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Abstract: The as-built roughness, or smoothness obtained during pavement construction, plays an
important role in road engineering since it serves as an indicator for both the level of service provided
to users and the overall standard of construction quality. Being able to predict as-built roughness is
therefore important for supporting pavement design and management decision making. An as-built
IRI prediction model for asphalt overlays based on profile transformation was proposed in a previous
study. The model, used as basis for this work, was developed for the case of wheeled pavers without
automatic screed levelling. This study presents further development of the base prediction model,
including the use of an automatic screed control system through a long-distance averaging mobile
reference. Formulation of linear systems that constitute the model are presented for the case of a
wheeled paver using contactless acoustic sensors set-up over a floating levelling beam attached to the
paver. To calibrate the model, longitudinal profile data from the Long-Term Pavement Performance
SPS-5 experiment was used, obtaining a mean error of 0.17 m/km for the predicted IRI. The results
obtained demonstrate the potential of the proposed approach as a modelling alternative.

Keywords: as-built roughness; pavement rehabilitation; asphalt overlay; road profile; paver screed;
automatic levelling; international roughness index

1. Introduction

It has been demonstrated that surface roughness achieved in pavement construction,
or as-built roughness, is of great importance for both future roughness progression and
overall life-cycle pavement performance [1,2]. Reduced initial roughness in pavements will
extend their service life, improve quality for users over time, and the highway agency will
require less time and money for their maintenance. This will also reduce the inconveniences
and risks that drivers encounter when passing through construction zones [3].

Determining the effectiveness of different treatments is a critical factor when select-
ing pavements maintenance and rehabilitation strategies; therefore, estimating as-built
roughness is an important concern for designers, contractors, or any highway agency [4].
As-built roughness prediction can be used by contractors to evaluate the ride quality
that will be achieved under a specific set of construction parameters, or by designers
to assess the impact of their design choices on smoothness. Appropriate assessment of
as-built roughness can influence highway agencies” decision making about the necessity
and type of maintenance required. Furthermore, as-built roughness is required as an
input variable on many of the IRI performance prediction models commonly used in
pavement-management systems [5,6].

According to the information mentioned above, predicting as-built roughness is
essential for supporting decision making and optimization in pavement construction
and management. A comprehensive as-built roughness prediction model may reduce
the life-cycle costs of highways and improve the service quality to the travelling public.
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In addition, budget savings and environmental improvements can also result from the
selection of cost-effective paving solutions.

1.1. Research Problem

Even though as-built roughness assessment is essential, there has not been much
research carried out on it in the literature, and empirical methods have traditionally been
used to investigate this problem. Diaz-Torrealba et al. [7] conducted a review and analysis
of prediction models for as-built roughness in asphalt overlay rehabilitations. The findings
indicated that existing IRI prior to overlay construction is the most used variable in the
literature to explain as-built roughness IRI; based on this approach, several regression mod-
els have been proposed, although with insufficient capability to account for the observed
variability in smoothness obtained during pavement construction.

In this context, when considering the roughness reduction effects of overlays, some
studies have indicated that the main wavelengths that contribute to the existing IRT must
also be taken into account [8-10]. However, because IRI does not provide specific infor-
mation on roughness nature (wavelengths that make up profile defects), the available
empirical models have not adequately taken these effects into account.

Based on their findings, Diaz-Torrealba et al. [11] proposed an as-built IRI prediction
model based on profile transformation, in terms of wavelength content modification, as a
result of the paver-levelling effect during laydown. The cited model was developed for the
case of wheeled pavers without automatic screed levelling.

The asphalt paver working principle can be used to explain the previously described
relationship between the wavelength content of the existing profile and the smoothness
achieved during construction. When placing the asphalt mix, the levelling response of
the paver screed is related to profile defects nature in a such a way that the longer the
undulation on the surface being paved, more accurately the screed will replicate these
undulations, i.e., the screed decreases its levelling efficiency as the wavelength of the defects
causing the irregularity increases [12,13]. For this reason, pavers have incorporated the use
of leveling beams (long reference averaging) and automatic control systems to regulate
the screed tow-point position during paving and in this way compensate for the lowest
leveling efficiency at longer wavelength defects.

This study presents further development of the cited prediction model [11] to include
into de analysis the use of an automatic screed control system through a long-distance
averaging mobile reference. The purpose of the developed model is to provide a tool
to evaluate the efficiency of a certain overlay design on roughness correction, so project
adjustments can be made before construction takes place, for example, to assess the cost
benefits of placing the overlay in one or several lifts, help with the selection of paver type
and size, examine the effects on roughness of changing the overlay thickness, or evaluate
smoothness effect of using automatic levelling systems.

1.2. Study Approach

The model was developed using linear systems analysis techniques, utilizing the
Laplace transform and the capabilities of Matlab® software (version R2018b) to handle
transfer functions. The following factors that affect the longitudinal profile transformation
during the asphalt mix laydown were taken into consideration when formulating the equa-
tions describing an idealized automatic screed control system: (1) long-distance averaging
mobile reference, (2) screed position error in relation to the reference and control signal,
(3) solenoid valve oil-flow response to control signal, and (4) tow-point hydraulic cylinder
position correction.

The model response was calibrated to minimize the prediction error between the real
IRI values observed after works and IRI calculated from longitudinal profiles resulting
from the paving simulations for the same sites.

Longitudinal profile surveys and construction information available for asphalt over-
lay projects in the SPS-5 experiment of the Long-Term Pavement Performance (LTPP)
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program were used as data sources for calibration. The model was developed for the case
of wheeled pavers with the use of assisted levelling system.

2. Background

According to the asphalt layers construction process, the surface quality obtained
during paving will mostly depend on the force balance acting on the paver screed [14,15].
The screed, which is attached to the tractor unit at the “tow point” by two lateral tow arms,
is the mechanical tool of the paver used for placing, levelling and pre-compaction of the
pavement material. The mat thickness and profile are established as the tractor tows the
screed forward and the asphalt mix flows under it causing the screed to lift or “free float”
over the mix. Because of this working principle, the screed can pivot around the tow points
and smooth out the underlying surface irregularities as the mix is being placed. In this
regard, the screed will add more asphalt mix to the depressions and less over the humps,
compensating the bottom layer roughness and creating a new longitudinal profile.

2.1. Base Model for Paver Screed Response

The basis for this work is the as-built IRI prediction model proposed by [11]. The model
simulates the paver levelling effect during laydown by means of profile transformation and
was developed for the case of wheeled pavers without automatic screed levelling. Four
sub-models are integrated into the main model to describe an idealized asphalt laydown
construction process. A summary of the base model is presented as follows:

(1) Motion of wheeled pavers over the surface being paved and its effect on tow-point
trajectory. The tow-point position during paving (ytp) was calculated as the average
height between rear driving wheel and front bogie axles. Likewise, the front bogie axle
position was calculated as the average height between the two oscillating wheels of
the bogie (see Figure 1). Equation (1) presents the sub-model for tow-point trajectory
as a result of paver motion.

