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Abstract

Nowadays, a complex transportation network has been a symbol of urbanization development.
Convenient transportation enriches people’s life. However, on one hand, traffic noise and
vibrations from the transportation network are around everyone in the city, which affect the
living condition of urban residents and could result in sleeping disorder. The induced
vibration may cause some fatigue damage of surrounding (historic) buildings as well; on the
other hand, the indirect impact of the more convenient transportation network is the recycling
problem of end-of-life tires from increasing numbers of vehicles. In order to solve the above
problems, this study is trying to refine and optimize a new noise and vibration absorbing
system for road pavements while complying with the requirement of sustainability by the use
of crumb rubber from end-of-life tires. This noise and vibration absorbing system is
composed of a gap graded asphalt surface layer, containing a certain amount of crumb rubber,
and a lower vibration-absorbing layer with higher damping property. The main objectivities of
this study are to study the noise reduction mechanism of the surface layer, to design and
evaluate the asphalt mixtures for the damping layer based on the mechanical and damping
properties, and to optimize the pavement structure based on the functional and mechanical

characteristics.

As far as the surface layer, two experimental gap graded asphalt mixtures with a high content
of crumb rubber by the different adding process (wet process and dry process) are designed
and analyzed based on the test data of the previous “Leopoldo” project, with a comparison of
two conventional asphalt mixtures commonly used as low noise pavements (LNPs) in Europe.
By comparing the texture depth, sound absorption coefficient, stiffness modulus and other
factors that affect the noise level, the mechanism of gap-graded asphalt mixture with crumb
rubber to reduce tire/pavement noise is inferred, as the main research output of the surface

layer.

As far as the damping layer, the damping effect is evaluated firstly in order to verify whether
it makes sense to lay a damping (vibration-absorbing) layer in the pavement structure. The
methods commonly used in the field of road engineering to characterize damping property are
reviewed, and the shortcomings of these methods when applied in this study are summarized.
In order to overcome these weaknesses, a more accurate and reasonable method to
characterize the damping effect in the field of road engineering is proposed and it is proved to
be applicable not only to roads composed of materials with close damping properties but also
to the ones composed of materials with large different damping (E.qg., a road structure with a



special damping layer). Rubberized and non-rubberized road pavements are used to verify the
accuracy of the method by comparing the simulation results obtained by the proposed method
to the field measurement results. After the proposed method is verified, this study evaluates
the effects of laying a damping layer on vibration reduction of the road pavements and
surrounding environments. Additionally, a parametric study of the damping layer is
performed, including different damping layer locations, thicknesses, and damping ratios.

Based on this parametric study, an optimized pavement structure is proposed.

Considering the paving materials specifically for the damping layer, this study designs the
asphalt mixtures with high binder content as well as high crumb rubber content in order to
improve the damping property. The basic mechanical properties, as well as the damping
properties, are evaluated in the laboratory to assess if the designed asphalt mixtures can meet
the requirements. In addition, considering that the asphalt mixture's damping capacity and
anti-rutting ability are typically opposite, this study designs a special Hamburg wheel tracking
(HWT) test, where the damping layer acts as the interlayer in the pavement structure, in order
to evaluate the rutting resistance. At the same time, an experimental road with a damping

layer is carried out in the field to verify the construction feasibility of the asphalt mixture.

By comparing the factors that affect the noise level, the mechanisms of enhanced low noise
ability by adding crumb rubber in asphalt mixtures by the wet process and dry process are
referred to as reducing the tire/pavement vibration and reducing the aerodynamic noise,
respectively. Therefore, adding crumb rubber to gap graded asphalt mixture by wet process,
can not only reduce noise to achieve anti-noise pavements but also can reduce the generation
of tire/pavement vibration waves and realize the design of the anti-vibration pavements.
Therefore, this asphalt mixture will be used as the surface layer of the designed “vibration and

noise absorbing system”.

Based on the idealized shear beam model, a more reasonable and accurate method to calculate
natural frequencies of different layers of pavement is proposed, by which the damping matrix
of the pavement system can be layered assembly. By comparing the results of the finite
element (FE) model and in-situ field tests, good agreements are achieved between simulation
and field measurement results demonstrating the accuracy of the proposed model. Confirmed
by the FE model based on the proposed method, when a damping layer is laid in the pavement
structure, the vibration at 10 m away from the pavement can be reduced by about 20% and the
one at 30 m away from the pavement can be reduced by about 15%. Through a parametric
study of the damping layer, the optimal damping layer position is determined as the middle of

the asphalt layer, and the optimal thickness is 3 cm. The asphalt mixtures designed to work as



a damping layer, are verified by laboratory tests and proved to have sufficient strength to meet
the requirements of the specification and much higher damping capacity than conventional
asphalt mixtures. It can also work together well with the upper and lower asphalt layers as
well as providing enough ability to resist rutting according to the results of the special HWT
tests. The mixing, laying and rolling processes of the experimental road with the damping
layer show that the mineral materials are embedded and stabilized, and the asphalt is evenly
distributed, demonstrating that the designed asphalt mixture has the good working ability and
compaction performance similar to traditional asphalt mixture. By laying a damping layer in
the road structure, the deflection can be reduced by almost 50% at the loading center position,
while the deflection can be reduced by about 20% at the 1.9m position around the road,
demonstrating the effectiveness of the damping layer. Finally, according to the above results,
a theoretical and practical procedure for characterizing and modeling the “low-noise + low-

vibration + vibration-absorbing” system for pavement structure is proposed.
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Development of a new noise and vibration reduction system for road pavements

Chapter 1: Introduction

1.1 Background

1.1.1 Traffic-induced noise

Today, complex transportation networks have become a symbol of urbanization. The
convenient transportation has enriched people's lives. However, traffic noise from
traffic networks is around everyone in the city, which affect the living conditions of

urban residents and can lead to sleep disorders, and is becoming more and more serious.

Traffic noise pollution has the characteristics of continuous interference and great harm.
Many people complain that traffic noise has the most direct impact on their lives (Milne
2006). With the increase of highway traffic mileage, traffic flow and vehicle traffic
speed, the extent of road traffic noise interference to the normal living, working,
learning and rest environment of residents along the line are also intensifying and
expanding. The hazards brought by traffic noise pollution to urban residents are as

follows:
(1) Traffic-induced noise can damage people's health

Traffic-induced noise can cause great damage to human hearing (Daniel 2007). In the
normal activities such as production and living in areas with serious noise pollution,
such as traffic trunks, the human ear is stimulated and impacted by external noise,
which is vulnerable to damage and thus causes hearing loss: higher the noise intensity,
greater the damage. If people live in a strong noise environment for a long time, the

human ear may cause a qualitative lesion to form noise deafness (Miller 1974).
(2) Traffic-induced noise can affect people's normal life and rest

When the human brain is fully rested, it can relieve fatigue and restore physical strength.
Adequate sleep is a prerequisite for the human brain to fully rest. Ample sleep can only
be achieved in a quiet environment. Residents living on both sides of roads with serious
traffic noise pollution, under the long-term interference of noise, their sleep quality is

not guaranteed for a long time, resulting in dizziness, tinnitus and other adverse
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symptoms, which in turn cause diseases such as the nervous system, greatly affecting
people's work, life and physical and mental health (Frei et al. 2014).

1.1.2 Traffic-induced vibration

Traffic-induced vibration is another relevant issue in some European cities where heavy
traffic is running close to buildings; the problem is particularly relevant when pavement
surfaces are uneven like in the case of stone pavements or artificial bumps. Discrete,
periodic and random irregularities on the road surface and defects in the vehicle itself
lead to dynamic interaction forces between the vehicle and the road, which can be
characterized by a source-path-receiver scenario (See Figure 1.1). These forces create
stress waves in the supporting soil, which in turn causes vibrations in adjacent buildings
(Al-Hunaidi 1996).

Receiver

Vibration source

TN

e e =l 5>
Transmitting medium

Figure 1.1 Traffic vibrations can be characterized by a source-path-receiver

scenario

Table 1.1 Vibration levels induced by a bus and a truck [mm/s?] (Hunaidi 2000)

) 25km/h 50km/h
Location
Bus Truck Bus Truck
Ground in front of house 20.5 19.9 64.5 33.2
External foundation wall 11.2 10.1 30.9 15.7
Midpoint of floor in 1st storey 20.3 20.8 62.9 30.1
Midpoint of floor in 2nd storey 35.0 37.3 96.2 46.7

The dominant frequency and amplitude of vibration depend on many factors, including
road conditions, vehicle weight, speed & suspension system, soil type & stratification,
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seasons of the year, distance from the road and building type (Hunaidi 2000). E.g.,
Table 1.1 is a comparison of vibration levels [mm/s?, root mean square (RMS)] induced
by a bus and a truck, to demonstrate the effect of different suspension systems at
different speeds. The impacts of vibration caused by traffic mainly reflect on the

following aspects:
(1) Effect of vibrations on people’s health

Vibrations induced by road traffic are not health and safety issues; they are more of an
annoying problem. Due to the human body's annoying physical sensation, interference
with activities such as sleep and conversation, the snoring of window panes and loose
objects, and the fear of damage to buildings and their contents caused by vibration may
not be accepted for occupants. Experience has shown that if the vibration level is only
slightly above the perceptual threshold, people living in the home may complain, and
the main concern is that the building or its contents are damaged (Hunaidi 2000). This
kind of concern may be a contributory factor to stress-related diseases (Royal

Commission on environmental pollution 1994).
(2) Effect of vibrations on the surrounding environment

Homeowners may complain about damage caused by traffic vibrations, such as cracks
in walls and ceilings, separation of masonry blocks, and cracks in foundations. However,
the level of vibration is rarely high enough to cause direct damage to these damages,
although they may cause deterioration processes due to other causes. Building
components often produce residual strain due to uneven soil movement, humidity and
temperature cycling, poor maintenance or past renovations and repairs. Therefore, small
vibration levels caused by road traffic may cause damage by "supplementing” residual
strain. It is therefore difficult to establish a level of vibration that can cause damage to
the building, so the controversy still revolves around this problem. In some cases, when
the building is subjected to vibration for many years, if the induced stress in the building
is sufficiently high, fatigue damage (i.e., caused by repeated loading) may occur. In the
case of historic buildings, especially those in a weak condition (e.g., the wall cracking
of Villa Farnesina in Roma caused by traffic-induced vibrations), traffic-induced
vibration is of concern regarding its long-term effect (Hunaidi et al. 1997). The
vibration also may disturb sensitive operations, as for example in hospital operating

theatres, scientific research labs, and high-tech industries (Hao et al. 2001).
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Figure 1.2 Wall cracking of Villa Farnesina caused by traffic vibration (Feiden 2007)

1.1.3 Recycled crumb rubber

Scrap tires constitute an important part of the world's solid waste management issues,
and market groups predict that used tires will increase in the coming years. Globally, the
number of used polymer products has increased year by year: most of them are used in
automotive tires. According to the report of the largest tire and rubber producer
association, the annual global tire production is about 1.4 billion, equivalent to an
estimated 17 million tons of used tires each year (European Tire and Rubber
Manufacturers’ Association 2011; Sienkiewicz 2012). The dynamic growth of the
number of used tires is well reflected in the EU, with production increasing from 2.1
million tons in 1994 to 3.3 million tons in 2010, and annual processing costs in EU
countries are close to 600 million euros (European tire & Rubber Manufacturers’
Association 2010a).

An important channel for recycling scrap tires is through the production of crumb
rubber modifiers (CRM) and its main advantage of using in the production of asphalt
mixtures is the environmental sustainability of the pavement associated with the
opportunity to recycle scrap tires. In addition, the rubber asphalt composition can
improve the quality of the pavement, making it thermally stable and resistant to aging.
The addition of abrasive rubber to the asphalt also improves the flexibility of the asphalt
binder and reduces the surface susceptibility to rutting. By modifying the mineral with

rubber particles, the asphalt mixture improves its resistance to slip and wear, reduces
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tire surface noise, and improves tire grip in wet and cold weather (Lee et al. 2008; Paje
etal. 2010; K&k et al. 2011; Liu et al. 2012).

1.2 Research problem

1. Large numbers of low noise pavements (LNPs) have been constructed using
modified mixtures for surface layers, particularly in Europe (Ohiduzzaman et al.
2016). However, very limited research work (Taniguchi et al. 1979; Hanazato et al.
1991) can consider the combined response of vibration and noise, as well as the
effects of traffic-induced vibrations on people’s life and surrounding environment

close to the roads.

2. In terms of functional characteristics, the low noise performance of rubberized
asphalt mixtures has been fully confirmed (Biligiri 2013; V&aquez et al. 2016).
However, the noise reduction mechanism of rubberized asphalt mixtures (dry
process and wet process) is not yet clear and lacking in effective evidence to be

inferred.

3. In many studies about dynamics analysis of pavements, as a basic parameter for
determining the damping capacity of different structural members, the damping ratio
of the road structure has been defined without being ignored (Ling & Newcomb
1991; Zeng et al. 2005; Al-Qadi et al. 2008; Wang et al. 2009; Uddin et al. 2010;
Tang et al. 2013; Xu 2014). According to the literature, different methods have been
applied, but there was still no uniform and persuasive method to characterize the
damping properties in road engineering. In addition, when the damping was
characterized, most studies used the natural frequencies of the road structure from
empirical values or reference values (Wang et al. 2009; Uddin et al. 2010) instead of
the true values calculated from the field, resulting in imprecise dynamic analysis

results.

4. Damping effect has been extensively used in the design process of large structural
members, especially in civil engineering, such as embankments and bridges, to
distinguish between two different vibration attenuation capacities. However, the

damping effect was rarely applied in pavement structures (Dondi et al. 2005; Grandi
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2008; Huang et al. 2018) and the literature focus on verifying such damping effect

has rarely been found (Hanazato et al. 1991).

5. The rubberized asphalt mixtures were confirmed particularly effective in absorbing
vibrations and were designed and adopted as roads’ base layer and railways’ sub-
basalt layer in some studies (Zeng et al. 2001; Wang et al. 2005; Soto et al. 2017).
However, according to the literature knowledge known to the author, no research
has been focused on the design and test of asphalt mixtures specifically for damping

layers in road engineering.

1.3 Research objective

The main aim of this study is to refine and optimize a new noise and vibration absorbing
system for road pavements while complying with the requirement of sustainability by
the use of crumb rubber from end-of-life tires. The noise and vibration absorbing system
is composed of a gap graded asphalt surface layer, containing a certain amount of crumb
rubber, and a lower vibration-absorbing layer. The schematic diagram of such noise and

vibration absorbing system is shown in Figure 1.3.

Noise + vibration reduction layer

Subbase

Subgrade

Figure 1.3 Schematic diagram of the noise and vibration absorbing system

The asphalt mixture of the surface layer will be determined with regard to laboratory
mechanical performance and in-situ performance. The vibration-absorbing layer will be
designed to achieve a specific target in terms of high damping and evaluated with regard

to mechanical and damping properties.
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The objectives of the study are shown as follows:

1)

2)

3)

4)

To study the noise reduction mechanism of the rubberized asphalt mixtures and to
determine the most suitable asphalt mixture, which can be used as a surface layer for

noise and vibration reduction;

To propose a uniform method that can be applied to the road structure to
characterize the damping property and verify its effectiveness by comparing to field

experiments;

To establish a finite element (FE) model to accurately simulate the effect of the

damping layer on traffic-induced vibration;

To design and evaluate the asphalt mixtures for the damping layer based on the

mechanical properties and damping properties.

1.4 Research approach and plans

According to the aims of this research project, the main research approaches and plans

can be divided into the following parts:

1)

2)

3)

A literature review of the tire/pavement noise generating mechanism as well as the
conventional types of LNPs. Literature about the state of arts of recycled crumb
rubber (CR), as well as asphalt mixtures with crumb rubber by the dry process (DP)
and wet process (WP), will also be reviewed. Through these literature reviews,
directions can be provided for the design of noise reduction and vibration absorption

system for road pavements.

Review the commonly used damping characterization model applied in road
engineering, summarize and verify the accuracy and applicability of existing
research methods. In addition, commonly used methods and software for pavement
structural analysis as well as the image analysis software will be reviewed in order
to provide ideas and methods for characterizing the damping and mechanical

properties of road structures.

According to the literature review about the mechanism of tire/road noise generation

and the noise reduction of LNPs, The laboratory and in-situ experimental data of the



4)

5)
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“Leopoldo” project will be analyzed. According to the results drawn from the
analysis, this study will infer the noise reduction mechanism of adding crumb rubber
particles by DP and WP, and according to this mechanism, this study will determine
the most suitable asphalt mixture, which can be used as surface layer for noise and

vibration reduction.

Regarding the commonly used damping characterization model applied in road
engineering, a more accurate and scientific method that can be applied to the road
structure will be modified and proposed. Its accuracy and effectiveness will be
verified by the comparison with field experiment results. Based on the proposed
method, a finite element (FE) model will be established to accurately simulate the
effect of the damping layer on traffic-induced vibration. Besides, the effect of the
damping layer on mechanical response and pavement performance will also be
evaluated. Based on the above response analysis, a refined and optimized pavement
structure used for noise and vibration absorbing will be designed.

