of the
drum could easily be implemented to also account for a
“rocking” mode of operation. A clear limitation of E geo is its
applicability to soft soils when the roller is operating in
“continuous contact.” The contact points mentioned above do
not exist in “continuous contact,” and therefore, the contact
geometry can only be assumed, but not calculated from
measurements. Additional tests showed that Egeo gives
reduced values in case of “continuous contact”; however, the
obtained readings no longer have a physical meaning.
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The simplified approach of modeling the soil by means of
a spring-dashpot element and an unloading stiffness factor
was deliberately chosen to allow the calculation of Egeo on a
roller in real time. The concept can be easily extended should
practical application show the need. Possible extensions are
the consideration of a different motion behavior of the left
and right side of the drum, higher order material models to
represent the soil reaction and the introduction of alternative
or additional control criteria for the optimization process.

Egeo is the Young’s modulus of the simplified soil model
used to determine the ICMV. However, it must not be misin-
terpreted as the actual Young’s modulus of the soil. Egeo
reflects only the stiffness of the soil under the harmonic loading
of the vibrating drum and is therefore strain dependent.
Vibration excitation of the same soil with a larger amplitude
(increased Fe) would result in larger strains and yield a smaller
Egeo. Future research and further development of E. geo could
focus on implementing shear modulus degradation curves (an
overview is given, for example, by Wichtmann and Tri-
antafyllidis [28]) in the determination of the novel ICMV to
compensate for the strain dependence of the resulting Egeo-

In this paper, only the methodology for the novel ICMV
was presented and tested on a single set of measured data.
Extensive experimental field tests with different roller
types and sizes and varying process parameters as well as a
comparison of Egeo with conventional spot-like tests are
required to proof its potential.

9 Conclusions

In this paper, the methodology for the calculation of an
advanced ICMV was presented that has the potential to
overcome the drawbacks of current IC systems by directly
considering machine and process parameters in the deter-
mination of the new measure.

For the novel ICMV, the measured motion behavior of
the drum was imposed on a simplified geometric model to
determine the contact geometry between the drum of the
roller and the soil. The measured drum movement was then
applied on a mechanical model representing the soil under
consideration of the calculated contact geometry to deter-
mine a theoretical force—displacement diagram for each
period of excitation. A best-fit procedure was used to adjust
the elastic parameters of the soil model to fit the theoretical
force—displacement diagram to the measured diagram,
using the mean and maximum soil contact forces and the
compaction energy as control criteria. The Young’s mod-
ulus of the mechanical soil model after the optimization
process factorized with the static load ratio was defined as
novel ICMYV for vibratory rollers and is denoted as Egeo.

The main findings of the research are as follows:
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1. The consideration of the impact distance in the
calculation of Egeo limits the influence of the travel
speed of the roller and the excitation frequency on the
final ICMV reading.

2. The presented methodology requires clean measure-
ments on a mechanically balanced drum with syn-
chronous oscillation for reliable and robust ICMV
determination.

3. The good match of measured and theoretical soil
response suggests that the selection of target and
control variables of the best-fitting procedure is
sufficient for the simulation to mirror the measured
system behavior.

4. In its presented formulation, Egeo can be used for the
“partial uplift” and “double jump” modes of operation
but not for “continuous contact” which is relevant for
very soft soils.

5. Egeo was evaluated for a compaction test conducted in
the scope of experimental field tests with a heavy
single-drum roller and compared with the results of
four established ICMVs. For this test, Egeo does not
show a dependence on the travel speed of the roller.
The results are at least on par with established ICMVs.

6. The modular concept for the determination of Egeo can
easily be extended. Possible extensions are the con-
sideration of an asymmetric motion behavior of the
drum, higher order material models to represent the
soil response and the introduction of alternative or
additional control criteria for the optimization process.

7. In this paper, the methodology for determining an
advanced ICMV was presented using the example of a
single measurement data set. To prove the potential of
Egeo, extensive experimental field tests in conjunction
with systematic sample point detection methods are
required.

8. Inits presented formulation, Egeo is a strain dependent
modulus. Future research could implement shear
modulus degradation curves to compensate for this
strain dependence.
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