1 ) [ +dy) +u(i+d
yp = g |uli+ ) 4 LUE LT UIED) M

where

yip: Tow-point elevation for each screed position x; (m).

d;: Distance from screed position x; to rear driving wheel axle (m).

dy: Distance from screed position x; to oscillating bogie rear wheel axle (m).

d3: Distance from screed position x; to oscillating bogie front wheel axle (m).

i: Each of the ‘'n’ elevation points of the longitudinal profile ‘u’ (i=1, 2, ..., n).

In Equation (1) the profile elevation “u’ is referenced with respect to the back of the
paver (screed trailing edge).

(2) Kinematic model for screed trajectory. This model represents the screed response
time to changes in the tow-point position, which is commonly accepted as five tow
lengths. Considering that all the forces acting on the screed stay constant, the screed
trajectory in response to tow-point changes was reduced to calculation of its kinematic
movement. The transfer function Hj(s) for this system is given by the relationship
between the Laplace transforms of the response yi(s) and input signal to the system,
which is the tow-point trajectory y,(s). Equation (2) presents the sub-model for the
vertical position of the screed in response to the tow-point trajectory.

o) _ py(s) = @

<
=
<
—~
%)
=

where
1: Time constant (Ly, /V) (s).
Ly,: Tow arm length (m).
V: Paver speed (m/s).
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Profile Elevation (u;)

Xi

Figure 1. Calculation of tow-point trajectory [11], Reprinted by permission of the publisher (Taylor &
Francis Ltd., http:/ /www.tandfonline.com/).

(3) Dynamic model for screed vibration. The vertical movement of the tow point and
its effect over the screed will not be the only factor in determining the surface finish.
These factors were incorporated into the model as a local screed vibration caused
by short-wave roughness on the longitudinal profile under the screed plate. This
dynamic response will occur independently of the screed vertical position and its
result will overlap the trajectory.

For the system response to be independent of the road vertical alignment, the input
signal used was the first difference u¢(t) of the existing profile u(t), or detrended pro-
file, calculated over intervals equals to the screed plate width L; (m). This filtering was
implemented by the transfer function in the Laplace domain presented in Equation (3).

us(s)
u(s)

In Equation (3), the profile elevation ‘u’ is referenced with respect to the screed-plate
front edge. The transfer function of the system Hj(s) is defined as the relationship between
the Laplace transforms of the system response y»(s) and the input signal or excitation,
which in this case corresponds to the surface profile detrended and smoothed over the
width of the screed plate u¢(s). Equation (4) presents the sub-model of screed vibration in
response to short-wave roughness under the screed plate.

up(i) =u(i) —u(i—Li) = =1—e (V) 3)

ya(s) cs+k 20wys + WA
=H = = 4
2(s) ms2+cs+k  §2+20wys + w? @)

According to the above, the vertical dynamics of the system depends on the screed
mass (m), as well as on the stiffness (k) and damper (c) features of the model, that simulate
the stiffness of the asphalt mix flowing under the screed and its damping effect. For calibra-
tion purposes, Equation (4) was expressed in its standard form, given by the undamped
natural frequency of the system (wy) and the damping ratio (().

The two parameters associated with the screed dynamics were obtained from the calibration
provided in the base study: damping ratio of ¢ = 1 and frequencies of wy, = 0.045, wy = 0.065,
and wy, = 0.075 for simulations of one, two, or three passes of the paver, respectively.

(4) Differential thickness correction due to final roller compaction. This model reflects
the proportional relationship between the ‘lift thickness’ laid by the paver (yppr) and
the final ‘compacted thickness’ after rolling (ycomp)-
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The final elevation profile of the laid asphalt layer (yrpr) will be given by the profile
resulting from the total screed response (y = y1 + y2) and the lift thickness (hy pr) established
in the initial position. The resulting longitudinal profile must be corrected to incorporate the
final compaction by the rollers. Equation (5) presents the expression for the final compacted
elevation profile.

1 FF
ycomp = (¥ + hrier) (HFF) + M(1+FF) 5)

where
hyypr: Lift thickness or ‘loose” thickness of asphalt mix laid by the paver.
FF: Fluff Factor representing proportional reduction in thickness due to compaction.

2.2. Control Principle of Automatic Levelling System

In an attempt to smooth out the vertical movements of the tow point during paving,
paver manufacturers have introduced automatic screed control systems. The objective of
these control systems is to keep the elevation of the tow point constant in relation to a
reference despite the movement of the tractor unit as it travels over the surface being paved.
Maintaining a steady elevation of the tow points enables the screed to keep a more uniform
angle of attack, resulting in a smoother mat behind the screed [15].

The system keeps the set elevation in relation to the reference (or null point) by means
of an electrical sensor. If the sensor deviates from the null point during paving an electronic
signal is transmitted to the tow-point solenoid valve, which allows the tow-point cylinder
to raise or lower in order to restore the null point at the sensor (see Figure 2). Raising
the tow point causes the screed’s angle of attack to rise, which increases math thickness.
Lowering the tow point causes the screed’s angle of attack to decrease, which lowers the
screed depth and layer thickness [16]. By operating in this way, deviations in the pavement
surface are averaged out over the length of the reference.

-

Tow-point
Cylinder

“aoD
Screed
Set null point Tow-arm
in relation to Compute screed .
the reference deviation from null point Screed elevation

adjustment

1 4

i °

Actual screed position Tow point displacement
measurement due tractor movement

[y

Figure 2. Levelling system working principle.
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2.3. Reference Types for Screed Control Systems

When using automatic screed control, the reference datum for the screed can be either
fixed or mobile. The device used to sense or track the reference slope changes can be
in-contact with the reference (mechanical sensors), contact-free acoustic sensor (ultrasonic),
contact-free optical sensor (laser), or 3D navigation systems.

(1) Fixed references are used when building a certain profile prevails over other condi-
tioning factors. It can be an erected string line, an adjacent pavement lane, an existing
curb or any other tangible reference. A laser beam can also be used as a fixed reference
when paving large areas where the sight distance is adequate and the pavement being
placed has a constant longitudinal and transverse slope (such as parking lots, airport
runways or port storage areas). Additionally, the latest 3D navigation systems for
pavers allow project elevations to be preloaded into the controller and be used as
a fixed reference for the paver screed. All the fixed references have in common the
fact that they are independent of the surface being paved, so if the base condition is
irregular with deep depressions and high points, the new mat behind the screed will
contain areas of varying thickness of material as a result of these undulations in the
base layer.