The vibration-reducing layer will be designed to achieve a specific target in terms of
damping by adding a large amount of asphalt rubber (AR) and evaluated with regard
to mechanical property (volumetric properties, indirect tensile strength, water
sensitive, rutting resistance, dynamic modulus, etc.) and damping property
(viscoelasticity and phase angle). Since rutting resistance and damping property are
generally opposite, while the damping performance of the asphalt mixture is
improved, the anti-rutting ability will be strictly tested by the newly designed test to
verify the feasibility of the damping layer in actual construction and application.

The research approach and plans are also shown in Figure 1.4 as the form of a flow

chart.
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Figure 1.4 The methodology used in this study

1.5 Organization of the study

The study is organized into seven chapters including this one, which introduces the

background, as well as research problem, objective and methodology of the research

project.
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The second chapter gives a literature overview of tire-pavement noise generation
mechanisms, conventional low noise and vibration pavements, recycled crumb rubber,
asphalt mixtures with crumb rubber by DP and WP, commonly used methods and
software for pavement structural analysis and dynamics of pavement structure as well as

several image analysis software and methods for infrastructure materials.

The third chapter has a focus on the noise reduction mechanism of rubberized asphalt

mixture.

The fourth chapter highlights a novel model to determine Rayleigh damping coefficients
for the FE analysis in the pavement as well as the verification process compared to in-

situ experimental results.

The fifth chapter introduces a parametric study of the effect of the damping layer on
vibration response of pavement and the surrounding environment, as well as the

mechanical response and pavement performance.

The sixth chapter has a focus on the designing and testing of asphalt mixtures for the

damping layer.

Finally, the last chapter summarizes the conclusions and future work of the research

study.
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Chapter 2: Literature review

2.1 Tire-pavement noise generation mechanisms

Since the 1970s, tire/pavement noise generation mechanisms have been studied.
Tire/pavement noise and propagation mechanisms created by interactions tire and road
are complex. Therefore, it is necessary to have a deep understanding of the noise
generation mechanism in order to design a low noise road surface. Some mechanisms
generate energy as sound radiation when the tire impacts the road; while other
mechanisms amplify the sound is generated from the generation mechanism (Sandberg
et al. 2002; Bernhard et al. 2005; Ruhala et al. 1999). Most researchers agreed with the
theory of noise generation mechanisms but disputed the relative importance of them in
generating tire-pavement noise (Sandberg et al. 2002). This is because the noise
depends on the properties of the tire and the road surface as well as the complex
interaction between these two parameters. In general, the noise generation mechanism
can be divided into two modes: structure-borne, which is directly related to the
mechanical vibration of the tire and is referred to as source generation mechanism, and
air pumping, related to aerodynamic phenomena and referred to as sound enhancement
mechanism (Bernhard et al. 2005). However, as the tire rolls on the road, many
mechanisms work together to create noise. The tire-pavement noise generation

mechanism is described in the following sections.

2.1.1 Tread Impact

The first sound mechanism occurs when the tire tread block hits the road surface
causing the tire carcass to vibrate, as shown in Figure 2.1. When the rolling tire treads
travel circumferentially with the tire, they individually impact the contact surface of the
road for a hundred times in a second, if not a thousand times (Rasmussen et al. 2007,
Bernhard et al. 2005). This vibration is radiated as acoustic energy and may be the main
source of tire/pavement noise. This is similar to a small rubber hammer hitting the
pavement thousands of times in a second. Tread impact vibrations can exist in the radial,
tangential or axial directions and typically affect noise below 1000 Hz (Nilsson et al.

1980). Tire tread vibration is mainly affected by surface macrotexture.

11
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Radial vibrations

Figure 2.1 Tire tread block/pavement interaction

2.1.2 Air Pumping

When air pumping or compressing air is at the interface between the tire and the road
surface, an air pumping mechanism occurs, as shown in Figure 2.2. Due to the passages
and grooves in the tread pattern of the tire, significant void spaces can be created at the
contact faces. When the vehicle is traveling on the sidewalk, the gap space between the
passage and the groove in the tire is continuously distorted and deformed. The
entrapped air in the void spaces compresses and is pumped out as the tire loses contact
with the pavement. Therefore, aerodynamics produces sound due to air compression and
pumping effects. This is similar to clap your hands with both hands, the air being
compressed and squeezed at the edge of the hand, which creates a part sound of the
applause (Ruhala et al. 1999; Sandberg et al. 2002; Bernhard et al. 2005). Whistling is
another example where the air is forced to pass outward through a small opening. The
air pumping mechanism is affected by the porosity and macrotexture of the pavement;
therefore, it is one of the main sources of tire-road noise referred to in various research
reports. The study (Nilsson et al. 1980) showed that the air pumping mechanism is more

prominent at frequencies above 1000 Hz.

12
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Figure 2.2 Air pumping mechanism (a) entrance; the (b) exit of the contact patch
(Sandberg & Ejsmont 2002)

2.1.3 Stick-Slip

The tread blocks of a tire at the contact patch experience a considerable amount of
horizontal forces due to distortion of the tire carcass while rotating on the surface of
pavements. These horizontal forces of the tire tread are transmitted to the road surface
during acceleration or braking. If these horizontal forces are greater than the friction of
the road surface, the tire tread blocks will temporarily slide before re-adhering to the
road surface (Ruhala et al. 1999; Sandberg et al. 2002; Bernhard et al. 2005). These
events of sliding and re-adhesion under each tread block occur thousands of times per
second, producing high-frequency sound. This is similar to the sound of sneakers
squeaking in a gym or basketball court. The stick-slip mechanism is shown in Figure
2.3. The stick-slip mechanism causes noise during and above the frequency range (1000
Hz - 2500 Hz) (Plotkin et al. 1980; Wozniak et al. 2001). Whether the surface texture is
positive or negative, this noise mechanism is affected by all wavelength textures.
Temperature also has a large effect on this noise mechanism since the friction of tire

rubber changes with temperature. (Dare et al. 2014)
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Stick-slip (tangential motions)

Figure 2.3 Slip-stick mechanisms of sound under tread blocks

2.1.4 Stick-Snap

The sound from the stick-snap mechanism occurs due to the adhesion between the tire
tread block and the road surface, as shown in Figure 2.4. The sticking tread block is
released at the trailing edge of the contact area to generate vibration which radiated as
sound energy. This phenomenon is similar to a suction cup stick to a smooth surface
(Sandberg et al. 2002; Ruhala et al. 1999). The stick-snap mechanism at the trailing
edge is shown to affect noise at a frequency above 1000 Hz. This noise mechanism is
influenced by both microtextures of surface and temperature (Nilsson et al. 1980;
Kroger et al. 2004). The adhesion mechanism is reduced under wet conditions but

increases under dry conditions. (Kroger et al. 2004)

—

Adhesion 'stick-snap’

Figure 2.4 Stick-snap mechanism of sound under tread blocks
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2.2 Conventional low noise and vibration pavements

2.2.1 Porous asphalt surface

Porous mixtures have been used in the asphalt pavement industry since the 1960s. This
is because porous asphalt increases slip resistance under wet conditions and enhance
fatigue and rutting resistance (Sandberg et al. 2002). In addition, the porous surface
effectively discharges rainwater, thereby reducing splashes and sprays behind the car
(Crocker et al. 2004). The noise-beneficial properties of porous asphalt were discovered
in the mid-1980s. Researchers have observed that porosity plays an important role in the
generation and propagation of road noise, especially for asphalt pavements. Generally,
dense-graded asphalt (DGA) and porous asphalt are distinguished by porosity. If the
porosity of the asphalt pavement is less than 10%, it is referred to as the DGA surface.
However, the commonly used porous surface, known as the open-graded friction course
(OGFC) must have more than 15% air voids. In addition, European authorities
recommend that porous roads with more than 20% of air voids are beneficial for noise
reduction (Donavan et al. 2005). Many researchers (Sandberg et al. 2002; Hanson et al.
2004) indicate that OGFC can significantly reduce noise (3 dB to 5 dB) compared to
DGA surfaces. The air trapped between the tire and the road surface moves into the
available void space in the porous surface, thereby reducing the "horn effect” of noise

amplification. In addition, it provides enhanced sound absorption to reduce noise.

2.2.2 Double layer porous surface

In Europe, the concept of two layers of drainage pavement was introduced to solve the
problem of clogging in the porous pavement (Faure et al. 2000). In such a pavement
system, the top layer is filled with a finer mixture (maximum aggregate size of 2 mm)
and the bottom layer is filled with a thick, highly porous mixture (maximum aggregate
size of 20 mm) for sound absorption (Sandberg et al. 2009). Sandberg et al. (2009)
demonstrated the initial noise reduction of newly constructed double-layer porous is up
to 6-7 dB compared to a DGA or stone mastic asphalt (SMA) surface (maximum
aggregate size of 11 mm) for the mixed traffic. The noise reduction of the double-
layered porous surface is due to the combination of the two mechanisms. First, the small
aggregate of the top layer produces a smooth surface that minimizes the texture effects
of the tire. Second, the lower layer consists of coarse aggregate, which has a higher void

content, thus increasing sound absorption. Therefore, when air can pass through the
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interconnected spaces in the road surface, the air under the tire is pumped and
suppressed. In addition, the top surface filters out clogged particles; hence, acoustic
performance can be maintained for a longer period of time (Goubert et al. 2005,
Bendtsen et al. 2001).

2.2.3 Thin asphalt Layer

The thin asphalt layer (TAL) is a gap-graded, high-quality aggregate asphalt mixture
with layer thicknesses ranging from 10 mm to 30 mm, depending on the nominal
maximum size of the aggregate (approximately 12 mm or smaller) (EAPA 2007;
Sandberg et al. 2001). In these mixtures, a moderate percentage of sand and modified
polymer binders are also added. The air void content of these mixtures varies between
15% and 25%. The initial noise reduction of the TAL surface of the passenger car varies
between 0.9 and 6.9 dB depending on the maximum aggregate size and surface type.
For multi-axle trucks, the initial noise reduction of the TAL surface is small compared
to passenger cars. In addition, TAL has low road maintenance costs and low initial
construction costs; therefore, it is widely used in Europe's busy roads. However, as
observed for other porous surfaces, the noise benefit of the TAL surface decreases with
age. Recently, SPB and CPX noise tests were performed by Vuye et al. (2016) on
various TAL sections of Belgium at different road aging times. For the SPB and CPX
methods, the noise benefits of these TAL pavements were reduced at a rate of 0.02-0.14
dB/month and 0.05-0.20 dB/month, respectively. In the case of heavy traffic, the noise
benefits of these TAL surfaces are diminished due to the raveling of aggregates.
Therefore, it is very difficult to use these TAL surfaces where heavy vehicles exert high

shear forces on the surface layers.

2.2.4 Stone mastic asphalt

Stone mastic asphalt (SMA) is a gap graded asphalt mixture with an aggregate skeleton
of relatively coarse aggregate filled with asphalt mastic, filler and fine aggregate (EAPA
2007). The layer thickness varies according to the nominal aggregate size and typically
varies between 15 mm (SMA 0/6 mm) and 45 mm (SMA 0/16 mm). The SMA surface
was originally developed in Germany in the mid-1960s to provide high resistance to
inlaid tires. It was later discovered that these surfaces have many other benefits and are
therefore used in busy roads in Europe. These surfaces offer high durability, excellent
rutting resistance, and comfortable riding characteristics. In addition, a European study

(EAPA 2008) showed a 2-3 dB noise reduction in SMA pavement with a maximum
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aggregate size of 11 mm (0/11 mm) or less (0/6 mm) compared to the DGA surface.
This is because SMA has a relatively open surface texture that reduces the air pumping
mechanism and thus reduces noise (Bendtsen et al. 2005). Studies conducted in Finland
have shown that SMA surfaces with a 5 mm aggregate size show initial noise reduction
of 3 dB and 5 dB at 50 km/h and 80 km/h, respectively, compared to the original
pavement (Valtonen et al. 2002). However, after one year, the noise increased
significantly due to the wear of the SMA surface. SMA surfaces are generally more
expensive than conventional DGA surfaces due to higher binder content and high-

quality aggregates.

2.2.5 Asphalt rubber friction course

The asphalt rubber friction course (ARFC) surface was originally developed in Arizona
to resist cracking and is now also used to reduce traffic noise. In this surface, the binder
Is mixed with granulated rubber (particles 0.5-2.0 mm). The proportion of crumb rubber
is 10% weight of the total binder content, typically twice the amounts of the polymer
modifier used in the porous asphalt surface (Sandberg et al. 2001). Mixing the crumb
rubber with the asphalt is carried out by WP instead of DP. The Arizona Department of
Transportation (ADOT) placed an ARFC surface on the existing Portland cement
concrete (PCC) surface and conducted noise studies using the OBSI test method (Aspro
2005). The test results showed that the noise reduction of the ARFC surface is 7 dB
compared to the existing PCC surface. Sandberg (2001) explained that the noise
reduction of the ARFC surface is due to a combination of factors. First, the surface
texture of ARFC has a negative profile due to the small maximum aggregate size as
Bendtsen et al. (2008) demonstrated negative pavement texture generates low noise due
to minimum tire tread vibration. Secondly, due to the excessive binder and rubber
content, the ARFC surface has a lower stiffness, so the impact between the tire tread
and the road surface becomes smaller, thereby reducing noise. In addition, Sotil et al.
(2006) demonstrated the hysteresis loss due to the vibration of the viscoelastic material,
that is, the asphalt rubber mixture reduces noise. Furthermore, Ripke et al. (2005) stated
that the open texture of an ARFC surface developed from the mix of aggregate size
reduces the air pumping noise mechanism. Recently, Tehrani (2014) reviewed the
surface of rubberized Hot Mix Asphalt (HMA) for noise reduction technology and
concluded that adding rubber can reduce the noise level by about 2 to 3 dB compared to
the surface of the HMA and 4.5 to 6 dB compared to the PCC surface. The researchers
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explained that adding rubber to the pavement mixture tends to reduce the noise
frequency to a lower frequency which is close to the tire noise. Therefore, the rubber
does not resonate at high frequencies, thus limiting the amplification of the noise
mechanism which in turn generates less low noise. However, as observed for other
modified surfaces or mixtures, the noise benefits of crumb rubber asphalt mixture are
also diminished with time (Ripke et al. 2005; Tehrani et al. 2014).

2.2.6 Poroelastic road surface

Poroelastic road surface (PERS) is a wearing course made of rubber granulates
combined with binder. According to the EU-sponsored SILVIA (2006) project, many
PERS surfaces have been constructed and noise data were collected using the CPX
method. The noise reduction mechanism of PERS is due to the combination of a number
of factors. The results showed that using the PERS surface can significantly reduce
noise. A well-constructed PERS has a very smooth surface texture with less impact on
the tire. In addition, PERS typically has a very high air void content (30% - 35%) which
effectively minimizes the air pumping mechanism. Due to the high air void content,
PERS also absorbs a large part of the noise (Sandberg et al. 2011). This idea was
adopted by Japanese researchers and used for street paving. OBSI noise testing was
performed on these pavements and the results showed an initial reduction of 7-9 dB
compared to the conventional DGA (0/16 mm) surface (Morgen et al. 2008). The
temperature has a large effect on the acoustic performance of the PERS surface. The test
results showed that for every 1 <C decrease in temperature, the noise increases by 0.142
dB, which indicated that due to joint expansion, colder weather can cause a nosier PERS
(Morgan et al. 2008). PERS has been developed in Sweden a long time ago, but these

surfaces have not gained popularity due to durability issues and high construction costs.

2.3 Anti-vibration paving

Road traffic generates vibration due to the engine, air resistance, tire movement, and
braking. In addition, due to the laying procedure, the use of technology and the presence
of surface damage, other noise is generated due to irregular paving surfaces. These
irregularities result in oscillating motion in the vehicle, disturbing people in the vehicle,
and the energy waves from the road surface are transmitted to the structures and people
therein (Venturini et al. 2016).
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It is possible to reduce vibration pollution thanks to periodic monitoring of surface
damage and taking corrective measures (road maintenance) to ensure a suitable road
surface, with the aim of reducing the generation of vibrational waves. Otherwise, it is
possible to take action against the propagation between source and receiver, studying
the design phase. Further solutions, which allow the reduction of vibrations, are "anti-
vibration" pavements using innovative technology. This technological solution avoids
the production of excessive vibration and contains the propagation (Venturini et al.
2016).

The first attempt of anti-vibration pavements in the world was carried out in 1970. In
order to preserve an ancient building (the Villa Farnesina in Roma) against traffic-
induced vibrations, an anti-vibration system was developed under the near Lungotevere
road. The anti-vibration system was composed of a concrete grid supported by rubber
pads. A preliminary experimental investigation was carried out in order to define the
size and the number of rubber bearings to be used. A steel square plate was located on
the road foundation supported by means of different kinds of rubber bearing. Different
kinds of input were considered. An oscillography recorded the vibrations in the
basement of the building. According to the obtained results, this system determined a
reduction of the acceleration values of about 80%. The results were highly satisfactory.
Massari, responsible for Villa Farnesina, wrote: ““This is the first time, in Europe and in
the world, that a road has been repaired in order to protect a monument against traffic-
induced vibrations’’. Similar solutions have also been used for new constructions in

Piazzetta S. Paolo, Milan and Via Parigi, Rome (Clemente et al. 1998).

In the following time, with the development of technology, based on the modern paving
techniques and materials, anti-vibration pavement was still being tried. In 2008, a new
anti-vibration pavement was designed by the University of Bologna (Dondi et al. 2005;
Grandi 2008), as shown in Figure 2.5. The advantages of this anti-vibration pavement
have been confirmed as follows (Dondi et al. 2005):

1. The reducing stiffness of the vibration-absorbing layer will not reduce the stiffness of

the whole pavement systems as a consequent advantage in terms of using life;

2. Increasing the elastic absorption capacity of the vibrations caused by surface
irregularities near the source with a consequent increase in the effectiveness of the

intervention;
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3. An environmental advantage produced by re-using the material coming from the

crumb rubber of heavy vehicle tires.

|
!
I (E= elastic modulus, v=Poisson's ratio)
i

0.10 Surface layer (E=4500 MPa, v=0.35)

0.15 Base layer (E=3500 MPa, v=0.35)

0.25 (m) | 1 | lli Cement stabilizing layer (E=1800 MPa, v=0.35)

0.037%m) g % I Anti-vibration pad (E=0.2 MPa, v=0.35)

0.30(m) I Unbound graded base (E=200 MPa, v=0.35)
1% 1

|

i

li6 Subgrade (soil) (E=90 MPa, v=0.35)
|
1

Figure 2.5 Anti-vibration pavement designed by the University of Bologna

Later in 2016, dependent on the new production technologies, another anti-vibration
pavement was constructed for the Municipality of Novara, Italy. The new technology

was focused on two key issues (Venturini et al. 2016):
1. The optimized surface texture, depending on the particular grading curve designed;

2. The coefficient of vibration absorption of the pavement, optimized by the presence

of rubber particles.

The verification of the newly developed technology was conducted by in-situ
experimental tests. The test involved the analysis of the data detected by the transit
vehicle of reference, on a stretch of anti-vibration pavement and on one reference, and

showed the anti-vibration level reaches.
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2.4 Recycled crumb rubber (CR)

In Europe, the use of CR from reclaimed tires in pavement construction has increased
over the past few years. This use may contribute to sustainable development and
environmental protection as it involves the appreciation of waste materials, provides
solutions to waste management problems, and implies reducing the use of natural

resources in road construction (Huang et al. 2007).

According to different production processes, the crumb rubber is mainly added to the
asphalt mixture in two ways: DP and WP (Ongel & Harvey 2010; Losa et al. 2012). The
WP technology is based on the process invented by Charles McDonald for asphalt
rubber (AR) production. In this case, the rubber is added to the conventional asphalt and
used as a modifier. The melting and mixing process of CR and binder is given by a
mechanical agitation operating system in the range of 190 <C and 218 <C between 45
and 60 minutes (Presti 2013). According to this method, the rheological properties of
the asphalt are improved in terms of rutting resistance, fatigue and thermal cracking,
which are confirmed by specific research and application (Xiao et al. 2007). In contrast,
in the DP, CR is added directly to the asphalt mixture as additional aggregates.
Therefore, there is no substantial interaction between the rubber and the asphalt so that
the binder can be modified. The DP has been developed over the past 30 years and
according to this technique, the mixture design phase is very important considering the
effect of CR on the grading distribution of aggregates. In addition, in order to obtain the
optimum asphalt content, the absorption properties of the rubber must be considered.
Today, research and practical applications show that CR has a high potential for the
production of environmentally friendly asphalt mixtures that have high performance in
terms of durability, road noise attenuation and crack resistance (Hanson et al. 2005;
Trevino et al. 2009).
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2.5 Methods and software for pavement and material

analysis

2.5.1 Methods and software for pavement structure analysis

The methodologies and associated computer programs for simulating multilayer
pavement responses include multi-layer elastic theory (e.g., BISAR and ELSYMS5),
finite element methods (e.g., ILLIPAVE, MICHPAVE), and semi-analytical techniques.
General-purpose commercial finite element codes (e.g., ABAQUS and ANSYS) can
also be employed. Most existing programs are based on the assumption of static loading
and linear elastic material properties (see Table 2.1), although some programs have
considered the dynamic response (see Table 2.2). The VEROAD program developed at
the Delft University of Technology (Hopman 1996) treats the AC as a linear

viscoelastic material.

Table 2.1 Examples of static forward analysis software for flexible pavements

Method or software Author(s) Features Analysis Method
) _ Analytical
ELSYM 5 UC Berkeley Linear elastic ) _
multilayer analysis
] _ Analytical
BISAR Shell Global, Inc Linear elastic ) ]
multilayer analysis
) ) _ Analytical
Everstress Washington DOT Linear elastic ) _
multilayer analysis
University of Elastic+stress- o
ILLIPAVE o _ Finite element
Illinois dependent soil
Texas

_ Elastic+Mohr- o
TTI PAVE Transportation _ Finite element
Columbia model

Institute
] Michigan State Elastic+stress- o
MichPAVE o ) Finite element
University dependent soil
o _ Analytical
VEROAD Hopman Static viscoelastic ) ]
multilayer analysis
CAPA-3D Scarpas Material damages Finite element

Table 2.2 Examples of dynamic forward analysis for flexible pavements
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Method or software Author(s) Features Analysis Method
Two-dimensional
AXIDIN Antunes (1991) Dynamic elastic finite element
method
An explicit, closed-
PUNCH Kausel (1989) Dynamic elastic | form solution for the
Green functions
) ) Fourier
UTFWIBM Roesset (1987) Dynamic elastic .
superposition
Multilayer analysis
SAPSI Chen (1987) Damped-elastic based on Kausel’s
formulation
_ Damped-elastic, Multilayer analysis
Chatti and Yun ) )
SAPSI-M moving transient based on Kausel’s
(1996) )
loads formulation
Haskell-Thompson
SCALPOT Magnuson (1998) Dynamic elastic transfer matrix
approach
Dynamic ]
i ) _ Analytical
ViscoWave Lee (2013) viscoelastic (no _ )
) multilayer analysis
damping)
) ) ) Continuum-based
3D-Move Analysis UNR Dynamic, damping

finite-layer

2.5.2 Image analysis software and method for infrastructure material

The commonly used methods for infrastructure material, include several image
processing and analysis software, e.g., Image processing & analysis system (IPAS)
developed by UW-Madison, ImageTool developed by UT Health San Antonio (Wilcox
et al. 2002), and ImageJ developed by the National Institutes of Health. Based on the
algorithm in MATLAB, the Volumetricsbased Global Minima (VGM) developed by
Zelelew et al. (2017A) can use the volumetric properties as the main criterion for
establishing grey-level thresholds. The UIAIA developed by the University of Illinois

can achieve 3D reconstruction technology by automating the determination of all the
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aforementioned properties. The conventional examples of image analysis and software
are shown in Table 2.1.

With the assistance of the above software and methods, a series of research results were
obtained. Through the software iPas, Sefidmazgi et al. (2012) introduced and elaborated
a method to characterize the internal structure of asphalt mixes using imaging analysis.
Bessa et al. (2012) used ImageTool to characterize the different aggregates and HMA
internal structure composed of those aggregates with different gradations. Zelelew et al.
(2008) used VGM for processing computed tomography (CT) images of asphalt
concrete. Cannone Falchetto et al. (2012) used ImageJ software to estimate the grain
size distribution of BBR asphalt mixture beam specimens.

Table 2.3 Examples of pavement material image analysis software

Method or _
Author(s) Features Analysis Method
software
_ Image analysis of the
) Image Processing & )
IPAS UW-Madison _ internal aggregate
Analysis System
structure of HMA
volumetric properties as the
VGM Zelelew main criterion for An algorithm based on
(2007A) establishing grey-level MATLAB
thresholds
UT Health
UTHSCSA | San Antonio: Conventional image Standard image
ImageTool Wilcox processing software processing functions
(2002)
National _ ) ]
) Conventional image Standard image
ImageJ Institutes of ) ) ]
processing software processing functions
Health
Automating the
UIAIA University of Reconstructing the 3D determination of all the
Ilinois shape aforementioned
properties
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Chapter 3: Noise reduction mechanism of

rubberized LNPs

It has been proved in a number of studies that the rubberized asphalt is superior to non-
rubberized asphalt in noise reduction. A previous study conducted by County (1999)
showed that rubberized asphalt reduces traffic noise levels by 4 dB over conventional
non-rubberized asphalt. In a 10-year study, Bucka (2002) concluded that rubber
overlays could reduce noise by 3 to 7 dB, while conventional asphalt can only reduce
noise by 1 to 2 dB. A study by Ongel et al. (2008) obtained field measurements of 23
test sections at various locations in California, confirming that the rubber mixture has a

lower level of noise intensity.

Even though the rubberized LNPs have been widely used in the urban traffic system for
the purpose of noise-reducing, the mechanism of noise-reducing properties for the
rubberized LNPs is not clear yet. Sandberg (2009) elaborated his view and attributed the
low noise properties of ARFC to the following possible factors, such as the thick binder
with its rubber made the chippings somewhat flexible as they sit in the mix, much lower
stiffness than normal mixtures, and higher hysteretic losses. In addition, the embedment
of chippings in the relatively thick binder film may also give a kind of “cushion” effect.
The study of County (1999) showed that rubberized mixture can reduce noise energy by
60%, caused by the higher damping ratio. Biligiri (2013) also confirmed that the
rubberized mixture will result in a higher damping ratio, which will attenuate the tire-
road noise. Although many researchers have explored and inferred the mechanism of
noise reduction in rubberized mixtures, there is currently no effective and specialized

research to explore the mechanism of noise reduction.

In the period of 2008 to 2012, the road engineering lab of the University of Pisa and
Regional Agency for Environmental Protection of Tuscany conducted the
“LEOPOLDO” project, in which two gap-graded rubberized asphalts were designed to
be LNPs, by DP and WP, respectively. During the project, laboratory and field tests
were carried out to evaluate the mixtures’ properties and in-situ performance,
respectively, and two traditional LNPs, by open-graded mixtures and gap-graded

mixtures with traditional SBS modifiers binder, were used as a comparison group.
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In this study, the raw data from the “LEOPOLDO” project is used to be extracted and
the noise-related parameters are analyzed in order to reverse the mechanism by which
CR is added to the asphalt mixture by DP and WP to reduce noise. By better understand
the mechanism of the rubberized asphalt mixture, the evidence for the selection of

asphalt mixtures according to the specific traffic environment can be provided.

3.1 Research methods

3.1.1 Parameters related to tire/pavement noise

Typically, tire-pavement noise generation is divided into two main mechanisms
involving different acoustic fields: vibration and aerodynamic mechanisms (Losa et al.
2010). The vibration mechanism is responsible for low-frequency noise emissions. They
are produced by radial and tangential vibrations of the tread elements produced in the
interaction between the tire and the road surface. The aerodynamic mechanism leads to
high-frequency noise emissions. They are related to the compression and expansion of
the enclosed air volume between the tire and the road surface. In particular, different
frequency ranges are associated with these generation mechanisms: vibration is
characterized by frequencies lower than 1000 Hz and air-pumping is characterized by
frequencies higher than 1000 Hz (Sandberg et al. 2002).

As far as the surface layer, the main factors related to noise and vibration of
tire/pavement are including porosity, elasticity, texture, friction and so on. According to
these parameters, the conventional LNPs are identified and classified into three main
categories: texture optimized types (gap-graded asphalt mixtures), high porosity types
(open-graded asphalt mixtures) and hysteresis losses (AR mixtures; PERS) types (Sotil
et al. 2006; Losa et al. 2010; Biligiri, 2013).

For the effect of asphalt mixtures’ porosity on traffic-induced noise, the results of the
noise test have shown that as the air voids increase, the noise level decrease (Hanson et
al. 2004). In fact, the air voids are highly related to the sound absorption, and thus the
tire/pavement noise. By increasing the air voids or the sound absorption, more noise

energy is absorbed in the pavement and then the tire/pavement noise reduces.

In the case of stiffness modulus, it could play an important role in the tire/pavement
sound generation, especially for surfaces with the same texture profile but different
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aggregate and bitumen content, or the surfaces aged by compaction (Sandberg 1987,
Vaquez et al. 2013). Lowering the pavement stiffness would tend to reduce tire
vibration and hence tire/pavement noise generation (V&quez et al. 2016). The study of
Hemet et al. (2004) has shown that the reduction of the pavement stiffness could reduce

substantially the rolling noise.

For the effect of pavement texture level on tire/pavement noise, according to the
literature (Sandberg & Descornet 1980; Sandberg 1987; Losa et al. 2010),

(1) The pavement surface texture is in a low-frequency range with a wavelength of 10
mm-~ 250 mm, which mainly affects the tire generated by the vibration of the tire.
Increasing the surface texture level in this wavelength range can increase the vibration

noise generated by the impact between the tire and the road surface.

(2) The pavement surface texture is in a high-frequency range with a wavelength of
below 10 mm, which mainly affects the tire/pavement noise generated by aerodynamic.
Increasing the surface texture level in this wavelength range can increase the gap

between the tire and the road surface, thus reducing the noise generated by the air-

pumping.

For the effect of adding crumb rubber to asphalt mixtures, the conclusion that it can
reduce the tire/pavement has been confirmed, but the effects of different adding

methods (DP and WP) to high-frequency noise or low-frequency noise are uncertain.

3.1.2 Research method based on control variables

Based on the pre-mentioned analysis, the factors influencing the low-noise ability of
pavements are summarized in Table 3.1. With a boundary of 1000 Hz, tire/pavement
noise can be divided into high-frequency range and low-frequency range (Sandberg
1987). For the low-frequency areas, reducing the texture and stiffness will contribute to
improving the low-noise ability of the pavement; for high-frequency areas, improving
the texture level and sound absorption, as well as air voids, will contribute to improving
the low-noise ability. It should be noted that the effects of stiffness on high-frequency
noise, as well as the effects of sound absorption and air voids on low-frequency noise
actually exist. However, since these effects are extremely weak, they are not considered
in the present study and they will be regarded as “Neutral”. For the effect of the

parameter “adding crumb rubber”, it will be determined in this study.
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Table 3.1 Relationship between the parameters and tire/pavement noise

Adding Adding
Noise-related Air Stiffness Sound Texture crumb crumb
parameters \oids modulus absorption level rubber (wet | rubber (dry
process) process)
Negative
(Nilsson et al. .
Negative
Low-frequency 1980; Hamet To be To be
) Neutral Neutral (Sandberg ) )
noise <1000Hz) et al. 2004; 2002) determined | determined
V&aaquez et al.
2016)
Positive . .
. o Positive Positive
High-frequency | (Biligiri To be To be
) Neutral (Ahammed | (Sandberg ) ]
noise(>1000Hz) etal. determined | determined
etal. 2011) 2002)
2014)

Notes: *Positive means that it is conducive to reducing the noise; Negative means that it is not conducive to reducing
the noise; Neutral means that this factor has no effect on the noise or the effect is small that it can be ignored.

In order to understand the mechanism of adding rubber to the asphalt mixture to reduce
noise, the control variable method is used in this study by setting up four experimental
groups to control that the air voids, stiffness, and texture level are similar or the same.
Gap-graded asphalt mixtures are used in this study because they have superior acoustic
performance and have been widely used as LNPs. The four experimental groups are
“gap-graded mixture + no crumb rubber added”, “open-graded mixture + no crumb
rubber added”, “gap-graded mixture + adding crumb rubber (wet process)” and “gap-
graded mixture + adding crumb rubber (dry process)”, respectively. They are named as
“GGS (Gap-Grade mixtures with SBS binder)”, “OGS (Open-Graded mixtures with
SBS binder)”, “GGW (Gap-Grade mixtures with crumb rubber by Wet process)” and
“GGD (Gap-Grade mixtures with crumb rubber by Dry process)”, respectively. It
should be noted that the properties of the asphalt mixture could not be very precisely
defined, so the control variables (air voids, stiffness, texture level) are difficult to
guarantee exactly the same; in this case, this study controls the variables similar and

infers the effects of unknown parameters by comparing the known parameters.

28




Development of a new noise and vibration reduction system for road pavements

3.2 Test results of noise-related parameters

The test results used for analysis in this study are from the raw data of “Leopoldo”
project. These data are analyzed and extracted, especially the test results of the noise-

related parameters, which are included in this chapter.

3.2.1 Air Voids

Table 3.2 shows the air voids results of the four asphalt mixtures as well as other
volumetric parameters. All the asphalt mixtures meet the requirement of volumetric
properties in the specification for gap-graded or open-graded asphalt mixtures. OGS
shows high porosity with the air voids (VA) equal to 26.5%, by which it can obtain a
good performance of noise absorbing. GGS has a greater continuity compared with
GGW, and it shows a lower void in the mineral aggregate (VMA) value, but because of
GGS’s lower binder content, GGS and GGW are showing similar VA. It should be
noted that with the similar volumetric properties, it is more evidenced to identify the
effect of adding crumb rubber particles compared to typical SBS modified asphalt on

noise reduction because it can eliminate the interference of porosity on noise reduction.