(2) When the main objective is paving for smoothness, or build rideability, the use of
dynamic references is convenient, which are designed to regularize the underlying
surface through long-distance averaging. This type of system is based on a longitudi-
nal levelling device physically connected to the paver that moves alongside the tractor
during paving. Various paver manufacturers have implemented different types of
mobile reference devices to extend the relative wheelbase for the automatic screed
control system. The operation of these reference systems, however, is essentially the
same. The purpose of the mobile reference is to average the deviations in the existing
surface over a distance that is greater than the wheelbase of the tractor unit itself.
Earliest mobile references correspond to a rigid longitudinal instrument (levelling
beam or tube) that rests directly on the surface being paved and slides over it in the
form of a ski. Most recent mobile references use contactless acoustic sensors set-up
over a floating beam attached to the paver.

The regularization capacity of the mobile reference will be determined by the length
of the instrument used to carry out the averaging. The longer the reference used, the better
the paver will average out profile variations in the existing pavement surface. Unlike fixed
references, a mobile reference will not, however, ensure that the mix being placed is at a
pre-fixed elevation. For the present study the use of a mobile contactless levelling-beam
type reference was assumed.

2.4. Sensor Placement in Relation to the Screed

How quickly the screed responds to a change in the null point at the sensor is deter-
mined by the tracking sensor position in relation to the screed, which will affect either
the profile or the smoothness built. The tow point serves as a point to raise or lower the
tow arm in order to restore the null point at the sensor, and the sensor location becomes
the screed control point. The distance from the control point (sensor) to the pivot point
(screed trailing edge) becomes the effective tow arm length. Without the use of automatic
levelling, the screed must travel five tow arm lengths to fully react to a correction; therefore,
reducing the effective tow arm length through automatic control will shorten the distance
(or reaction time) the paver needs to travel to complete a correction [16].

According to the above, moving the sensor towards the screed speeds up the reaction
time. A more reactive screed would be beneficial when it is important to match a fixed ref-
erence (build profile), such as tracking a string line or matching a curb. For this application,
the manufacturer recommends locating the sensor at a point 2/3 to 3/4 away from the tow
point (relative to tow-arm length; see Figure 3a).
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Figure 3. (a) Sensor placement toward the screed. (b) Sensor placement toward the tow point.

Moving the sensor towards the tow point slows down the reaction time. When
smoothness is desired (build rideability) a less reactive screed is necessary, such as when
utilizing a mechanical or non-contact levelling beam. For this application, manufacturers
recommends to locate the sensor at a point 1/4 to 1/3 away from the tow point [15-17] (See
Figure 3b).

3. Model Formulation

Taking into account the background information, an asphalt paver model is pro-
posed to estimate the as-built IRI roughness when using an automatic screed control
system through a levelling-beam mobile reference. The paver model was obtained by
enhancing the base model to incorporate the following aspects of the automatic levelling
system operation:

1. Reference profile obtained by the levelling beam as a result of the mobile long-base
averaging.

2. Depending on the difference between the reference and the actual screed position
at the sensor, the control unit will determine the proportional current input for
the electro-valve.

3. The electro-valve time response to current input and hydraulic oil flow into the
tow-point cylinder.

4.  Lastly, depending on the oil flow direction, the cylinder will move up or down to
control the tow-point position in relation to the reference value.

These aspects of the construction process constitute sub-models that will be integrated
into a final model. Thereby, the developed paving model operates as a transfer function that,
for an input given by the existing longitudinal profile, will produce an output corresponding
to the new longitudinal profile of the rehabilitated pavement.

3.1. Levelling Beam Reference Profile

The model represents a contactless acoustic sensors system set-up over a floating beam
attached to the paver. Typical floating beam reference systems for pavers are composed of
three or four ultrasonic sensors mounted on a 9-13 m beam. Each sensor sends its mea-
surement results to the central unit. In the control unit, the measured values are averaged,
establishing a reference for the screed as a result of smoothing the underlying surface.
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Uy = 3

The tracking sensor (control point) should be located in the center of the length of
the levelling beam (i.e., beam pivot point). By operating in this manner, the up and down
movement of the beam during paving will not influence the averaged sensor values.

A 9 m long levelling beam with three sensors was assumed for modeling purposes.
In this configuration, the center sensor is located in the middle of the levelling beam, and,
therefore, it also coincides with the screed control point location (see Figure 4). The reference
profile (uyy) resulting from the long-base averaging beam is obtained by Equation (6).

{u[i (LZULbum))] +u[i+Lb(1m)]+u[i+ (L;Hb(lm))]} ©)

where

Ly: Levelling beam length. Assumed 9.0 m.

m: Location ratio of beam center in relation to the tow-arm length. M = c/Ly,

c: Distance from the tow point to the levelling beam center (center censor), in m.

i: Each of the ‘n’ elevation points of the longitudinal profile ‘u’ i=1,2,...,n).

In Equation (6), the profile elevation ‘“u’ is referenced with respect to the back of the
paver (screed trailing edge).

Ly
? 2 J
Jj il
u(i)
ke ; ;
7 . | Profile Elevation (u)
%—Lb(l—m) Ly(1—-m) l ¢
Ly

Figure 4. Reference profile calculation.

3.2. Levelling System Control Unit

In the initial position, the offset of the control point in relation to the reference is set to
zero, so no control deviation exists (null point). When the paver starts moving over the
surface to be paved, the tow-point elevation and, therefore, screed position changes, thus
deviating the sensor from the reference.

The control unit uses the elevation value established by the reference (target value),
and compares it to the actual screed position at the control point; the deviation obtained is
the error value (err) for the control signal. A direct relationship (Equations (7) and (8)) can
be established between the tow-point elevation (yt), screed position (y1) and control point
elevation (ycp) (see Figure 5).

Yip—YV1 _ Yip —Yop _ Ly—c\ ¢
L, = c = Yep = ]/tp( L, ) + Lb]/l ()
c
m= L—h = Yep = Yip(1 —m) +m-yy 8)

Automatic levelling systems use sensitivity settings in order to establish how quickly,
or aggressively, the controller reacts to a deviation. The settings range starts typically from
1 (low sensitivity) to 10 (high sensitivity). Behind this value, there is a pre-established
combination of the control parameters “Dead band” and “Proportional band” [17-19].
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Ly

reference

Figure 5. Screed control point location.

Dead band (Db) is the resolution of the system, and defines the minimum deviation
from the reference at the system will act upon. If a change in measurement is smaller than
the dead band, the control unit will not commence any regulation. It serves the purpose
of achieving a stable behavior of the screed around the control point. A given amount is
necessary to allow for normal machine vibration.

The proportional band (Pb) is the range of the sensor reading above and below the
target over which the hydraulic output signal varies proportionally to the deviation (error)
from the target value. The minimum hydraulic output is applied when the sensor reading
is just outside Db (beginning of the Pb) and the maximum hydraulic output is reached
when the sensor reading deviates from the reference by an amount equal to or greater than
the selected proportional band. A smaller Pb means a faster hydraulic response.

The proportional relationship between the amount of deviation at the sensor and the
output signal of the controller is the Control Gain (Kc). Expressed in ratio of maximum
valve current (iy /imax), the gain is given by Kc = 1/Py,.