Table 3.2 Air voids results of the four asphalt mixtures as well as other volumetric

parameters

Asphalt Ogitr'gé‘rm N”g}ber VA VMA® VFA®  Gm?®  Gam® Vo Vgl

H 3 3
mixtures content  gyrations (%) (%) (%) (kg/m’) (kg/m®) (%) (%)

Ninita=10 37.7 379 163 1701 2492 621 6.2

OGS AC=4.2% Ngesign=50 26.7 334 199 1825 2492 666 6.7

Nmax=130 245 313 219 1882 2492 68.7 6.9

Ninita=10 153 273 44.1 2035 2402 72.7 12

GGS  AC=6.8% Naesign=50 9.1 22 58.8 2184 2402 78 12.9

Nmax=130 6.5 198 67.2 2246 2402 80.2 133

Ninita=10 12.19 26.44 53.90 2197 2502 73.56 14.25

GGW  AC=85% Nagesign=50 5.01 20.43 75.47 2377 2502 79.57 1542

Nmax=130 2.17 18.05 87.96 2448 2502 81.95 15.88

Ninita=10 14.75 29.99 50.79 1965 2305 70.01 15.23

GGD  AC=9.0% Nugesign=50 8.39 24.76 66.10 2112 2305 75.24 16.37

Nmax=130 551 2239 7538 2178 2305 77.61 16.88

Notes:
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air voids; Pvoids in the mineral aggregate; °voids filled with asphalt; %hbulk density of the compacted mixture;
emaximum density of the mix; fvolume of aggregate, the bulk volume including the aggregate pores; %volume of
effective asphalt binder;

3.2.2 Stiffness modulus

Figure 3.1 shows the indirect tensile stiffness modulus of the four asphalt mixtures as
the temperature is equal to 20°C and the rise time is equal to 125 ms. It can be observed
that GGW shows the highest stiffness modulus among all the mixtures. In particular,
GGW has a 35.6% higher stiffness modulus compared with GGS, demonstrating that
rubberized mixtures (wet process) may generally have a higher stiffness than that of the
mixture with SBS polymer-modified asphalt. It is proof that GGW is less susceptible to
traffic loads and experiences less deformation compared with GGS. This finding is in
agreement with the experimental tests developed in other studies (Lee et al. 2008;
Navarro & Gamez 2010; Vazquez et al. 2016), where the inclusion of crumb rubber in
the mixture by the wet process results in higher stiffness modulus than those without

crumb rubber.

It can also be observed that the stiffness modulus of GGW is higher than that of GGD.
This can be due to the better mixture compaction in the field of high temperatures (low
frequencies), whereas in the field of low temperatures (high frequencies), this increase
is due to the greater stiffness of AR as compared to polymer modified asphalt blended
with CRM.
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N
)
]
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54.6%
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GGS GGW GGD OGS

Figure 3.1 Indirect stiffness modulus of the four asphalt mixtures as the

temperature is equal 20°C and the rise time is equal 125 ms
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3.2.3 Sound absorption

Figure 3.2 shows the box plots of the sound absorption of the four asphalt mixtures,
including the first and third quartile and the maximum and minimum absorption values
as well as the mean and median value found in the 250 to 4000 Hz frequency range. In
this type of plot, the whiskers indicate the total range of the texture level for the whole
section in a given category, and the boxes represent the range between the 25th and 75th
percentiles. The median is represented by the line inside the box, and the dot is the

average value (Ongel et al. 2007).

It can be found that OGS shows much higher sound absorption than GGS, GGW, and
GGD, demonstrating the greater advantage of OGS over other mixtures as LNP by
sound absorption. GGD shows much better sound-absorbing performance compared to

the other gap-graded asphalt mixtures.
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Figure 3.2 Sound absorption and air voids of the four asphalt mixtures

3.2.4 Texture level

Figure 3.3 shows the texture spectrum of the four surfaces with different asphalt
mixtures at a similar time after the construction. Tire/pavement noise can be influenced
by different factors and the pavement texture is one of the most important factors. If
only pavement texture is considered for tire/pavement noise, OGS shows the best

performance at a high-frequency range (low texture wavelength) but the poor
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performance at low-frequency range (high texture wavelength), indicating a lower noise
generated by air pumping but higher noise generated by tire/pavement vibration. Hence,
OGS is more suitable for a highway or regional road with higher traffic speed, but not
suitable for the urban road with lower traffic speed. GGS may be the optimized one for
a relatively low speed since it has a lower texture level at the wavelength range [10 mm,
250 mm] and GGW may be more suitable for a relatively high speed since it has a

higher texture level at the wavelength range [2 mm, 10 mm].
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Figure 3.3 Texture levels of the pavements by the four asphalt mixtures

3.2.5 Tire/pavement rolling noise

Figure 3.4 shows the close proximity (CPX) noise at a speed of 50 km/h and all the
values have been adjusted according to surface temperature, as described by the I1SO
standard (ISO/DI1S-11819-2). All factors (from sub-chapter 3.21 to sub-chapter 3.24)
related to tire/pavement noise are comprehensively reviewed, and the impacts of adding

crumb rubber on noise are inferred.
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Figure 3.4 CPX noise levels of the pavements by the four asphalt mixtures

3.3 Noise reduction mechanism adding crumb rubber by

DP and WP

3.3.1 Tires-pavement noise generation and research methods

According to the analysis in the sub-chapter 3.1.1, the parameters that may influence the
low-noise ability of pavements can be summarized in Figure 3.5. With a boundary of
1000 Hz, tire/pavement noise can be divided into high-frequency range and low-
frequency range. For low-frequency areas, reducing the texture and stiffness will
contribute to improving the low-noise ability of the pavement; for high-frequency areas,
improving the texture level, sound absorption, and air voids will contribute to

improving the low-noise ability.
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Figure 3.5 Effect of varying parameters on the low-noise ability

In order to better understand the effects of adding crumb rubber particles by the DP and
WP, the noise-related testing results of asphalt mixtures, GGW, GGS, and GGD are
used in this subchapter. Figure 3.6 and Figure 3.7 show two assuming examples of low-
noise abilities of ACs in the low-frequency range and high-frequency range,
respectively. Through these two examples, it will show how to refer the conclusion by

using the “control variable methods”.

As it can be observed from the Figure 3.6, in order to highlight the effect of the
unknown factor (adding crumb rubber), the other known factors (texture level, air voids,
and sound absorption) in the asphalt mixtures should be kept equal. However, it should
be noted that it is very difficult to keep these factors equal in the actual designing
process. An alternative approach is that although these known factors contribute
unequally to low-noise abilities, the effects of adding crumb rubber particles by DP and
WP can be inferred inversely by the comparison of the contribution values of known
factors. For example, as we can see from the comparison of “AC with SBS” and “AC
with CRM (DP)” in Figure 3.6, AC with CRM (DP) has higher texture level and
stiffness, which are not conducive to low-noise ability (see its color), but it shows
higher low-noise ability. Hence it can be inferred the effects of “rubber content” and
“DP” on low-noise ability. Similarly, as it can be seen from the comparison of “AC with
SBS” and “AC with CRM (DP)” in Figure 3.7, AC with CRM (DP) has lower texture

level, sound absorption, and air voids, which are conducive to low-noise ability (see its
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color), but it shows lower low-noise ability. Hence it can be inferred the negative effects

of “rubber content” and “DP” on low-noise ability.

A Low-noise ability (<1000 Hz)

= WP
Rubber
content Rubber
content
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Figure 3.6 An example of low-noise abilities of varying AC in the low-frequency

range
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Figure 3.7 An example of low-noise abilities of varying AC in the high-frequency

range

3.3.2 Sound absorption mechanism

The absorption coefficient is a function of the air void content and the proportion of
acoustic energy not reflected by the surface of the material for a normal incidence plane
wave (Lu & Harvey, 2011). When sound waves hit material with high air voids, the
waves travel through the air paths in the material, and sound energy is dissipated by the

frictional and viscous losses in the pores and the vibration of the small particles of the
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material (Ongel et al. 2007). Therefore, in principle, for two materials having the same
energy dissipation capacity, a higher air voids mean a larger sound absorption
coefficient (Lu & Harvey 2011; PraticOet al. 2017).

Figure 3.8 shows the box plots of the sound absorption of the four asphalt mixtures,
including the first and third quartile and the maximum and minimum absorption values
as well as the mean and median value found in the 250 to 4000 Hz frequency range. The
air voids of the four asphalt mixtures are also listed in order to evaluate its effect on

sound absorption.

By comparing GGW and GGS, it can be found that although GGW has lower air voids
(5.01%) compared to the GGS (9.1%), GGW shows similar or even higher (in certain
frequency ranges) sound absorption coefficient. Similarly, by comparing GGD and GGS,
it can be found that although GGD has similar air voids (8.39%) compared to GGS
(9.1%), GGD shows obviously higher sound absorption coefficient. These are proof that
the effect of adding crumb rubber particles by DP or WP can improve the acoustic
absorption performance of asphalt mixtures since the rubber particles can use their
viscous energy consumption, that is, the damping mechanism, to convert the acoustic
energy or mechanical energy into heat dissipation. However, it should be noted that
since GGD has a higher value of air voids and sound absorption coefficient compared to
GGW, it is difficult to compare such effect between WP and DP. On the other hand, it
should be noted that GGW and GGD have higher asphalt content compared to GGS.
Therefore, the higher CR content allows more bitumen to be added to the mixture,
thereby increasing the energy dissipation capacity of the material.
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Figure 3.8 Sound absorption and air voids of the four asphalt mixtures

3.3.3 Tire/pavement noise reduction mechanism

As it is known to all that the pavement texture can have a significant effect on noise
reduction, which has been discussed in sub-chapter 3.1.1. In this part, the texture level
and CPX noise level are evaluated and compared, in order to infer the effect of factors
other than texture levels on low noise ability.

Figure 3.9 shows the comparison of normalized CPX noise levels between GGS and
GGW as well as other parameters that can influence the noise generation. It can be
found that at the low-frequency range: the texture level is GGS<GGW and the stiffness
modulus is GGS<GGW,; both of the two parameters should contribute GGS to having a
better performance of noise reduction, but actually GGW is showing lower noise level.
Since all the other noise-related parameters (likes, VA and sound absorption) are equal
or will not have much influence on low-frequency noise, it can be inferred that by
adding crumb rubber by WP, the vibration generated by tire/road may be effectively
reduced because of the higher damping of asphalt rubber, thereby reducing low-

frequency noise.

On the other hand, at the high-frequency range, tire/pavement noise is usually generated
by aerodynamic mechanism, a complex process that combines multiple factors, likes air
pumping, stick-slip, stick-snap et al. The influencing factors, observed from the
experiments, include pavement texture and sound absorption coefficient. It can be found

from Figure 3.8 that GGS and GGW show similar values of air voids and sound
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absorption coefficients, but GGW has a higher texture level, which should contribute
GGW to having a better performance of noise reduction, but the actual result is that
GGW is showing lower low-noise ability. Hence, it can be predicted that adding crumb
rubber by means of WP may not improve the noise reduction in high-frequency range
and it even has a negative effect. Such a negative effect in the high-frequency range
agrees with the results reported by Paje et al. (2013) and Vazquez et al. (2016), who
explained that the mechanism of high-frequency noise is much more complex, the
negative effect cannot be predicted very accurately. It may due to the lower dispersion
of the sound or higher reflections (Vazquez et al. 2016) as well as the increase of stick-
slip and stick-snap mechanisms which may be caused by adding crumb rubber particles
in WP. However, it should be noted that adding crumb rubber by WP can affect high-
frequency noise, but it may not necessarily be a decisive factor, or it can be regarded as

a “Neutral” factor.

In summary, through adding crumb rubber particles in the asphalt mixture by WP, the
noise generated by the vibration mechanism can be effectively reduced; for noise
generated by the aerodynamic mechanism, such effect is weak or it may have a negative

effect, which can be regarded as “Neutral”.
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Figure 3.9 Comparisons between GGS and GGW
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Figure 3.11 Contributions of different parameters at a high-frequency range

Figure 3.12 shows the comparison of normalized CPX noise levels between GGD and
GGW as well as other parameters that can influence the noise generation. At the low -
frequency range: the texture level is GGD<GGW and the stiffness modulus is
GGD<GGW; the two asphalt mixtures are added by similar crumb rubber contents,
which are 1.82% and 1.7%, respectively. These parameters should contribute to GGD to
having a better performance of noise reduction, but actually, GGW shows a lower noise
level. The only difference is that one is used by the DP and the other one is used by WP.
Hence, it can be inferred that the addition of the crumb rubber particles by the WP may
be more effective than the one by the DP to reduce noise generated by vibration
mechanism. This may be explained that rubber particles, which are playing the role of
aggregates during DP, are outside of the real aggregates and such internal structure is

similar to the conventional asphalt mixtures without crumb rubber, and the damping
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improvement is very limited. In contrast, when the crumb rubber particles are added by
the WP, they will form asphalt rubber, which is distributed throughout the structure and

can greatly increase the damping of the asphalt mixture.

As far as the high-frequency range, as shown in Figure 3.12, the texture level is
GGD<GGW, which should contribute GGW to having a better performance of noise
reduction, but actually, GGD shows a lower noise level. It may be inferred that the
higher sound absorption coefficient of GGD results in a lower noise level. Because
sound absorption is playing an important role in high-frequency noise-reduction, which

is related to the aerodynamic mechanism.

In summary, the mechanism of reducing the noise level by adding the rubber particles to
the asphalt mixture by WP is that it may effectively reduce the noise generated by the
vibration, compared to non-rubberized asphalt mixtures. It should be noted that such
vibration reduction can also reduce the generation of vibration waves from the vibration

source and realize the design concept of the anti-vibration pavement.

The mechanism of reducing the noise by adding the rubber particles to the asphalt
mixture by DP is that it can more effectively improve the sound absorption coefficient
of the asphalt mixture compared with non-rubberized gap-graded asphalt mixtures,

thereby reducing the noise generated by the aerodynamic mechanism.

Based on the above analysis of the noise reduction mechanism of rubberized LNPs,
GGW may be the optimized surface layer of the developed vibration and noise
absorption system. Because it not only has an excellent performance in reducing
tire/pavement noise but also reduces the vibration wave generated at the tire/pavement

interface and realizes the design concept of anti-vibration pavement.
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Chapter 4: Development of a novel
calculation model for characterizing the

damping effect in the pavement system

Damping has been widely used in the design of heavy machinery and large structural
members (Biligiri 2013). Research has used damping effects in embankments and
bridges to distinguish vibration damping capabilities of two different materials
(Schubert et al. 2010; Wang & H&eg 2010). Furthermore, damping ratios of the asphalt
mixtures (including asphalt overlays for rehabilitation) were estimated in various other
studies to understand damping and vibratory mechanisms along with the estimation of
moduli (or stiffness) of these mixtures (Hochuli et al. 2001; Chatti et al. 2004; Broutin
& Theillout 2010).

In pavement engineering, in order to account for damping and mass inertia effects,
damping properties must be defined for all pavement layers. The sources of damping
could be an arbitrary damping factor, friction factor, or viscoelastic material behavior. It
is worth noting that although many studies have utilized the “damping ratio” in
pavement engineering, which is a basic vibrational parameter used to determine the
damping capacity, no similar work has been undertaken in characterizing the damping

effect in pavement engineering.

4.1 Construction of damping matrix

In the vibration field, in order to characterize the damping effect, the most commonly
used method is through constructing a damping matrix. The damping matrix of the
structure should not be calculated based on the structural dimensions and the damping
property of the materials. One might think that the damping matrix of a structure should
be determined from the damping properties of a single element, just as the way to
determine the stiffness matrix of the structure. However, determining the damping
matrix in this way is impractical because the damping properties of the material are not
well established, unlike the elastic modulus calculated for the stiffness. Even if these
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characteristics are known, the resulting damping matrix does not account for most of the
energy consumed by, e.g., the friction at the steel joints, the opening, and closing of
cracks in the concrete, the non-structural components, the pressure of the partition walls
and the friction between the structures itself, some of which are even difficult to identify.
Therefore, the damping matrix of the structure should be determined according to its
modal damping ratio, which takes into account all the energy dissipation mechanisms
(Chopra 2007). Damping is generally specified by numerical values for the modal
damping ratios, and these are sufficient for analysis of linear systems with classical
damping. Two procedures for constructing the damping matrix for a structure from the
modal damping ratios are presented.

4.1.1 Classical damping matrix

Classical damping is an appropriate idealization if similar damping mechanisms are
distributed throughout the structure (e.g., a multistory building with a similar structural
system and structural materials over its height). Rayleigh damping is developed for
constructing a classical damping matrix for a structure by modal damping ratios. As a
first step toward constructing a classical damping matrix somewhat consistent with

experimental data, Rayleigh damping is considered as:

c=om+ pk 4.1)

where ¢, m, and k are damping matrix, mass matrix, and stiffness matrix, respectively; o
is the mass proportional Rayleigh damping coefficient, in s; B is the stiffness

proportional Rayleigh damping coefficient, in s. The modal damping ratio of the nwn

mode is
al p
=——4+"w
& 2w 2 " (4.2)

where nhand on are the damping ratio (%) and natural frequency (Hz), respectively. The
coefficients a and  can be determined from specified modal damping ratios ; and j for
the ix and ji modes, respectively. Expressing Eq. (4.2) for these two modes in matrix

form leads to
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where i and o; are the natural frequencies of the iw and jin mode, respectively; (iand {
are the modal damping ratios of the i and jiw mode, respectively. These two algebraic
equations can be used to determine the coefficients a and B. If both modes are assumed

to have the same damping ratio ¢, which is reasonable based on experimental data, then

w0,
a=25——— (4.4)
; + 0;
1
p=2¢ o (4.5)

4.1.2 Non-Classical damping matrix

The assumption of classical damping is not appropriate if the system to be analyzed
consists of two or more parts with significantly different levels of damping (Chopra
2007). One such example is a soil-pavement system. While the underlying soil can be
assumed as elastic in the analysis of many structures, soil-pavement interaction should
be considered in the analysis of structures with very short natural periods. The modal
damping ratio for the soil system would typically be much different from the one of
structure, say 0.02 for the soil region compared to 0.05-0.1 for the pavement layers.
(Zeng et al. 2001) Therefore, the assumption of classical damping would not be
appropriate for the combined soil-pavement system, although it may be reasonable for

the structure and soil regions separately.

In addition, the assumption of classical damping may not be appropriate either for
structures with special energy-dissipating devices or on a base isolation system (Chopra
2007). For example, pavements with a special energy-dissipating layer (a damping layer
or vibration-absorbing layer) can not be characterized by constructing the classical

matrix.

The nonclassical damping system has complex modal properties and it may be solved

by the method proposed by Foss through the complex-modal analysis method (Foss
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1956). However, this method has not been widely used in practical structural analysis.
The reasons are mainly two aspects: first, the characteristic complex modal involved is
2N x 2N order, which is doubled compared to normal modal analysis. The complex
mathematical operations must be performed and it can greatly increase the
computational complexity; second, the characteristics of complex mode cause
difficulties in explaining the physical meaning of the system. Therefore, most scholars

generally avoid using complex damping methods in research.

4.1.3 Reviewing of existing methods in pavement engineering

So far several researchers have tried to get meaningful values of Rayleigh damping
coefficients a and B (or damping matrix); in the specific case of AC pavements, some
researchers have defined damping coefficients for the pavement layers instead of

considering viscoelasticity. In general, these existing methods can be divided into two

types:

(1) In the first type, the damping matrix for each individual subcomponent (each layer)
was assembled, where the frequency range was considered that of the entire
undamped system. Typically, in this method, the natural frequency of the road
system was calculated firstly. Then the classical damping matrix to represent each
layer or each material was calculated by Rayleigh damping and the nonclassical
damping matrix was assembled via standard finite element techniques (e.g.,
define/input alpha and beta in FEM software) (Ling & Newcomb 1991; Zeng et al.
2005; Al-Qadi et al. 2008; Tang et al. 2013; Xu 2014). The weakness of this method
has been pointed out by Wang et al. (2008): such method results in a non-orthogonal
global matrix and cannot be decoupled, thus obscuring the meaning of the mode
shape and natural frequency between the sub-components and the entire system, and
ignoring the interaction of sub-components. It should be noted that, in the research
field of vibration, non-orthogonal damping may be decoupled in line with the
correct physical meaning by the so-called forced decoupling which is to ignore the
non-diagonal coupling coefficient in the damping matrix but the errors caused can
be large or small (Park et al. 1992; Clough et al. 1995).

(2) In the second type, the natural frequency of each individual subcomponent (each
layer) was calculated firstly in order to form a classical damping matrix by the

Rayleigh damping. Either empirically estimating (Uddin & Garza 2010), or
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separating each sub-component as a free-free boundary condition (Wang et al. 2009),
was used to calculate the natural frequency of each individual subcomponent (each
layer). This method suffers from the drawback that it is lacking in an effective
method to calculate the natural frequency of each subcomponent (layer), which may
result in large errors compared to the actual condition. In addition, the method to
separate each sub-component to obtain natural frequency also ignores the

interactions between sub-components.

In order to overcome the weaknesses of the existing methods, a modified damping

model is established. This modified model consists of two main steps:

(1) According to the method proposed by Liang et al. (2017), in order to characterize
the damping difference between different layers, the multi-layered structure is divided
into sub-layers, each of which consists of materials of similar physical properties. (E.g.
asphaltic materials can be regarded as one sub-layer; granular materials and soils can be
regarded as one sub-layer); then each sub-layer is treated as a system to select the

corresponding Rayleigh damping parameter (Liang et al. 2017).

(2) The Rayleigh damping parameters are determined to make sure the target damping
ratio (the small-strain material damping) and modal damping ratios calculated from
natural frequencies match best by linear time-domain solutions (Kwok et al. 2007).

The detailed introduction of the proposed model to characterize the damping effect is

described in the following sub-chapters.

4.2 A novel model for characterizing the damping effect

in road structures

4.2.1 Development of the damping matrix for road structures

In this part, a novel calculation model will be proposed by combining the principal
method for nonclassical system introduced by Chopra et al. (2007) and the improved
model proposed by Liang et al. (2017), who has modified the method to characterize the

damping difference between layered soils.
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As a multilayer system, the pavement consists of finite layers over a semi-infinite
subgrade. The different paving materials of the layered structure have significantly
different damping. To characterize the difference between the different layers, the road
structure can be divided into several sub-layers, depending on the materials, and each
subsystem chooses the corresponding Rayleigh damping parameters to form the
damping matrix (Liang et al. 2017). Generally speaking, the road structure can be
divided into the asphaltic layer and granular material layer (including the soil) according
to similar physical property and the damping ratio, as shown in Figure 4.1. Based on
this road structure division, the schematic to assemble the damping matrix in road
engineering can be obtained, where the conventional road structure is divided into two
subcomponents according to the different physical and damping properties. One
subcomponent is the finite asphaltic layer, and the other one is the sum of subbase and
infinite subgrade, both of which have similar physical and damping properties (Zeng et
al. 2001). The stiffness and mass matrix of the combined AC (Asphaltic materials) —
S+S (Subbase+Soil) system is assembled from the corresponding matrix for the two
subsystems. The portion of these matrixes associated with the common degree of
freedoms (DOFs) at the interface {I} between the two subsystems include contributions
from both subsystems (Chopra et al. 2007).

As far as the two subsystems, since both of them have similar physical and damping

property, the classical damping matrix can be applied directly, which can be described

as,

1 Vope  @ipcy || %pcy _ o) (4.6)
2| Vwypey  @jpc) || By S jc)

1 Vogsy O || s _ Si+s) 47)
2 1/a)j(S+S) Wjs+s) ,B(s+3) ‘):j(S+S) .

where ®, o, B, and { are the corresponding natural frequency, Rayleigh damping
parameters, and damping ratio, respectively. Finally, the nonclassical damping matrix
can be assembled via standard finite element techniques. E.g., define/input Rayleigh

damping parameter aiac),Bjac), ai(s+s), Pis+s) iIn FEM software directly.
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However, it should be noted that here the wiac),®jac), ®is+s), ®js+s) are the natural

frequencies without the consideration of interactions between two subsystems, as shown

in Figure 4.2. These values should be modified by characterizing the interaction in order

to construct a new classical damping matrix of each subsystem.

Figure 4.1 Schematic of solving nonclassical damping matrix problem in road engineering
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Figure 4.2 Schematic of characterizing the interaction between subcomponents

As far as the “subbase+soil” layer is concerned, its thickness is so large that the effect of
the asphaltic layer on its natural frequency can be disregarded. As a result of
uncomplicated boundary conditions, wis+s), ®js+s) can be extracted directly from the FE
model by ABAQUS. However, for the finite layers (AC layer), the support effect from
the infinite layer is causing complicated boundary conditions so that the wiac),®jAc)
cannot be extracted directly. In order to solve this problem, an idealized shear beam

model proposed by Dobry et al. (1976) to estimate the fundamental period is used.

Shear spring

Figure 4.3 Shear beam model for pavement

In this model, the multilayer system is transformed into a layered system composed of
linear elastic shear beams, without considering the horizontal length, as shown in Figure
4.3. Each shear beam is considered to be homogeneous for the same cross-sectional area
and extends indefinitely in the horizontal direction. The support effect of the subgrade
on the pavement system is modeled by a shear spring, which takes into account the

shear stiffness of soil.

The parameters of each layer needed for the computation of the fundamental period are
including the mass density p, the shear-wave velocity ¢, and the thickness of the

pavement, H. Alternatively to c, the shear modulus can be specified by G = pc?,

Considering an infinitesimal segment of one layer, the transverse free shear vibration is

analyzed (see Figure 4.4). The shear displacements at the bottom and top of the micro-
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segment, and the shear force at the top of the micro-segment are assumed as u,

Q

u+ %u dyandQ+ E dy, respectively. The differential equation for free vibration of the

shear beam can be obtained,

o’u  , o
F 2Ry

(4.8)
where y is the vertical coordinate of the micro-segment and t is the vibration time. The
general solution of u(y, t) satisfying Eq. (4.8) is an infinite series. If the shear beam

vibrates in the first mode at the fundamental frequency, then,
u(y,t)=U(y)exp(ict) (4.9)

where U(y) is the first modal shape and i isv/-1. Substituting Eq. (4.9) into Eq. (4.8),
one can obtain the vibration mode shape equation as follows,

d?uU 2
2L 2 u(y)-0
y (4.10)

=U(y)= Acos(%y)+ Bsin(%y)

Correspondingly, the mode shape equations for surface and base layer in the pavement

model can be given as follows,

the surface layer,

Ul(x):Alcosﬂx+ Blsinﬂx (4.11)
Cl Cl

and the base layer,

Uz(x):Azcosw—X+ B, sinﬂx (4.12)
Cl Cl
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where U(x) and Uz(x) are the first mode shapes of the surface layer and base layer,
respectively. Taking into account the boundary conditions, the natural frequency can be

determined as the solution of the system composed of those vibration shapes.

+61.'d5 Q+@dy /’,,
—> //// —l_ L/‘( dy L
paS —“' \ 4
]-..___' I —a— H

Shear spring

Figure 4.4 Infinitesimal segment section of one layer
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Figure 4.5 Pavement shear beam model

Boundary conditions at the top and bottom of the beam, and the displacement and stress

continuity conditions at the interfaces are as follows:

The free boundary condition at the top of the beam is,

du, (x)

|y =0 (4.13)

The stress continuity condition at the bottom of the beam is,
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du,(x
) 5)5 )|X_0=—k-uz((xjx_o (4.14)

The displacement and stress continuity conditions at the interface of the two layers are,

duU,(x du,(x

G, C;)(( ) x=H, — 22 J)E ) x=H , (4.15)
Uz(Hz):Ul(Hz) (4.16)
Substituting Eq. (4.11) into Eq. (4.13):

1) B
tan(—H)=—= 4.17

c, A, (4.17)
Substituting Eq. (4.11) and Eq. (4.12) into Eq. (4.14):
Kc, _i
G, = A, (4.18)

Considering Eqg. (11) and Eq. (12) as well as Eq. (4.15), (4.16), (4.17) and (4.18), the
implicit solution of the natural frequency o (the natural frequency of AC layer) can be
given by,

¢,G,G,msin(2 H,)-c,G, otan(-Z H, Ycos(L H, )+¢,2G,K tan(-2 H, )sin(-2 H, )+¢,G,Ke, cos(-2 H, )
c, c, c, c, c, c,

[0
tan(—H)=
(Cl ) w 2 w .0 2 w w . @
chlewcos(C— H,)+c,G, a)tan(c— H, )sm(C—HZ )+c, Gthan(c—Hz )cos(C—Hz)—chch2 sm(c— H,)

1 2 1 2 1 1

where o is the natural frequency (Hz); ci, c2 are the shear-wave velocities (m/s) of the
surface layer and base layer, respectively; Hi and H: are the thicknesses (m) of the
surface layer and base layer, respectively; Gi1 and Gz are the shear modulus (Pa) of the
surface layer and base layer, respectively. K is the shear stiffness (N/m) of the subgrade.
Considering that Eq. (4.19) is a periodic function, in order to make the solving process

easier, it can be transformed into,
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” chlea)sin(CQ H, )—chzza)tan(CQ H, )cos(cE H, )+czzGthan(Cﬁ H, )sin(c2 H,)+c,G,Kc, cos(cﬂ H,)
y(w):tan(—H)— 1 2 1 2 1 1
G chlea)cos(Cg H, )+chzza>tan(cﬂ H, )sin(c8 H,)+c,’G,K tan(cﬁ H, )oos(cﬁ H,)-c,G,Kc, sin(cﬂ H,)

1 2 1 2 1 1

(4.20)

Values of o are set from 0, 1, 2...to 50000 rad/s in order to obtain the function curve of
y(®). In this way, the solutions of the periodic function, m1 2 ®3...on, can be obtained

by using the ‘solver’ function of excel.

As one example shown in Figure 4.6, according to the relationship between ® and y(),
the first modal frequency, second modal frequency ... nth modal frequency can be

obtained.
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Figure 4.6 Relationship between w and y(w)

4.2.2 An improved method to determine Rayleigh damping parameters

The road structure is divided into different layers according to similar physical
properties as well as damping properties, and the damping properties of each layer are
characterized. The next step is to determine the Rayleigh damping parameters to make
sure the target damping ratio (the small-strain material damping) and modal damping
calculated from natural frequencies match best by linear time-domain solutions (Kwok
et al. 2007).
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As far as modal damping calculated from natural frequencies, a popular scheme that is
often consistent with experimental data is Rayleigh damping. This method considers the
damping matrix [C] as the combination of the mass proportional damping and the

stiffness proportional damping, which can be described as,

c=am+ K (4.21)

where a is the Rayleigh coefficient for the mass proportional damping whilst B is the
Rayleigh coefficient for stiffness proportional damping. The relationship between a, B

and the fraction of damping & at circular frequency o for one-degree-of freedom system

IS given by,
al p
=——+=0
< 20 2 " (4.22)

From Eq. (4.22), it can be conjectured that there is a relationship between damping and
frequency whilst damping is mostly regarded as frequency independent in a limited
frequency range by most researchers, who use the small strain material damping to be
taken as the constant target damping to the form of the Rayleigh damping formulation
(Kwok et al. 2007). Consequently, the Rayleigh damping coefficients, o and § should be

appropriately formulated in order to fit the experimental results.

Typically, there are two principal methods for determining the parameters a and 3 to be
used in FEM analysis. The first one was proposed and applied by Idriss (1973) in the
QUAD4 software for geotechnical seismic analysis, and then it was applied by some
researchers of pavement engineering (Wang et al. 2009; Sun et al. 2013), who assumed
that the contributions of mass and stiffness proportional coefficients are the same. In

this way, a and 3 can be given as,

a=85w (4.23)
_a
p= o, (4.24)
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where &1 is the damping ratio and o1 is the natural frequency (rad/s) of the system. The
relationship between frequency and damping ratio is described in Figure 4.7, and it is
obvious that it results in an overestimation of damping in all frequency ranges,

determining a lower dynamic response of the system.

Rayleigh
Frequency-independent
damping

Stiftness-proportional

Damping ratio

Mass-proportional

of]
Frequency

Figure 4.7 Relationship between damping & freq. by QUAD4

Hudson et al. (1994) developed appropriate improvements to the shortcomings of using
only the fundamental frequency to determine the damping coefficient and modified the
QUAD4 as QUAD4M, which was also applied in the other pavement engineering
research (Ju et al. 2007; Al-Qadi et al. 2008).

This method uses the first two natural frequencies @1 and 2 to determine the reference
frequency for o and B; particularly, w1 is the first fundamental frequency, and 2 = no,
where n is an odd number greater than we/®1; we IS the dominant frequency. The

coefficients a and B can be determined by these relationships:

0,0,

a= me (4.25)
1
B=2¢ (4.26)
o, + w,

As shown in Figure 4.8, this method can take into account both the natural frequencies
and spectral characteristics of the structure but underestimate the damping between ®1

and o2 as well as overestimate the damping outside the considered frequency range.
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Figure 4.8 Relationship between damping & freq. by QUAD4M

Most dynamic analyses consider frequency ranges between w1 and w2, and hence it is
very essential to improve the decoupling accuracy in such frequency range in order to
make the damping ratio close to the so-called frequency-independent one. In this study,
an improved method developed by Song et al. (2017) is simplified and applied. In the
method, the damping coefficients are calculated by applying the least square method to
determine the least square sum of the difference between the calculated damping ratio
of each modal and the actual damping ratio within the cutoff frequency. The formula is

given as follows:
N, A Po
mmZ( >t &) (4.27)

However, it should be noted that in order to apply the method, each natural frequency of
entire models in the cut off range should be calculated, and this may lead to an
excessive computational burden; in addition, unlike some large structures, road structure
tends to consider more about lower-order modes. Based on the above considerations, the

method is simplified as follows,

The differential of the Eq. (4.22) is given by,

d_éz_ o +£:0 (428)
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- |& 4.29
= \/; (4.29)

Substituting Eqg. (4.29) into Eq. (4.22), the minimum value of the damping ratio is given
by,

Ein =P (4.30)

The damping ratio at the selected frequency range boundary can be given by,

a  po,
=4 —
=5 @31)
a | Po,
=4 —
=5 432

Note that wa and b can be determined by the method described in QUAD4M. The

frequency-independent damping ratio is regarded as the average value of Emin and Emax,

é:O = %( émin + é:max ) (433)

In this way, the Rayleigh damping coefficients can be determined by making all the
damping ratios (in the considered range frequency) close to the frequency-independent
one, as shown in Figure 4.9. In the process of the practical application of this method,
just combine Eq. (4.30), Eq. (4.31), Eq. (4.32) and Eq. (4.33) by considering 4 equations

and 4 unknown parameters.
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Figure 4.9 Relationship between damping & freq. by the proposed method

4.3 Model Calibration

In order to evaluate the accuracy of the developed method, a calibration process is
conducted in this part. A FEM simulation based on the developed method in Chapter
4.2 is established in order to compare to in-situ experimental tests of FWD loads. In
order to examine the applicability of the proposed method, measurements are carried
out at two in-situ fields, which are non-rubberized asphalt pavement and rubberized

asphalt pavement, named as Pavement 1 and Pavement 2, respectively.