Control system manufacturers provide default sensitivity (SEN) values representing
specific combinations of Db and Pb. Table 1 shows the values used in this study, correspond-
ing to default settings provided for a proportional solenoid valve in a levelling system for
asphalt pavers by the Mobile Automation Company [18].

Table 1. Sensitivity table for proportional and servo valves.

Sensitivity Dead Band Prop Band
(SEN) Db (mm) Pb (mm)
1 2.2 46.0
2 2.0 41.0
3 1.8 36.0
4 1.6 31.0
5 1.4 26.0
6 1.2 21.0
7 1.0 16.0
8 0.8 11.0
9 0.6 6.0
10 0.4 1.0

Source: MOBA-Matic Levelling System for Paver.

As an example, when using a sensitivity value of SEN = 5, the control parameters are
Db =1.4 (mm), Pb = 26 (mm) and therefore gain Kc =1/26 = 0.038 (1/mm) or Kc = 38 (1/m).
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This means that, for a deviation of err =5 (mm) on the screed position in relation to the
reference (evaluated at the control point), the control unit will send a command signal
of ic =5 % 0.038 = 0.19 (or 19% of maximum valve current) to the solenoid valve. Any
deviation greater than Pb = 26 mm will produce the maximum command signal of i. =1
(or 100% of maximum valve current). The relationship between the parameters can be seen
graphically in Figure 6.

—DeadBand —Control Gain ----- PropBand

1.25
1

0.75

10 20 30 40 50

% of max. valve current

-1.25

Deviation (mm)

Figure 6. Control unit—dead band and prop band visualization.

3.3. Control Valve Response

Asphalt pavers are provided with a control valve to adjust the tow-point position.
The valve regulates the hydraulic oil flow into the tow-point cylinder chambers, which in
turn produces the up-and-down motion of the piston that controls the screed tow-point
elevation. The valves used for this purpose are typically electrically controlled solenoid
valves. Depending on the solenoid actuator design, solenoid valves can provide for variable
valve positioning and flow rate (proportional solenoid) or switch operation between fully
open/closed valve positions (on—off solenoid). For this study, a typical proportional
solenoid valve was assumed.

A proportional solenoid valve controls fluid flow rate by varying the size of the flow
passage through the valve port orifice. Variable valve positioning is achieved by means of
a solenoid actuator, which is an electric coil with a movable ferromagnetic core (plunger) in
its center (see Figure 7).

The solenoid valve operation can be described by the interaction of three subsystems:
(1) electro-magnetic subsystem, (2) mechanical subsystem, and (3) hydraulic subsystem.

In the closed or null position (de-energized state), a spring holds the spool against
valve orifices, thus closing them and preventing flow. When the current flows through the
solenoid, the coil is energized and creates a magnetic field (electro-magnetic subsystem).
The magnetic field exerts an attraction force on the plunger (see Figure 7), moving it and
overcoming the spring force (mechanical subsystem). The plunger moves the valve-spool
thus opening the orifices and allowing flow through the valve (hydraulic subsystem). When
de-energized, the return-spring pulls back the spool and plunger to the closed position.

The complete mathematical model of the valve solenoid actuator (electro-magnetic
and mechanical subsystems) can be described by a third-order nonlinear system [20]. The
dynamics of this system involve a large number of parameters, and many of them may
only be known within some (wide) range, or even be completely unknown. Therefore, to
develop simpler model approximations for practical applications, the valve manufacturer’s
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catalogue information usually provides well-known step responses and/or frequency
responses for various sizes and types of valves [21].

Plunger | |
| Return
Pr P, Ps Py Spring
: Valve
Solenoid Spool
Coil

Magnetic Field

Figure 7. Solenoid valve working principle.

For control system modelling purposes of this work, the third-order model for the
solenoid actuator was simplified. When the valve dynamics are sufficiently fast, relative
to the response of the process to be controlled (tow-point cylinder movement), the valve
spool displacement (xy) from null can be considered proportional to a first-order filter on
the input variable (current), which is accurate enough to model common proportional
valves [22-24]. The simplified first-order model is presented in Equation (9).

Xp = _lxv"‘&'iv )
Ty Ty
where

xy: Valve spool displacement (m).

Ty: Equivalent valve time constant (s).

Kj: Steady-state valve input-to-spool-position gain (m/A).

iy: Valve input current (A).

Applying the Laplace transform to Equation (9), assuming initial conditions equal to
zero, and rearranging the terms, the transfer function of the system Hy (s) is obtained by

Equation (10).
Xo(s) _ 1 ‘
in(s) Ho(s) = (TS+1>K’ (10)

The time constant (ty) is obtained through the valve frequency. The proportional
valve assumed for this work (Bosch-Rexroth 4/3-way control valve 4WRA-B6) has a step
response switching time of 18 (ms) to ON and 20 (ms) to OFF. The valve frequency (f) for
one cycle (0-100%-0) is therefore obtained by Equation (11).

1

= ——— =263 (Hz 11
D=y, 263 () a1
Then, the equivalent valve time constant is calculated in Equation (12) [22].

p— 1 p—
T

Ty 6 (ms) (12)

The final aspect to be modelled is the relation between the spool position (xy) and the
volume flow through valve orifices (hydraulic subsystem). For a matched and zero-lapped
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valve, the port opening area (Ay) is proportional, to a good first approximation, to spool
displacement (Ay ~ w-xy), which is also proportional to the current applied (xy ~ Kj-iy).
The tank (return) pressure is usually neglected in comparison to the line pressures (Pt ~ 0).
Then, for positive spool displacement (xy > 0), the two flow equations representing flow
out of the valve (Q;) and flow back thought the valve (Q;) are given by the well-known
orifice equation. As shown in Equation (13) and Equation (14) respectively [25].

[2 .2 .

Q1 = Cd-w-xz, E(PS — Pl) = Cd-w-Ki-zU E(PS — Pl) = Kf'l'y\/ Ps — P1 (13)
2 . ]2 .

Q2 = Cq-w-xyy | E(Pz — Pr) = Cprw K, | ;Pz = Kyip\/ P2 (14)

The valve coefficient (K¢) is given by Equation (15).

Kf = Cd'w'Kl‘\/E (15)
Y
where

Q1: Flow out of the valve through orifice port 1 (m3/s).

Q»: Flow back to the valve through orifice port 2 (m3/s).

w: Area gradient of the valve (m).

Cgq: Discharge coefficient.

Ps: Supply pressure (Pa).

P;: Line pressure out of valve port 1 (Pa).

P;: Line pressure back to valve port 2 (Pa).

Pr: Return tank pressure (Pa).

p: Hydraulic oil density (kg/m?).

For the control system analysis is necessary that these non-linear flow equations be
linearized about an operating point (0) to obtain a linear transfer function. Equations (13)
and (14) can be linearized by using a Taylor series expansion and neglecting the higher-
order terms. Assuming a constant supply pressure (Ps), the results of the linearized flow
Equations (13) and (14) are presented in Equations (16) and (17), respectively.