4.3.1 Description of the FEM simulation

For the pavement structure, the dynamic analysis can be performed by the following
equation in which the damping and inertia effects are presented.

[MHU}+[CHU}+[KNU}={P} (4.34)

where [M] = mass matrix, [C] = damping matrix, [K] = stiffness matrix, {P} = external
force vector, {U} = acceleration vector, { U } = velocity vector, and {U} =
displacement vector. Eq. (4. 34) can be solved using explicit or implicit integration
methods in ABAQUS. In this study, the implicit analysis is selected because of its
stability and efficiency. The same loads conducted in the FWD tests of Pavement 1 and
Pavement 2 are applied in the simulation, as shown in Figure 4.10. CAX4R, the 4-node

59



Development of a new noise and vibration reduction system for road pavements

axis-symmetric reduced integral element is selected in order to improve the calculation

accuracy and to reduce calculation time.

In the FEM model, the pavement structure is assumed to have constant properties in
horizontal planes and the traffic loads are modeled by considering a circular footprint,
as shown in Figure 4.11. The layer moduli, density and Poisson’s ratio of Pavement 1
and Pavement 2 are back-calculated from FWD load tests and are shown in Table 4.1
and Table 4.2, respectively. The damping ratios are obtained by optimizing the values
from the studies by Zhong et al. (2002) and Chatti et al. (2004). The damping ratios of
various layers as well as the corresponding Rayleigh damping coefficients a and B are
shown in Table 4.3. The FE model is meshed by refining the load area as well as the
upper structure and generating coarse mesh away from the load as well as the
underlying structure. The models of different meshes are tried until the results

convergent and the optimized mesh is shown in Figure 4.11.

900
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600
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400

FWD load [kPa]

300
200
100

0

0 20 40 60

80 100 120 140
-100 Time [ms]

——FWD load for pavement 1 ——FWD load for Pavement 2

Figure 4.10 FWD loads for pavement 1 and pavement 2
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Figure 4.11 Schematic of FEM model in Abaqus

Table 4.1 Properties of the pavement structure 1

) Young’s Modulus Poisson Density
Layers Thickness (cm) )
(MPa) ratio (Kg/m®)
Surface layer 20.5 5680 0.3 2400
Base layer 22.5 660 0.3 2000
Subgrade - 110 0.35 1500
Table 4.2 Properties of the pavement structure 2
) Young’s Modulus Poisson Density
Layers Thickness (cm) )
(MPa) ratio (Kg/m?3)
Surface layer 20.4 2657 0.3 2400
Base layer 29.2 73 0.3 2000
Subgrade - 66 0.35 1500

Table 4.3 Damping parameters for pavement 1 and pavement 2

Pavements Layers Damping ratio Beta
Surface layer 0.05 2.5E-5
Pavement 1 Base layer 0.03 0.0043
Subgrade 0.03 0.0043

61



Development of a new noise and vibration reduction system for road pavements

Surface layer 0.1 198 5E-5
Pavement 2 Base layer 0.03 3.2 0.0043
Subgrade 0.03 3.2 0.0043

4.3.2 Comparison between numerical results and in situ FWD

measurements

The results of the FE model are compared to those of FWD tests. As far as Pavement 1,
the recorded peak deflection basin, the dynamic response of sensors G1 (at the center of
the loading plate), G5 (500 mm away from the loading center) and G9 (1900 mm away
from the loading center) are used in this study as benchmarks to validate the FEM. For
Pavement 2, the recorded peak deflection basin, the dynamic response of sensors G1 (at
the center of the loading plate), G5 (500 mm away from the loading center) and G8

(1500 mm away from the loading center) are used.

The numerical results of the peak deflection basin of Pavement 1 and Pavement 2 are
completely overlapping of the field measurement data, as shown in Figure 4.12. For
Pavement 1, Figure 4.13a, 4.13b, and 4.13c compare the deflection time histories for
measurement and simulation at G1, G5, and G9, respectively. With the exception of a
small magnitude difference at G1 and dephasing at G9, good agreements are achieved.
As far as the magnitude difference at G1, it can be explained that considering the FWD
masses are interfering with pavement vibration, theoretically speaking, the deflection
time history should be a vibration curve along with the pavement-air interface similar to
the FEM result. For dephasing at G9, it can be influenced by the heterogeneity of
pavement layers or subgrade. As far as Pavement 2, Figure 4.14a, 4.14b, and 4.14c
compare the measured and simulation results at G1, G5, and G8, respectively. Similarly,
good agreements are achieved except for the small difference in amplitude at G8. These
differences can be explained by the heterogeneity of soil or pavement, which leads to
small-amplitude differences during vibration wave propagation. In any case, as shown

above, these errors are considered acceptable for the developed method.
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Figure 4.12 Deflection basin for field measurement and FEM results
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Figure 4.13 Deflection time histories of FEM results and field measurement at different
points: (a) G1, (b) G5 and (c) G9 (Pavement structure 1)
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Figure 4.14 Deflection time histories of FEM results and field measurement at

different points: (a) G1, (b) G5 and (c) G8 (Pavement structure 2)
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Chapter 5: Parametric study of the effect of

damping layer on pavement response

5.1 Effect of damping layer on the low-vibration ability
of the pavement system

The vibration response analysis of the road structure is an extremely important step
before the development of the new road system since it is essential to verify whether it
makes sense to lay a damping (vibration-absorbing) layer in the pavement structure. In
this part, the effects of three important design parameters, the damping ratio of the
damping layer material, the damping layer position and thickness, on vibration

reduction of the pavement structure are analyzed.

5.1.1 Description of the FE model

The pavement structure established in this study is shown in Figure 5.1, with a 4 m
width of pavement structure and 30 m width of the surrounding environment composed
of compacted soil. The road system is composed of an AC layer with a thickness of
0.205 m, a subbase layer with a thickness of 0.2 m, and subgrade. Five points are
monitored for the time histories of acceleration during the simulations: Point A, directly
underneath the load; Point B, 2 m away from the loading point, is still on the pavement
though; Point C, 4 m away from the loading point, is at the boundary between the
pavement and the surrounding soil; Point D, 10 m away from the loading point; Point E,
30 m away from the loading point, as shown in Figure 5.1. The vibrations at points A, B
and C are closely related to the tire/pavement noise at low-frequency range and the ones

at point E and F are related to the impact (vibration) on the surrounding environment.

The root-mean-square accelerations recorded at the five selected points are monitored in
order to evaluate the vibration attenuation. The root-mean-square acceleration, Arwms, IS

given by,
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Aos =7 [ (e 5.1

where a(t)= acceleration at time t, and T= duration of vibration. The root-mean-square
refers to a common mathematical method of defining the effective magnitude. For a
uniform sine wave, the root-mean-square value is 0.707 times the peak value or 0.354
times the peak-to-peak value. For repeated loading situations such as loading generated
by a vehicle on the road, the root-mean-square acceleration represents the average
repeated loading amplitude (Zeng 2005). The root-mean-square acceleration is
important in determining both the pavement and the ground vibration intensity. By
comparing the root-mean-square of the monitoring points, the capacity of the damping

layer in vibration attenuation can be determined.

C D E
4m (10m) (30m)

Damping layer (3em- assumedy v

Subgrade

i Pavement structure Surrounding environment

Figure 5.1 Pavement structure and surrounding environment

The simulation process is conducted by considering three aspects: varying damping
ratios of the damping layer material, varying damping layer positions, and varying
damping layer thicknesses. As far as the damping ratios, five configurations are carried
out to determine the effects on vibrations reduction, changing from 0.02, 0.05, 0.1, 0.15,
to 0.2. The input of damping characterization is conducted according to the method

developed in Chapter 4.
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The properties of the AC, damping layer, subbase, subgrade and soil of the surrounding
environment are shown in Table 5.1. These properties are obtained by the back-
calculation from FWD in-situ tests conducted in “Faentina” localita Borgo S. Lorenzo,

Firenze, which represents a conventional road structure in Italy.

Based on the master curves of Mix 1 and Mix 2 described in Chapter 6, the elastic
modulus of the damping layer is estimated and obtained by selecting reasonable loading
frequency and temperature in the master curve (See Figure 6.13 in Chapter 6). In this
study, the loading frequency is consistent with the actual FWD load applied to the
pavement structure and the temperature is consistent with the one when the FWD test is
conducted. The determined values are shown in Table 5.1.

Table 5.1 The properties of materials in the pavement system

Elastic _ _ _
Poisson's Damping Density
Layers modulus ) )
ratio ratio (Kg/md)
(MPa)
AC 5680 0.3 0.04 2400
Damping .
1310 0.3 Varying 2400
layer
Subbase 660 0.3 0.02 2000
Subgrade 110 0.35 0.02 1500
Soil of
surrounding 110 0.35 0.02 1500
environment

Note: *damping ratios are varying from 0.02, 0.05, 0.1, 0.15 to0 0.2

As far as the position of the damping layer, five configurations are carried out to
determine the effect of the parameter ‘DISTANCE TO TOP’, which is changing from 0
cm, 5 cm, 10 cm, 15 cm to 20 cm. As far as the thickness of the damping layer, three
configurations are carried out with thickness varying from 10 mm, 20 mm, to 30 mm. A
special condition when the thickness is equal to 0 cm, is used as a reference. The

summary of the different configurations can be found in Table 5.2.
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Table 5.2 The configurations of different layers in the pavement system

] Distance to top
Layers Thickness [mm]
[cm]
AC 205 -
Damping layer 0, 10, 20, 30 0,5, 10, 15, 20
Subbase 200 -
Subgrade - -
The soil of the
surrounding - -
environment
.
Point A Point C Point E
(Load point) (10m away from Point A) (30m away from Point A)

L.

Figure 5.2 FE model shown in Abaqus

The FE model is followed by the one established in Chapter 4, which has been
calibrated by comparing it to the in-situ test results. The implicit analysis is also
selected in this study because of its stability and efficiency. CAX4R is selected as the
mesh element type in order to improve the calculation accuracy and to reduce
calculation time. The FE model is meshed by refining the load area as well as the upper
structure and by generating coarse mesh at the area away from the load as well as the
underlying structure. The models of different meshes are tried until the results are

convergent and the optimized mesh is shown in Figure 5.2. The same load (the FWD
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load for pavement 1) conducted in the FWD test is also applied in the simulation, as

shown in Figure 4.10.
5.1.2 Results and analysis

5.1.2.1 Sensitivity analysis of monitoring points on vibration reduction

Vibration reduction at different monitoring points can be different. In this section, when
the damping layer is at the bottom & top of the asphalt layer and its thickness is equal to
30 mm will be set as an example to show the influences of varying monitoring points on
vibration reduction. When the damping ratio of the damping layer is changing from 0.02
to 0.2, the vibration reductions at A, B, C, D, and E are monitored. The results of
vibration reductions when the damping layer is at the bottom of the asphalt layer and at

the top of the asphalt layer are shown in Table 5.3 and Table 5.4, respectively.

Table 5.3 Vibration reduction when the damping layer was at the bottom of the

asphalt layer

Monitoring Iog:jsitnam%;[gta Arms(£=0.02) Arms(£=0.2) Vibration
points [EHO [dm/s?] [dm/s?] reduction®

A 0 22.74 21.97 3.41%

B 2 4.96 4.209 15.16%

C 4 2.65 2.15 18.65%

D 10 1.14 0.92 18.97%

E 30 0.11 0.091 15.59%

Notes: 2 “Distance to loading point” means the distance from the monitoring point to the loading
point. ® “Vibration reduction” means the reduction of vibration at the monitoring points (Similarly

hereinafter)

Table 5.4 Vibration reduction when the damping layer is at the top of the asphalt

layer
o Distance to _ _ ihrati
Monitoring loading point Arms(£=0.02) Arms(E=0.2) Vibration
points [r?]]p [dm/s?] [dm/s?] reduction
A 0 22.82 21.68 5.01%
B 2 5.03 4.24 15.62%
C 4 2.72 2.19 19.53%
D 10 1.15 0.92 19.66%
E 30 0.10 0.09 15.93%
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In order to better understand the influences of varying monitoring points, the
relationship between the distance of monitoring points and vibration reductions are
shown in Figure 5.3. The maximum vibration reduction is observed when the
monitoring point is approximately 3 m to 30 m away from the loading point and the
vibration reduction is about 15%. With the increase of distance to the loading point, the
vibration reduction increases firstly and then decreases. The maximum value of
vibration reduction appears at a distance of 5-6 meters. In addition, it can also be
observed that regardless of whether the damping layer is at the top or at the bottom of

the asphalt layer, similar results are obtained.

When loading point is monitored, the minimum vibration reduction appears and it can
be explained that the displacement and phase difference in the pavement response
depend on pavement stiffness characteristic (elastic modulus, Poisson’s ratio, thickness)
as well as the mass characteristic (density) instead of damping characteristics. Although
the damping ratio is changing from 0.02 to 0.2, the other parameters (elastic modulus,
Poisson’s ratio, density as well as thickness) stay the same. Hence, minor displacement
and phase difference can be estimated, resulting in a minor difference in Arvs. When
the distance from a monitoring point to loading point increases, the damping effect of
the damping layer is playing a predominant role, where gradually increasing
displacement and phase difference can be found. However, when the distance continues
to increase, the damping effect of the surrounding soil is playing a predominant role,
which is not affected by the damping layer and this is why the vibration reduction
reduces in the end. It can be predicted when the distance is far enough, the effect of

vibration reduction may decrease until it vanishes.

25.00%

20.00%

15.00%

—4#—Damping layer at the bottom
10.00%

—l— Damping layer at the top

Vibration reduction

5.00%

0.00% | T T T !
0 10 20 30 40
Distance to loading point [m]

Figure 5.3 Relationship between the distance of monitoring point and vibration
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reduction

5.1.2.2 Sensitivity analysis of varying loading on vibration reduction

As a special vibration structure, the pavement may vibrate differently with varying
loads. In order to evaluate the sensitivity of varying loads, besides the FWD load
applied in the FEM simulation, another two loads are also selected with the loading
times of 90 ms and 24 ms, respectively. The three selected loads are shown in Figure
5.4. When the damping layer is at the bottom of the asphalt layer, the relationship
between the positions of monitoring point and vibration reduction is shown in Table 5.5
and Figure 5.5. It can be observed that with different loading times (frequencies), the
maximum vibration reduction appears at a different distance. However, the three

loading times (frequencies) are showing a very similar trend.

Based on the analysis in the sub-chapter 5.1.2.1 and this sub-chapter, where the
sensitivity of vibration reduction with varying monitoring points and loadings have been
confirmed, in order to reduce computation in the subsequent simulation, only the three

points of A, C and E are monitored and only the FWD load is selected.
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Figure 5.4 Three loads to compare
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Table 5.5 Vibration reduction when the three loads were input

Vibration Vibration Vibration
Monitorin Distance to reduction reduction reduction
oints g loading points [FWD load [Load 1 [Load 2
P [m] (loading time (loading time (loading time
=36 ms)] =90 ms)] =24 ms)]
A 0 3.41% 1.93% 3.67%
B 2 15.16% 6.91% 12.16%
C 4 18.65% 14.42% 16.69%
D 10 18.97% 18.54% 18.35%
E 30 15.59% 14.13% 12.73%
25.00%
20.00%
s
3 1500% -
E —4— FWD load
£ 10.00% f —8—l0ad 1
8
S * load 2
5.00% y /
000% T T T T 1
0 10 20 30 40
Distance to loading point [m]

Figure 5.5 Relationship between the distance of monitoring point and vibration

reduction

5.1.2.3 Effect of damping ratio on vibration response

The Arwms of the three monitoring points A, C, and E (see Figure 5.2) with varying
damping ratios, damping layer thickness and damping layer position are summarized in

Appendix I.

Five damping ratios are selected to determine the effect of damping ratios on vibration
response of the pavement structure. The simulation results of Arms at point A with
varying damping ratios are shown in Figure 5.6. (The thickness of the damping layer is
10 mm.) It can be obviously found that with the increase of the damping ratio, the Arms

decrease. In addition, this reduction has obvious linearity. This may be explained that,
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compared to other layers (asphalt layer, base layer, and subgrade), the damping layer is
playing a predominant role to characterize the damping property of the whole system,
causing the vibration reaction of the whole system to have a strong linearity with the
damping property of the damping layer, even close to ignoring the damping properties
of other structural layers. It should be noted that the damping layer is playing a
predominant role in characterizing the damping property of the whole system, instead of
the dynamic response of the whole system, which mainly depends on the mass matrix

and stiffness matrix.

Figure 5.7 and Figure 5.8 are simulation results of Arms at point A when the thicknesses
are 20 mm and 30 mm, respectively. It can be found that very similar results are
obtained compared to the results when the thickness is 10 mm, demonstrating that the
rule “the linear attenuation of Arwms with the increase of the damping ratio,” is still

applicable even if the thickness of the damping layer changes.

In such a linear relationship, the ‘slope’ of the Arms curve represents the effect of
varying damping ratios, and the higher slope value, the more obvious the effect of
vibration reduction. Therefore, a higher slope value is preferable during the process of
optimizing the damping layer position. Unfortunately, it can be observed from Figure
5.6 to Figure 5.8, the slope values are very close; although there is a higher slope value
for the condition of “distancetotopOcm”, such a difference does not have practical

significance.
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Figure 5.6 Effect of damping ratios (at Point A; the thickness = 10mm)
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Figure 5.9 Effect of damping ratios (at Point C; the thickness = 10mm)
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Figure 5.14 Effect of damping ratios (at Point E; the thickness = 30mm)

Figure 5.9 to Figure 5.14 are the results of the effects of damping ratios at point C and
point E, with three different thicknesses (10 mm, 20 mm, and 30 mm). The similar
linear relationship between damping ratio and Arms can also be found at point C and
point E, demonstrating that the damping layer is playing a predominant role to

characterize the damping property of the whole system.
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Besides, it can obviously be found that the varying damping layer positions have a
relatively obvious effect at point A as well as point E compared to point C. Hence, it
can be concluded that optimizing the damping layer position is useful to improve the
vibration-reducing performance at Point A (representing the place on the pavement) and
Point E (representing the place far from the pavement), but almost useless at Point C
(representing the place close to the pavement). When thickness is 30 mm and the
damping ratio changes from 0.02 to 0.2, the vibration at 10 m away from the pavement
can reduce about 20% and the one at 30 m away from the pavement can reduce about
15%, demonstrating that such an improvement can lead to significant benefits in
reducing the impact of traffic-induced vibrations on the surrounding environment and

building.

As it is known that the damping property of the asphalt material is highly dependent
upon the environmental conditions to which they are exposed. As time and temperatures
change, the damping ratio will vary even if the same loading situation. However,
according to the loss factor of the viscoelastic materials, the damping ratio at the same
condition (the same temperature, load, boundary condition) can be roughly compared.
For example, as far as the pavement structure with normal temperature and load, the
damping ratios of soil, conventional asphalt mixture, and rubber modified asphalt
mixture can be regarded as 0.02, 0.05 and 0.1, respectively. Hence, in order to obtain
the obvious vibration reduction effect, the damping ratio of the asphalt mixture specially
for the damping layer should arrive at 0.15-0.2, which is almost 3-4 times higher
compared to conventional asphalt mixtures and 2 times higher compared to rubberized
asphalt mixtures. This conclusion will be used as the design target of asphalt mixtures

for the damping layer.

5.1.2.4 Effect of damping layer position on vibration response

When the thickness of the damping layer is 30 mm, the effects of the damping layer
position on Arwms at Point A, Point C, and Point E are evaluated, as shown in Figure
5.15-5.17. The horizontal axis represents the distance from the damping layer to the top.
It can be found that varying damping layer positions have a relatively obvious effect at
point E (6% difference) compared to point C (almost 0% difference) and point A (2%
difference); at point C, changing the position of the damping layer has almost no effect
on the vibration response of the system. Hence, it can be concluded that the most

meaningful point to select the optimized damping layer position is point E. From the
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values of Arwms at point E (see Figure 5.17), it can be found that the damping layer
placed at the top is the optimal position. However, it is known that the damping layer
cannot work as a surface layer and the second choice might be the optimized position.
Hence, it is determined that the optimized position for the damping layer is 5 cm or 10
cm away from the top. It should be noted that even a 6% difference is still not a
“convincing value”. Therefore, the selection of the optimized position should take into
account the mechanical response of the pavement structure, which will be introduced in
the sub-chapter 5.2.
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5.1.2.5 Effect of damping layer thickness on vibration response

Another very essential design parameter for pavement is thickness. In this series of
simulations, the thickness of the damping layer varies from 0 mm, 10 mm, 20 mm to 30
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mm. The effect of damping layer thickness at point A is shown in Figure 5.18. It can be
found that the increasing thickness of the damping layer does not necessarily reduce the
vibration response at point A. For example, when the damping layer is 5 cm away from
the top, with the increasing thickness of the damping layer (the damping ratio is 0.02 or
0.05), the vibration is increasing instead of decreasing, demonstrating that when the
damping ratio is small, the increasing thickness of the damping layer may have a
negative effect. This can be explained when the damping ratio is small, the main factor
affecting the vibration response is the stiffness characterization (elastic modulus &
Poisson's ratio). The elastic modulus of the damping layer is given as 1310 MPa which
is a relatively small value compared with the one of the asphalt layer (5679MPa). Hence,
it is possible that the increasing thickness has a negative effect.

However, such a negative effect can only occur when the monitoring point is point A.
Considering the vibration reductions at point B and point C, it can be concluded that
with the increase of the thickness the vibrations reduce. In addition, the reduction is
almost linear and the rates of reduction are almost constant for all thicknesses, from
which it can be concluded that ‘the thicker the damping layer, the better performance of
the vibration reduction’ instead of being able to determine a threshold (optimized) value.
Therefore, it is difficult to find the optimized thickness by only considering the
vibration-reduction ability. However, based on the consideration of construction cost
and pavement structure reliability as well as the reference values from literature (Dondi
et al. 2005; Grandi, 2008), 30 mm seems to be the optimized thickness.
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(5) Distance to the top is 20cm

Figure 5.19 The effects of damping layer thickness at point B
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Figure 5.20 The effects of damping layer thickness at point C

5.2 Effect of the damping layer on mechanical response
and pavement performance

According to the analysis in Chapter 5.1, it is difficult to determine the optimized
position of the damping layer by only considering the vibration response of the road
system. In addition, it is known that the reliability of pavement structure during the
working process is also a very important design consideration. In this part, based on the
reliability of pavement structures, the mechanical response and pavement performance

are compared when the damping layer is laid at varying positions.

5.2.1 Effect of the damping layer on the mechanical response

The static analysis software BISAR and dynamic analysis software 3D-Move are
selected as the calculation tools for the mechanical response. The same pavement
structures described in Table 5.2 are selected. The condition that the damping layer laid

at the top of the asphalt layer is not in consideration.

As far as the static analysis is concerned, the horizontal strain, vertical strain and Mises
strain along the vertical axis of the loading position are evaluated, as shown in Figure
5.21-5.23.
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As far as the horizontal strain is concerned, the most important and sensitive location is
at the bottom of the asphalt layer, where there is a ‘large tensile strain’ (See Figure 5.21).
Another sensitive position required special attention is the one in the damping layer,

where the tensile strain may occur.

It can be observed from Figure 5.21, as far as the ‘large tensile strain’ is concerned, all
the positions show similar values, except when the damping layer to top=20 cm, which
shows a little higher value compared to others. As far as the tensile strain occurs in the
damping layer, when the damping layer to top=5 cm (compressive strain occurs) and the
damping to top=10 cm (minimum tensile strain occurs) are more preferable. Figure 5.22
shows the vertical strain along with the depth with varying damping layer position. It
can be observed that according to vertical strain occurring in the damping layer, the
priority ranking is without damping layer > damping layer to top = 20 cm > damping
layer to top = 15 cm > damping layer to top = 10 cm > damping layer to top = 5 cm,
which is contradictory to the results when the horizontal tensile strain is concerned.
Hence, in order to further explore the optimized position, Mises strain along the vertical
axis of the loading position is analyzed, as shown in Figure 5.23. It can be observed that
the minimum Mises strain occurs when the damping layer to top=5 cm, which is the
position maximum vertical strain occurs. From a more conservative perspective, we
believe that the second-best option may be chosen, that is, damping layer to top = 10 cm,

as the optimized damping layer position.
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Figure 5.21 Horizontal strain along the vertical axis of the loading position
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3D-Move software developed by the University of Nevada is used for the dynamic
analysis. It is conducted at 20 <T representing, the intermediate temperature where
fatigue cracking and permanent deformation may be expected to be a problem. For the
purpose of this study, the contact stress distribution at the tire—pavement interface is
modeled using a circular load area with a uniform contact pressure equal to the tire

inflation pressure, which is defined in the 3D-Move software. As the major step
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undertaken in the dynamic analysis, the normal strain response histories evaluated for
the 5 pavement structures under 72 km/h vehicle speeds are selected, and the
longitudinal strain, transverse strain and vertical strain histories at the bottom of asphalt
layer are presented in Figure 5.24. It can be observed that, though the peak values of
both strains occur at a similar time, their characteristic shapes are different. While
longitudinal strain history (exx) has both compressive and tensile components, the

transverse strain history (gyy) has only tensile components.

From the perspective of minimizing the strain (longitudinal, transverse, vertical) at the
bottom of the asphalt layer, it is the optimum choice when the distance from the
damping layer to the top is 5 cm, 10 cm or 15 cm. However, it should be noted that the
horizontal and vertical strain at the bottom of the asphalt layer is not the only parameter
that needs to be monitored as previously mentioned. Based on this consideration, the
maximum longitudinal, transverse, and vertical strains at the center of the tire are also
computed within the entire pavement structures and the results are presented in Figure
5.25.

As far as the longitudinal strain is considered, the distance from the damping layer to
the top equal 10 cm or 15 cm seems to be the optimal choice because they have minimal
strain at the damping layer location, and the same conclusion is obtained considering the
transverse strain. For the vertical strain, results very similar to static analysis are
obtained, which is contrary to the results of horizontal strain. However, it should be
noted that a thin damping layer thickness (3 cm) has been considered to address the
possible large vertical strain, so the mechanical response of the horizontal strain should
probably be considered more. Therefore, considering the horizontal tensile strain of the
damping layer and the bottom of the asphalt, 10cm from the top can be the optimized

position for the damping layer.

Combined with the above mechanical analysis and the vibration-reduction analysis in
the previous chapters, the optimized damping layer position is considered to be 10 cm
from the top. This conclusion will also be verified in sub-chapter 5.2.2 based on the

pavement performance.
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Figure 5.24 (1) Longitudinal strain (exx); (2) transverse strain (&yy); (3) vertical
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Figure 5.25 Maximum longitudinal, transverse, and vertical strains at the center of

the tire in the pavement
5.2.2 Effect of the damping layer on pavement performance

5.2.2.1 Description of the method

In order to select the optimized position of the damping layer, the effects of the damping
layer on pavement performance (rutting, cracking et al.) are evaluated in this part. 3D-
Move Analysis software is used for calculating the pavement performance of AC,
subbase, and subgrade (Eslaminia et al. 2012). It uses a continuum-based finite-layer
approach to compute pavement response and can account for important pavement
response factors such as moving loads, three-dimensional contact stress distributions
(normal and shear) of any shape, and viscoelastic material characterization for the

pavement layers (Siddharthan et al. 1998; Siddharthan et al. 2005).

1) Load

As shown in Figure 5.26, the dual tire tandem axle load configuration with four circular
contact areas is selected. The contact pressure is assumed to be uniform over the contact
area with a magnitude of 862 kPa and the half axle load is 90 kN (22.5 kN/tire).
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Figure 5.26 Load condition

2) Traffic information

The traffic information is shown in Figure 5.27. The one-way average daily repetition of

the design axle is 200. The percentage of design axles in the design lane is 90%.

Traffic Information

= Mumber of Seasons/Periods
Mame of the Seasons/Periods efault

Duratien of the Seasons/Pericds (Months)
(computed in twelve menth increments)

1 w
One-way average daily repetitions of design axle
Percentage of design axles in design lane (%)

R

Design axle growth rate (%)

Design Life (Years)
Design axle repetitions per Season/Period |5?2.D|}D | | | | | |
Total design axle repetitions 972,000

@ Cancel @ OK

Figure 5.27 Traffic information

Table 5.6 Pavement structures

Configurations Distance from AC top to damping layer top (cm)
Reference Without the damping layer
Damping layer to top=0 cm 0
Damping layer to top=5 cm 5
Damping layer to top=10 cm 10
Damping layer to top=15 cm 15
Damping layer to top=20 cm 20
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Six configurations of pavement structures are selected in order to see the effect of the
damping layer position on pavement performance. The distance from the AC top to the
damping layer top varies from 0 cm, 5 cm, 10 cm, 15 cm, to 20 cm, as shown in Table
5.6. The mechanical properties of different layers in Table 5.1 are used and the

temperature of the AC layer is set at 20°C.

3) Performance model

NCHRP (1-37A) models are selected as the performance model to evaluate the AC
rutting, subbase rutting, and subgrade rutting. The limiting values and reliability of the

above factors are shown in Figure 5.28.

Performance Models

(®) NCHRP (1-374) Models gy Info Limiting Values Reliability
AC Top Down Cracking (m/km) [370 T |
AC Bottom Up Cracking (%) [ C] |
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Figure 5.28 Performance models

5.2.2.2 Results and analysis

Table 5.7 shows the results of pavement performance after 972000 times design axle
load repetitions. It can be found that as far as the subbase rutting and subgrade rutting,

no meaningful difference is found for varying damping layer position.

As far as AC rutting is concerned, it can be found that only when the damping layer to
top=10 cm and the damping layer to top=20 cm are within the limits of the specification
(see Figure 5.26). However, according to analysis in Chapter 5.2.1 (or see Figure 5.21),
when the damping layer to top=20 cm, the maximum horizontal tensile strain can occur

and this position is not preferable. Therefore, the damping layer to top=10 cm can be
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regarded as the optimized position according to the comprehensive considerations of

damping characteristics (sub-chapter 5.1.2), mechanical responses (sub-chapter 5.2.1)

and pavement performances (sub-chapter 5.2.2).

Table 5.7 Pavement performance for varying configurations (T=20C)

_ ) AC rutting Subbase rutting Subgrade rutting
Configurations
(mm) (mm) (mm)
Without the damping
3.86 0.44 1.87
layer
Damping layer to top=0
bing fay P 3.8 0.49 2.18
cm
Damping layer to top=5
Ping 1oy P 8.83 0.48 1.96
cm
Damping layer to top=10
Ping 1ay P 5.13 0.48 2.11
cm
Damping layer to top=15
Ping 1ay P 6.67 0.47 1.94
cm
Damping layer to top=20
ping 1y P 4.18 0.49 2.14

cm
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Chapter 6: Design and evaluation of asphalt
mixtures of the vibration-absorbing damping

layer

6.1 Asphalt mixtures for damping layer

According to the analysis in Chapter 5, the vibrations of the surrounding environment
and buildings can decrease by more than 20% when the damping layer is laid in the
pavement structure. Such improvement is of great significance for increasing the quality
of life and health of the surrounding people and it also increases the service life of
surrounding buildings; in addition, according to the analysis carried out by Biligiri
(2001), such a higher noise-damping response is beneficial for reducing tire-road noise.
In this chapter, asphalt mixtures specifically for damping layers are designed and
evaluated. In order to be used as a damping layer, besides to meet basic requirements

for road pavements,

1) the asphalt mixtures must have enough high damping properties. According to the
analysis in Chapter 5, its energy dissipation capacity should be 3-4 times higher
compared to conventional AC or 2 times higher compared to RMAC in order to

obtain sufficient vibration reduction;

2) the asphalt mixtures must have enough water resistance. This is because, in order to
be designed as LNPs, the upper layer or surface layer will be a gap-graded asphalt

mixture and rainwater may seep and flow from the upper layer;

3) the asphalt mixtures must have enough rutting resistance. This property must be
taken seriously in the design process. Generally speaking, rutting resistance and
damping property are often the opposite parameters (Ye et al. 2009). E.g. Higher

rutting parameter G/sing, means a lower tan ¢ thus the lower damping;

4) the asphalt mixtures should have a good ability to work together with the upper and

lower structures.
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6.2 Mix design

Damping is intended as the capacity of (viscoelastic) materials to dissipate mechanical
energy (Zinoviev and Ermakov, 1994; Inaudi and Kelly, 1995; Feriani and Perotti, 1996;
Michaels, 2008; Phillips and Hashash, 2008).

A critical distinction is made between damping of a composite structure, and damping
as a material property (i.e., intrinsic damping). The first entails hysteresis, friction at
joints, and other phenomena occurring the structure that causes energy dissipation.
Friction between two surfaces is a clear example of this. Damping of structures
depends on multiple phenomena that affect the overall dynamic response (Bergman and
Hannibal 1976; Bishop 1955; Lazan 1968; Ungar 1992). For this reason, this type of
damping is not modeled at the constitutive level of the materials that compose the

structure.