AQy = Ky1-Diy — Kpi-APy (16)

AQy = KqZ’Aiv + KpZ'APZ (17)

where the flow-gain coefficients (Kq1 and Kg) are obtained by Equations (18) and (19)
and the flow-pressure coefficients (K,; and Kp,) are obtained by Equations (20) and (21),
respectively.

d
Kj = a?l = Ks\/Ps— Pyg (18)
v o
d
Kp = 8?2 = K¢/ P (19)
v lo
00 Kfi”UO
Khj="—"| = ———— 20
PLT9P |, 24P = Pro (20)
an KfiUO
Kp,==—"=| = 21
P27 an |, 2y/Py @)

The most important operating point is the valve null condition because system opera-
tion usually occurs near this region. The valve flow-gain is the largest and the flow-pressure
coefficient is the smallest (K, = K2 = Kp & 0). Therefore, for a zero-lapped spool, the
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linearized flow-gain coefficient at the null condition (iyg = 0 and P19 = Pyg = Ps/2) is given

by Equation (22) [25].
/P
Ky =Kp =Ky =Kpy [ = (22)

The valve coefficient (K¢) may be determined expenmentally, or it may be calculated
using catalogue data from the rated condition test. For this test, the ports are connected via
a restrictor to generate a load pressure differential (P1, = P; — P»); therefore, Q; = Q;. The
load flow (Qr) equation under this condition can be expressed by Equation (23).

P, —P;
2

Qu = Kpio 23)

Manufacturers quote the rated flow (Qg) at a rated current (imax). For proportional
valves, the rated condition test is performed for a pressure drop APR = Ps — Pr, = 1 MPa (10
bar). The valve coefficient is therefore calculated by Equation (24).

o ) | APg
Qr = Kf Imax N =K lmux APR (24)

Combining the previous results with Equations (16) and (17), the linearized flow
equations are obtained (valid near null point operation) by Equations (25) and (26).

Ps iy
[_ = . ]Zs » — K,-P; = Kp- —K,-P 25
Zmmc APR Pl Q Imax Pl @)
Qr 2 |Ps . iy
= - — = K, P, = Kp-- K,-P; 26
Q2 imae \| APR 2 Iy + Kp-D Q . + Kp-1 (26)

where the valve flow-gain is expressed as: Ko = Qg+ / APTSR'

For the asphalt paver, a proportional solenoid valve with rated flow of Qr = 12 (L/min),
a supply pressure of Ps = 5 (MPa) and a flow-pressure coefficient of K, =5 x 107! (m®/N-s)
were assumed. Applying the Laplace transform to Equations (25) and (26), assuming ini-
tial conditions equal to zero, and rearranging the terms, the linear transfer functions are
obtained in Equations (27) and (28).

Qi(s) = Kgric(s) — Kp-Pi(s) 27)
Qa(s) = Kg-ic(s) + Kp-Pa(s) (28)
where the input current is: i, = ilv

From Equations (27) and (28)m1t can be seen that input current is the ratio of maximum
valve current (iy /imax), which is the command signal out of the control unit derived in the
previous section.

3.4. Cylinder Dynamic Response

The tow-point hydraulic cylinder consists of a single rod and single ended piston
(asymmetric cylinder) as shown in Figure 8. The model for the valve—cylinder system
presented herein is based on the derivation procedure found in [24].
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Figure 8. Solenoid valve—cylinder control system.

From Figure 8, Pg is the supply pressure from the hydraulic pump and Py is the return
pressure to the tank. Assuming there are no external forces acting on the tow point other
than the lift or downforce exerted by the piston motion, the mathematical model of this
system is derived in Equation (29) using force balance.

meil, () + by, (£) = Py-Ay — Py-Ay (29)

where
me: Equivalent mass supported by the cylinder. Tow-arm + half screed = 800 (kg).
yp: Piston displacement inside the cylinder relative to initial position (m).
b: Piston viscous/coulomb friction damping coefficient (N-s/m).
Py: Fluid pressures in the upper cylinder chamber (Pa).
Aq: Cylinder upper chamber area. Piston side (m?).
P;: Fluid pressures in the lower cylinder chamber (Pa).
Aj: Cylinder lower chamber area. Rod side (m?).
The cylinder chambers areas A; and A; are calculated from the rod and piston diameters.

where

D: Piston diameter. Assumed 0.1 (m).

d: Rod diameter. Assumed 0.05 (m).

Applying the Laplace transform to Equation (29), assuming initial conditions equal to
zero, and rearranging the terms, Equation (30) is obtained:

yp(s) (mgs2 + bs) = A1Pi(s) — Ay Ps(s) (30)

The next step is to establish the flow-continuity Equations (31) and (32) for each
cylinder chamber. Neglecting fluid leakage across the piston.

d
p _,_Edﬂ (31)

Q=g T g,
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d
Q= Ayl + 252 32)
where
Be: Effective bulk modulus of the hydraulic oil. Assumed 700 (MPa).
The initial or mid-stroke position of the piston (yp, = 0) is defined in such a way that
the volumes of both cylinder chambers are equal (V19 = Vpp). Assuming small piston dis-
placements within the vicinity of the mid-stroke, the approximation shown in Equation (33)

is used [24].
Vi \%3 1 (V10+V20> 1 (Vt)
Be  Be B\ 2 Be\ 2 " 9
where
V¢: Total cylinder volume at mid-stroke position (m?).
Cp: Hydraulic capacitance (m?®/Pa).
Thus, Equations (31) and (32) can be re-written in the Laplace domain as Equations (34)
and (35), respectively.
Qu(s) = sA1-y(s) +5Ch-Pi(s) (34)

Qa(s) = sAz-y(s) +sCy-Pa(s) (35)

Combining Equations (34) and (35) with the linearized valve-flow Equations (27) and
(28) and rearranging the terms, Equations (36) and (37) are obtained in the Laplace domain
for pressures in the upper and lower cylinder chambers.

KQ . SAl
P - = . _
1(5) sCy + Kp ZC(S sCy + Kp (36)
K SA
Py(s) = L : (37)

~ sCy+K, e(s) + sCr + Kp

Replacing these results in the force-balance Equation (30) and rearranging the terms,
Equation (38) for the valve—cylinder system is obtained.

Yp(5)| (mes + b5 ) (sCo + Kp) +5(A12 + 422 ) | = Ko (A1 + Ag)eic(s) (38)

The transfer function Hc(s) of the system is deduced from Equation (38), neglecting
the friction damping (b) and defining the rod/piston area ratio: « = Ap/A;.

1+a

S 1 AL (1+a2) Q
ch((S))_Hc(s)_s' Cry 12(1“);1161@ 1 (39)
A12(l+zxz)s A12(1+a2)s

Applying the substitutions in Equations (40) and (41), Equation (39) is then rewritten
in terms of system natural frequency (w) and damping ratio (), and the final transfer
function of the system Hc(s) is obtained as Equation (42).

A1 +a2)
w = 77?19(:14 (40)

mer
[ = (41)
2/meCr-y/ A12(1 + 062)
1+a , 1
— KoMt 2
HC(S)_KQ 1 52+2§gs+1 S (42)

w?
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Reference

The transfer function obtained in Equation (42) for the valve—cylinder system, although
being relatively simple, has been used in other levelling-system-related research [26-28];
therefore, it was considered accurate enough for this work.

3.5. Models Integration

The integration consists of coupling the base model with the levelling system model
and their respective input variables. The integration was made in the Matlab/Simulink
environment. Figure 9 shows the blocks diagram representation of the final model for
the screed response (y). The resulting longitudinal profile is then corrected to incorporate
proportional layer thickness reduction due to final roller compaction (see Equation (5)).

Control Valve Cylinder Dynamics
Unit Dynamics

w

> 1+a
L te 1 A+ 1| X Vel | 5
oS Lzsz+-2—<s+l . S‘g S‘
®

1-m
E-IZI

Uy up

Figure 9. Blocks diagram—final model for screed response.

In Figure 9, the reference profile (uyy;) resulting from the levelling beam sub-model is
the input to the control system. The difference, or deviation, of the control point position
(Ycp) in relation to the reference is the error value (err) for the control signal. The error
value is used by the control unit sub-model to provide a proportional current input (ic)
for the electro-valve. The valve response sub-model will produce a spool-displacement
and flow-gain (Kq) proportional to current input. Depending on the oil-flow rate from the
valve into the cylinder chambers, the cylinder response sub-model will move the piston
(yp) up or down to control the tow-point position and therefore screed elevation. The
tow-point position (ytp) is the result of piston displacement and tow-point trajectory (utp)
due to paver motion given by the base model. The screed position (y;) in response to
tow-point movement is given by the screed reaction time base model (H;). The tow-point
position and screed position is then used to calculate the new control point elevation (ycp)
and re-evaluate the error value for the control system, which will operate as a continuous
loop during the paving simulation. On each step, the total screed response (y) is given
by the addition of screed trajectory (y1) and screed vibration (y2) sub-models H; and H,
respectively (base model).

4. Model Calibration

Parameters related to certain paver characteristic dimensions (L, Lay, Lyp) and
the paving process (V, hyjpr, FF) will determine the proposed model response. These
parameters are either known or can be approximated using typical values used on paving
projects. The two parameters associated with the screed dynamic model were obtained
from the calibration provided in the base study [11]: a damping ratio of = 1 and natural
frequencies of wy = 0.045, wy = 0.065, and wy, = 0.075 for simulations of one, two, or
three passes of the paver, respectively.

Therefore, the unknown parameters to be determined are the levelling system sen-
sibility (SEN) and the ratio of sensor location ‘m’ in relation to the tow-arm length. The
calibration procedure is based on identifying the model sensibility and control point loca-
tion values that produce the best fit between the IRI computed over the simulated as-built
profile and the real as-built IRI data observed for the same initial longitudinal profile. The
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process of optimization involved the minimization of the Sum of Squared Errors (SSE) re-
sulting from the difference between the observed and estimated IRI values. By minimizing
the SSE value, the Root-Mean-Square Error (RMSE) of the estimation is reduced, which
implies finding the calibration factor that guarantees the best fit for the predicted IRI and,
consequently, the model’s calibration (See Figure 10).

|

|

Min SSE

Sum of Squared Error (SSE)
!

Min RMSE

| | | |
1 2 3 i 9 10
Sensibility (SEN)

Figure 10. Calibration method—minimization of SSE.

4.1. Database for Calibration

To calibrate the model, comprehensive data on overlay works are needed. This
includes longitudinal profile data measured both before and after works, as well as back-
ground information on the paving process related to the model parameters (paver char-
acteristics, laydown thickness, etc.). Three requirements have to be met by the pavement
works data chosen for calibration:

(1) The existing surface was not milled or excessively repaired before overlay construc-
tion; as a result, the as-built profile data are highly related to the paver leveling response to
the original surface profile. (2) A wheeled paver was used for laying the asphalt overlay.
(3) To ensure that the model calibration accurately reflects the screed automatically con-
trolled response, the paving work must be executed utilizing an automatic screed control
system through a mobile levelling beam.

The information available from the SPS-5 experiment of the North American Long-
Term Pavement Performance (LTPP) program served as the data source for the analysis.
The SPS-5 experiment was specially designed to assess the impact of various overlay
alternatives on the pavement performance. A first pre-selection process of site candidates
to be used in the calibration was conducted after a thorough review of the 210 sections
available in the database. All sections that involved milling prior to overlay construction
(intensive previous repair) and/or used a tracked paver for the laydown were excluded.

Additionally, some sections were discarded because they had insufficient information
or due to differences between the design and as-built project; for instance, sections designed
as minor surface repair prior to overlay in which milling was actually performed, or the
lack of a profile evaluation before or after the paving works. The pre-selection resulted in
32 candidate sections.

Only the works that employed automated levelling during paving were chosen from
the pre-selection. For some sections, this information was directly provided in the construc-
tion report; in other cases, it was deducted from the longitudinal profile power spectral
density (PSD) analyzed before and after the overlay. Additional information and findings
about the PSD analysis are available in the base study [11].
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Lastly, some sections showed an after-overlay roughness value (IRI-post) greater than
the existing roughness prior to overlay construction (IRI-pre). This inconsistent data affects
the calibration process accuracy, and occurs likely due to inadequate construction quality, or
to a lesser extent, potential survey errors. Given that the proposed model relies on a number
of idealized construction process assumptions, such as constant speed and homogeneity
of the mixture, which can be replicated (approximately) on the job site with good paving
practices, it seem reasonable to remove from the analysis the sections in which the IRI-post
(calculated at 100 m intervals) increased or showed a decrease of less than 0.1 m/km in
comparison to the IRI-pre. Therefore, the analysis only took into account those sections
that showed an average IRI drop of more than 0.1 m/km after overlay construction.

The selection process led to 15 sections suitable to be used in calibration. Table 2
presents a summary of the finally selected data. The “compacted thickness” (hcomp) and
“lift thickness” (hyjpr) informed for each paving work were used to compute the Fluff
Factor (FF).

Table 2. LTPP SPS-5 sections for model calibration.

SPS-5 Test Site ASPHALT PAVER LIFT NO hLH—:T hCOMP Fluff Factor

STATE_CODE STATE_CODE_EXP SHRP_ID Manufacturer (**) Model - cm (in) cm (in) FF
8 Colorado 0502 BARBER GREENE  BG-260B 1 79(3.1) 6.4 (2.5) 0.24
1 89(35)  69(27) 0.30

8 Colorado 0503 BARBER GREENE  BG-260B
2 6425  48(19) 0.30
1 104 (4.1) 6.4 (2.5) 0.63

8 Colorado 0504 BARBER GREENE  BG-260B
2 107 (42) 6.6 (2.6) 0.63
8 Colorado 0505 BARBER GREENE  BG-260B 1 7429  64(25) 0.16
1 6.1(24) 531 0.14

23 Maine 0502 BLAW-KNOX PF-180H
2 41(1.6)  3.6(14) 0.14
1 53(2.1)  4.6(L8) 0.17
23 Maine 0503 BLAW-KNOX PF-180H 2 51(.0)  4.6(L8) 0.11
3 58(2.3)  5.1(2.0) 0.15
1 58(2.3)  5.1(2.0) 0.15
23 Maine 0504 BLAW-KNOX PF-180H 2 4.8(1.9) 43(1.7) 0.12
3 6.1 (24) () 48(L9) 0.25
1 3.8(15)  3.0(L2) 0.25

23 Maine 0505 BLAW-KNOX PE-180H
2 38(15)  3.0(L2) 0.25
1 51(2.0)  4.1(L6) 0.25
24 Maryland 0503 BARBER GREENE BG-240 2 5.1(2.0) 4.1(1.6) 0.25
3 6.1(24)  51(.0) 0.20
1 51(2.0)  3.8(L5) 0.33
24 Maryland 0504 BARBER GREENE BG-240 2 5.1(2.0) 3.8(1.5) 0.33
3 6.6(2.6)  5.1(2.0) 0.30
24 Maryland 0505 BARBER GREENE BG-240 1 6.4 (2.5) 53(2.1) 0.19
34 New Jersey 0502 BARBER GREENE BG-260 1 6.1 (2.4) 5.1(2.0) 0.20
1 89(35)  7.6(3.0) 0.17

34 New Jersey 0503 BARBER GREENE BG-260
2 64(25)  51(20) 0.25
1 102 (40) 7.6 (3.0) 0.33

34 New Jersey 0504 BARBER GREENE BG-260
2 6425  51(2.0) 0.25
34 New Jersey 0505 BARBER GREENE BG-260 1 6.4 (2.5) 5.1(2.0) 0.25

(*) No “lift thickness’ information reported. Assumed from the general rule of about 1/4” roll-down per 1” of
screed laid thickness (FF = 0.25). (**) Barber-Greene, A division of Caterpillar Paving Products Inc., Montgomery,
IL, USA.; Blaw-Knox Construction Equipment Co., Mattoon, IL, USA.
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Sections having SHRP ID codes 502, 503, 504, and 505 indicate minor surface
preparation—that is, localized patching without milling—prior to overlay construction.
Code sections 504 and 505 are overlays with virgin mix in thick and thin thickness (5.1 cm
and 12.7 cm, respectively); code sections 502 and 503 correspond to overlay works with
recycled HMA mix in the same thin and thick thicknesses, respectively. In sections 503 and
504 (thick thickness), the overlay was applied in two or three consecutive paver passes,
which will be replicated on the simulations in order to calibrate the model.

A review of manufacturer catalogs was used to establish the dimensions of the paver
models used for calibration. This information was gathered using three complementary
approaches: (1) the value was directly available for the required paver model in the catalog,
(2) estimation based on other dimensions listed in the catalog, and (3) dimension calculated
using average values derived from other catalogs for a similar paver type. The results of
the asphalt pavers dimensions used in the calibration are listed in Table 3.

Table 3. Paver characteristics dimensions.

ASPHALT PAVER L Lup L, L
MANUFACTURER MODEL (mm) (mm) (mm) (mm)
BARBER GREENE BG-260B 850 2510 3415 610

BLAW-KNOX PF-180H 914 2540 3330 610
BARBER GREENE BG-240 850 2180 3150 610
BARBER GREENE BG-260 850 2510 3415 610

Source: Own elaboration based on manufacturer’s catalogs.

4.2. Calibration Process

The calibration procedure involved computing the longitudinal profiles derived from
the laydown simulation for every paving work, using the pre-overlay profile and the
previously defined model values as input parameters. The longitudinal profiles surveyed
in the internal (left, L) and external (right, R) wheel paths of the road lane, recorded before
and after paving, were analyzed for each of the 15 overlay sections, totaling 60 longitudinal
profiles for calibration.

Since the database lacked information on paving speed, a standard speed of
V =5 m/min—regarded as a typical value in the paving practice—was assumed for all
simulations. In relation to the parameters to be calibrated; four control point positions
(m=1/4,m=1/3,m=2/3,and m = 3/4) and SEN values ranging from 1 to 10 (see Table 1)
were assumed. This resulted in a total of 40 simulations for each paver pass.

The IRI computed over 20 m intervals was selected as the analysis unit, in order to
maximize the sample size. The standard length of each LTPP segment is 152 m resulting in
seven IRI values per profile and 210 post-overlay real IRI data for calibration. For paving
projects where the layer was laid over multiple paver passes, the longitudinal profile
derived from the first pass simulation served as the input for the second pass simulation.
The same process was followed for sections where the laydown was completed in three
layers, leading up to 2320 simulations that were programmed in Matlab® software.

The IRI for the left and right wheel paths, as well as the average value between
wheel paths, were computed every 20 m using the profiles obtained in each simulation.
The prediction square error (SE) of each simulation was calculated by comparing all of
the 40 average IRI values (10 SEN values per four control positions) obtained in each
section against the corresponding IRI computed from the real overlay as-built profiles. The
combination of sensibility (SEN) and sensor position ‘m’ that results in the lowest SSE
calculated, considering all sections, is the one that minimizes the paver model estimation
error RMSE.
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5. Results
5.1. Optimal Sensibility and Set-Point Placement

Figure 11 shows the results of the SSE for each simulated Sensibility (SEN) and sensor
placement values. It can be seen that the optimal SEN value is in the range of 4-6 for any
control point configuration (m =1/4, m=1/3, m =2/3 and m = 3/4). These results are
consistent with control system manufacturer’s recommendations about middle sensibility
settings; thus, the screed reacts to the change in grade quickly enough to achieve the
correction, but without “overshooting” the new elevation [18,19].

-=-m = 1/4 ==m=1/3 ——m=2/3 m = 3/4

12.5

Summ of Squared Error (SSE)

1 2 3 4 5 6 7 8 9 10
Sensibility (SEN)

Figure 11. Calibration results—minimization of SSE.

The worst SSE results of the calibration are for higher SEN values, which is consistent
with the levelling system working principle. In high SEN settings, the dead band is very
small (Db = 0.4 mm for SEN = 10) so the control unit is constantly detecting an error at
the sensor and sending a command signal to the tow-point cylinder; furthermore, the
proportional band (Pb) is the smallest (Pb = 1 mm for SEN = 10), which means a faster
hydraulic response. Thus, the levelling system is over-correcting the screed position all the
time which in turn affects smoothness negatively.

Regarding sensor position, the best calibration results were obtained for m =1/4 and
m = 1/3, which is in accordance with the recommendations when using a mobile levelling
beam [15-17].

According to Figure 11, the optimal value corresponds to an automatic levelling system
sensibility of SEN = 5 with a center sensor position of m = 1/4 away from the tow point,
associated with an SSE = 9.0 that minimizes the RMSE to a value of 0.30 m/km for the
predicted IRI. For the sensor position of m = 1/3, the best sensibility is SEN = 6 with almost
the same results (SSE = 9.1 and RMSE = 0.30 m/km). This is actually the factory default
setting of the MOBA system used as reference for the sensibility table.

It is standard procedure in pavement quality control and supervision to report rough-
ness surveys at longer intervals because IRI data every 20 m could be highly scattered
around the representative (mean) roughness value for the segment. Therefore, a 100 m eval-
uation interval was employed for this purpose, which is regarded as a common standard
in several countries [29]. From the results obtained, the IRI was calculated every 100 m
for each section considering the optimal SEN and sensor placement determined in the
calibration, that is, using values of SEN = 5 and m = 1/4. The results obtained are presented
in Figure 12.
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Figure 12. Simulation results—IRI @ 100 m comparison.

From Figure 12, it can be observed that the predicted values (IRI-sim) are always lower
than the values prior to the overlay construction (IRI-pre), which demonstrates the levelling
effect of the laydown process. Additionally, in general, the predicted value is consistent
with the real IRI value observed after works (IRI-post), with a mean estimation error RMSE
of 0.17 m/km equivalent to a Mean Absolute Percentage Error (MAPE) of 15.1%.

5.2. Comparison against Base Model

For assessing the improvement of the proposed model against the base model, the
model of wheeled paver without automatic levelling was tested with the same data set
used herein. The results for the 15 study sections are presented in Figure 13.
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Figure 13. Models comparison—with and without levelling system.

Figure 13 shows that when using the base model, the predicted IRI-sim values (No
Levelling) are in average higher than the real IRI-post values observed after works, which
indicates that the base model overestimates as-built IRI on works that uses automatic
levelling system (as expected). The mean estimation error is RMSE = 0.22 m/km equivalent
to a MAPE of 22.6%.

When using the model with automatic levelling the predicted IRI-sim values (Lev-
elling) are more consistent with real as-built IRI values, showing closer average results
between them and lower error (RMSE = 0.17 m/km and MAPE = 15.1%). Additionally, the
IRI-sim values of the enhanced model with automatic levelling are always lower than the
IRI-sim values obtained from the base model (No Levelling), which demonstrates the addi-
tional levelling effect provided by the automatic control system. According to these results,
the enhanced model represents an improvement over the base model, demonstrating the
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potential of the proposed model as a prediction tool for as-built roughness IRI when using
a levelling-beam type reference for assisted levelling.

5.3. Proposed Model Profiles Visualization

The model developed allows a graphical representation of the simulated aspects of the
construction process. In this regard, the results of the different sub-model can be plotted
independently during simulation to visualize their effect on the profile transformation. As
an example, the paving modelling for the right wheel path of the New Jersey 0502 section
is presented. According to Table 2, this section corresponds to an overlay constructed in a
single layer with lift thickness hypr = 6.1 cm (2.4 in) using a Barber-Greene BG-260 paver.
The compacted thickness was hcomp = 5.1 cm (2.0 in), equivalent to a Fluff Factor FF = 0.20.
According to the base study, a natural frequency wy, = 0.045 for the single layer was used.
For the levelling system, sensibility SEN = 5 and sensor placement m = % obtained from
the calibration were used. The simulation results are presented in Figure 14.
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Figure 14. Model results graphical visualization. (a) Levelling beam reference. (b) Sensor error and
cylinder correction. (c) Final simulated profile.

Figure 14a shows the levelling beam reference profile (blue line) resulting from the
long-base averaging of the existing surface profile. It can be seen that the longest wave-
length associated with road vertical alignment is still present, but wavelengths shorter than
the levelling-beam length (9 m) are smoothed out. Figure 14b shows in the left axis the
sensor position (dashed red) in relation to the reference (blue). Axis limits are adjusted
so elevation changes can be seen. The right axis (black) shows the cylinder correction
movement (mm) acting on the tow point.

As can be seen, when the sensor position is above the reference, the cylinder moves
down to lower the tow point and therefore screed position. When the error is less than Db
(2.4 mm), the cylinder does not act and remains stable; otherwise, when the sensor is below
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the reference, the cylinder moves up to raise the tow point and screed position. Figure 14c
shows in red the final simulated profile (ycomp) after the proportional thickness correction
due to roller compaction (coefficient FF = 0.20).

The roughness of the existing profile is IRI-pre = 1.66 m/km (calculated over 100 m
intervals), and real overlay as-built roughness is IRI-post = 0.97 m/km. The roughness of
the final profile obtained from the simulation is IRI-sim = 0.95 m/km, corresponding to a
prediction error of AIRI = 0.02 m/km.

6. Discussion

In a previous study by the authors, an as-built IRI prediction model for asphalt
overlays based on profile transformation was proposed. The model, used as basis for this
study, was developed for the case of wheeled pavers without automatic screed levelling.

In the base model, as well as in the real paving process, the paver screed decreases
its levelling efficiency as the wavelength of the defects causing the roughness increases,
which is the reason why pavers use automatic levelling systems to regulate the tow-point
elevation and compensate for the lowest levelling efficiency at longer wavelength defects.
In this work, further development of the base model is presented, including the effects of
using an automatic screed control system through a levelling beam type mobile reference.

The proposed model describes an idealized construction process as a result of the
integration of four sub-models:

1.  Modelling of the reference profile obtained by the levelling beam as a result of the
mobile long-base averaging.

2. Command signal model. The error value calculated as the difference between the
reference and the actual screed position at the sensor is used by the control unit to
provide a proportional current input for the electro-valve.

3. Electro-valve response model. The valve was represented by a first-order linear
system time response and flow-gain proportional to current input. The result of this
model is the hydraulic oil flow into the tow-point cylinder chambers.

4.  Hydraulic cylinder model. Depending on the oil-flow rate from the valve into the
cylinder chambers, the piston will move up or down to control the tow-point position
and therefore screed elevation.

The model was calibrated from a selection of SPS-5 experiment sections from the LTPP
database. The results of IRI every 100 m computed from the simulations show a mean
estimation error RMSE of 0.17 m/km for the predicted IRI, equivalent to a mean percentage
error MAPE of 15.1% with respect to the real IRI values observed after overlay construction.

The model developed involve a novel methodological approach for the prediction of as-
built IRI, and the results obtained represent an improvement with respect to the base model,
demonstrating the potential of the proposed approach as a valuable modeling alternative.
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