On the other hand, the intrinsic damping is a material property and it is typically
modeled considering constitutive relations and rheological properties of materials as
road bitumens (Dos Reis et al., 1999; Wang et al., 2008; Gudmarsson et al., 2013).

According to many authors (Lazan 1968; Nashif et al., 1985), the loss factor (1)) is the
viscoelastic function most representative of intrinsic damping. It can be successfully
applied to nonlinear systems, used in material testing or in evaluating composite
structures. The loss factor measures the energy dissipation irrespective to the physical

mechanisms involved.

The original definition of m refers to the time lag between stress and strain under
sinusoidal cyclic loadings. This is a measure of the dissipative mechanisms in the
materials. The higher is the loss factor, the more the material dissipates energy under
loading. Asphalt mixtures are composite in nature and cannot be truly defined as
structures. However, despite the presence of different constituents, their viscoelastic
and damping properties, depending on the presence of bitumen, which is responsible for
the energy dissipations that have challenged pavement engineers for decades. Therefore,
the optimization of the damping properties of asphalt mixtures requires increasing the
bitumen as a unique constituent that provides energy dissipation. However, this is not an

easy task.
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In fact, asphalt mixtures have been traditionally designed to be rutting and fatigue
cracking resistant (Bahia et al., 2001; Witczak, 2002). These properties were truly
challenged by the viscoelastic nature of bitumens that causes energy dissipation and
consequent failure. Considering this, increasing the damping properties of mixtures
could be literally seen as something that is against the adopted criteria for the design of
asphalt mixtures. Therefore, mixes for damping layers shall be designed to mitigate

vibrations under the constraints of adequate performances and durability.

The optimization of the damping properties of pavements is quite novel if compared
with other traditional criteria (Kuo & Tsai, 2014). Therefore, if rutting resistance and
fatigue cracking resistance can be balanced, the effects of optimized damping properties
on them require still investigation. Therefore there is a need for more advanced
analytical and experimental tools to enable designers to account for damping properties

in pavement materials.

This work includes the findings of a wide laboratory investigation of mixes for the

damping layer in the attempt to enhance the methodology for their design.

6.2.1 Materials

(1) Rubberized binder

The rubberized binder was supplied by a local manufacturer in Tuscany. The binder was

produced according to the wet process by mixing a Pen 50-70 base bitumen with 20%

of crumb rubber. The gradation of the rubber particles is given in Figure 6.1.
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Figure 6.1 Gradation of rubber particles

(2) Aggregates

The dry mix was constituted of basalt coarse aggregates, natural sand, and mineral filler.

The physical properties of the aggregates are given in Table 6.1.

Table 6.1 Physical properties of aggregates

Properties Basalt Sand Mineral Filler
Bulk Specific Gravity (Gsp) 2.753 2.629 2.650
Water Absorption (%) 1.39 0.86 -

6.2.2 Design of mixtures

Increasing damping properties of asphalt mixtures requires the use of higher volumes of
(rubberized) binder compared to traditional rubberized hot mix asphalt. For this reason,
the mix design has the scope to accommodate a sufficient volume of rubberized binder

to increase damping while maintaining an adequate aggregate structure.

The use of an open-graded (OG) mix meets these requirements since it has a large
volume of voids in mineral aggregates (VMA), and the aggregate interlock is provided
by angular tough basalt aggregates. Traditionally, this mix is designed to achieve the
volume of air voids in compacted mixtures between 20 and 25% with the scope of
providing adequate drainage and noise absorption. In the damping layers, the large
VMA available needs to be filled with rubberized asphalt to increase the volume of
effective bitumen (Vpe — bitumen not absorbed in mineral aggregates), the film thickness
of the mortar (bitumen + filler) that coats the mineral coarse and fine aggregates
(Underwood & Kim, 2013).

Higher values of VMA and Vie are likely to increase the durability of mixtures
providing a higher fatigue resistance and a lower oxidative susceptibility (Kandhal &
Chakraborty, 1996). However, the excessive binder content could affect the stability of
the mixtures at high temperatures worsening their rutting resistance (Christensen &
Bonaquist, 2005). The large film thickness of mortar coating the aggregates could
reduce the grain-to-grain contact in the aggregates skeleton reducing the stability of the
mixture. This type of consideration applies to mixtures used in road pavements to be

durable and rutting resistant. In the case of mixtures for the damping layer, the scope is
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to maximize damping, therefore the higher volume of bitumen that is used is not
representative of “traditional mixtures”. However, the optimization of the damping
properties cannot affect the rutting resistance of mixtures. Therefore, the basic criteria
behind their design are to increase damping maintaining an acceptable rutting resistance.
To do this, it is necessary to stiffen the mastic coating the aggregates by increasing the
volume of filler in the mastic. In other words, the amount of binder shall be increased

contextually with the amount of filler.

6.2.2.1 Reference mixture

An Open-Graded (0-8 mm) mixture was selected as the reference mixture (MiXrer). This
mix design was optimized in a previous project where showed satisfactory functional
and mechanical performances (Losa & Leandri, 2012). The mixture was prepared in the
Superpave Gyratory Compactor (SGC) according to the EN 12697 — Part 10, and using
mixing and compaction temperatures equal to 180<C under the recommendation of the
bitumen supplier. The mix was compacted at 50 gyrations. The gradation of MiXrer is

given in Figure 6.2.

100
90
80
70
60
50
40
30
20
10

Percent passing [%]

0.063
0

Sieve size (0.45 power) [mm]

Figure 6.2 Gradation of Reference Mixture (Mixref)

The volumetric properties are given in Table 6.2.
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Table 6.2 Volumetric properties (by weight and by volume) of reference mixture

(UNIEN 12697 - Part 5, 6 and 7)

o Aggregate Binder VMA  VFA
Composition Filler [%] Neges  AV[%] D/P
[%] [%] [%] [%]
Weight (W) 90.4 4.8 4.8 -
50 36.1 22.9 0.95
Volume (V) 60.7 3.2 8.3 27.8

(Nges — Design gyrations number of SGC; AV — Air Voids; VMA — Voids in Mineral Aggregates; VFA — Voids filled with Asphalt;

D/P — Dust to binder ratio).

The mixtures for damping layers are designed starting from this mix.

6.2.2.2 Mixtures for damping layer (Mix 1 and Mix 2)

The mixtures were prepared in the SGC at the same mixing and compaction

temperatures of the reference mixture. The gradations and volumetrics of the mixtures

for damping layers are shown respectively in Figure 6.3.
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Figure 6.3 Gradations Mix 1 and Mix 2

Volumetrics for mix design were calculated on compacted 100 mm diameter mixtures

(Table 6.3).
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Table 6.3 Volumetric properties Mix 1 and Mix 2 (UNI EN 12697 - Part 5, 6 and 7)

Mix Aggregate  Filler  Binder Nees AV[%] VMA  VFA D/P
sl [ IR (R
w772 9.9 12.9 ;
Ml'x 50 208 903 097
V632 71 26.9 2.8
W 683 150 167 ;
MZ'X 50 359 922 097
V 545 9.6 33.0 2.9

The mixtures contain a higher bitumen content compared to the reference mixture (Mix
1 + 8.1% by weight); Mix 2 + 11.9% by weight). However, it is known that the fraction
in the mix that coats the coarse and fine aggregates is not represented by the binder
alone, but it consists of the mastic formed by binder + filler. Therefore, the amount of
binder in the mix has been increased as long as the amount of filler. Table 6.3 shows that
Mix 1 and Mix 2 have a higher amount of filler compared to the reference mixture
(Table 6.2) (Mix 1 +5.1%; Mix 2 +10.2%). It has to be noted that the filler and binder
have been increased by maintaining the same D/P proportion (~1) of MiXt. This aspect
is relevant since it indicates that the amount of binder has been maximized by
maintaining the same volume fraction of filler in the mastic. For this reason, the mastics
in the three mixtures are expected to have similar levels of stiffness preventing them
from losing stability and from becoming rutting susceptible due to the high binder
content. This aspect is common in the design of both Mix 1 and Mix 2, however, the

two mixtures have different binder content.

In Mix 1 the amount of extra filler and extra bitumen added by following two criteria.
The first was to maintain the same D/P of the reference mixture (~1.0). The second was
that the volume of the VMA calculated considering the volume of Air Voids (AV),
absorbed binder (Vne) and filler (Vf) was approximately equal to the VMA of the
reference mixture. Considering this, the amount of extra binder (APy) and extra filler (Af)

were calculated by solving the following system of Eq. (6.1) and Eq. (6.2),
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Prot APy (6.1)
(Pye, + APD,)
AV + (Vpe, + AV ) + (Vy, + AVf) (6.2)
* * = 36.1%
Vigg + Vs + AV

where, P and V refer to the % weight and % volume of:

e f; —of particles passing #0.063 (filler) mm sieve in MiXef;

e be; —effective binder in MiXer;

and where:

APy — %weight extra-filler;
o APb, - %weight of extra effective bitumen;
o AV —represents the air voids in the compacted mix [%];

o T

zgg — represents the volume of aggregates in the mix [%];

e 17, —represents the volume of binder in the mix [%];

Eq. (6.1) comprises the criteria of the stiffness of the mastic included above. Equation
Eqg. (6.2) indicates that in Mix 1 the entire VMA in the reference mixture has been filled
with the rubberized mastic to maximize the damping. The comparison of the VFA of
Mixrer (Table 6.2 — 22.9%) with those of Mix 1 (Table 6.3 — 90.3%), shows that in the
latter almost all the VMA available were saturated with the mastic. The volume of
mastic in Mix 1 was limited by the VMA of Mixs to preserve a sufficient level of

aggregates interlock.

Mix 2 was prepared by following the same considerations if Mix 1 (Eqg. (6.1) and Eq.
(6.2)) but an extra amount of binder (5% in weight) was added to go beyond the
saturation of the VMA in the Mixrer to increase further the damping of the mixture. In
this case, the results of Eq. (6.2) show that the VMA filled with mastic is equal to
45.5% with the VFA in the mix equal to 92.2%.

The behavior of the mixtures under compaction is discussed in the following parts.
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6.3 Methods of laboratory tests

The test methods used in this work are given in Table 6.4.

Table 6.4 Test methods

Test method Scope

Indirect Tensile Test (ITT) Measure the stability and the moisture

EN 12697-23 susceptibility of the mixtures.

Measure the stiffness (|JE*|), the internal
dissipative mechanisms of the mixtures as a
function of the phase angle (5), and the
intrinsic damping as a function of the loss
factor ().

Dynamic Modulus (|E*[), Phase Angle and
Loss Factor (1)

AASHTO TP-79, I1SO 6721-3

Hamburg Wheel Tracking (HWT) test Measure the rutting resistance and the
AASHTO T324 moisture susceptibility of the mixtures.

Some details of each test method are given below.

6.3.1 Indirect tensile test (ITT)

The test was conducted on 100 mm diameter compacted samples (SGC according to EN
12697 — 10). Mixing and compaction temperatures were kept at 180<C, and the number
of gyrations for each mix is given in Table 6.2 (Mixref) and Table 6.3 (Mix 1 & 2). The
samples were tested at two conditions by using three replicates for each condition. The
first is the dry condition, which is conducted on dry samples conditioned at 25<C. The
second is the wet condition that is conducted at 25<C on samples conditioned in the
water bath at 40<C for 72 hours.

The Indirect Tensile Strength (ITS) is calculated according to Eq. (6.3).
ITS = 2p MP (6.3)
= 7pn MPal '

where:

e Pis the peak load [N];

e D is the sample diameter [mm];
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e Histhe sample height [mm].

The ITS is measured in dry (ITSq) and wet (ITSw) conditions. The ratio between the
values at the two conditions is measured of the moisture susceptibility of the mixture
intend as the loss in tensile strength due to the effects of water (Indirect Tensile Strength
Ratio — ITSR, Eq. (6.4)).

ITS,,
ITSR [%)] =

775, % 100 (6.4)

6.3.2 Dynamic modulus |E*| and phase angle (d)

The viscoelastic properties of the different mixtures were measured according to the
AASHTO TP 79-12 standard. For each mixture, two 150 mm diameter samples were
prepared in the SGC according to the AASHTO PP60-09 standard. The samples were
compacted to a height of 175 mm. After compaction and cooling at room temperature,
the samples were cored to a diameter of 100 mm and cut at the height of 150 mm. An

example is shown in Figure 6.4 (a).

(@) (b) (©)

Figure 6.4 Dynamic modulus and phase angle test sample (a), and test set-up (b,c)

Three strain gauges were attached at intervals of 120<C considering the cross-section of
the sample. The gauge length is 70 mm measured center-to-center of the gauge point
(Figure 6.4 - b). Teflon sheets were used at the top and bottom edges of the sample to
avoid friction with the loading plates (Figure 6.4 - ¢). The test conditions are reported
in Table 6.5.
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Table 6.5 Test conditions for dynamic modulus, phase angle and loss factor test

Test conditions Configuration
Test temperature [ C] 5,20, 31
Loading frequency [Hz] 0.1,05,1, 2,5, 10, 20, 25
Strain level 100 ps
Confinement Unconfined conditions

The master curves of the Dynamic Modulus (|[E*|) and the phase angle (8) were
developed under the applicability of the time-temperature superposition principle (TTSP)
(Ferry, 1980).

Horizontal shift factors were calculated by the William-Landel-Ferry (WLF), as shown

in Eq. (6.5).

G (T — Tyey)
Co+ (T —Trer)

logar = (6.5)

where:

a; — 1S the shift factor;

¢, and ¢, — are model parameters whose values are determined fitting the data;
T,es — IS the reference temperature;

T — is the testing temperature.

The dynamic modulus (JE*|) and the phase angle data were modeled by using the
Modified Christensen-Anderson-Marasteanu (CAM) model (Zeng et al, 2001).

The |[E*| master curve of the CAM model is given by Eqg. (6.6).

e

E
|E*| = Ep +—0—

e (6.6)
(B
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where:
|E*| - is the dynamic modulus;

E, — is the Equilibrium Modulus, which represents the value of stiffness at f—0. Its
value represents the horizontal asymptote in the low frequencies region. In the case of
mixtures, its value is considered to depend on the ultimate aggregate interlock when the
contribution of the binder (or the mastic) results negligible.

E, — is the Glassy Modulus, which represents the value of stiffness at f—oo. Its value

represents the horizontal asymptote in the high frequencies region.
f, - is the reduced frequency;

f. — it is a location parameter that has the dimension of frequency. It is known as
crossover frequency, which is the frequency where the storage modulus (E’) is equal to

the loss modulus (E”).
m,, k — shape dimensionless parameters.

The CAM model equation of the phase-angle master curve is given by Eq. (6.7).

My

2] 2
log(f, / fr)]

5 =901 — (901 5m)[1+( 3

| =0 formixes 6.7)
=0 if f >f,
I=1if f <f,

where:
& — is the phase angle;

8., — Is the phase-angle value at f,. In the case of mixtures, it represents the maximum

phase-angle value;

fq — it is a location parameter with the dimension of frequency. It is the frequency at

which §,,, occurs;

f, —is the reduced frequency.
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In damping materials, the measure of the phase angle is critical because it represents a
measure of the internal damping of the material. High values of phase angle imply high
internal friction and therefore more dissipative behavior under loading (a more viscous
behavior). On the other side, lower values of phase angle denote a more elastic response
of viscoelastic materials, which indicates the higher capacity of storing energy under

loading cycles.

Therefore, the loss factor (tand), has been selected as a measure of the intrinsic

damping of the materials.

6.3.3 Hamburg wheel tracking (HWT) test

The Hamburg Wheel Tracking test was conducted at wet conditions to evaluate the
rutting resistance of mixtures and to substantiate the results if the TSR test on the
moisture susceptibility. The test was conducted according to the AASHTO T324
standard at a temperature of 50°C. Four mixture “configurations” were used in the test
(Figure 6.5).

100 mm GGW 20 mmi R

40 mm 40 mm

100 mm

20 mm|

Mix 2
40 mm 40 mm
+—> —>
150 mm 150 mm 150 mm 150 mm
(a) (b) (c) (d)

Figure 6.5 Mixture configurations used in the HWT test

The control mix is a Gap Graded Wet Rubberized Mixture (GGW) traditionally used in
wearing course layers to optimize friction and acoustic performances (Figure 6.5 - a).
Details on the mix design of this mixture can be found in Losa et al., 2012.

Mix 1 and Mix 2 were used as the interlayer between two “slices” of the GGW mixture
as shown in Figure 6.5 (b) and (c). These layered samples were prepared directly in the

SGC according to the following method:

e The mixture for the bottom slice was compacted firstly at one gyration to flatten the top

surface;
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e Then, the middle slice mixture was introduced in the mold and compacted at one
gyration for the same scope.
e Then the top slice mixture was introduced in the mold, and the whole layered system

was compacted to achieve a thickness of 100 mm (50 gyrations).

An image of the longitudinal section of a layered sample is given in Figure 6.6.

= | GGW

Mix | (or Mix 2)

GGW

Figure 6.6 Longitudinal Section of HWT layered samples (GGW + Mix 1 & GGW + Mix
2)

Two specimens of Mix 2 were prepared according to the AASHTO T 312 (Figure 6.5 -
d). Based on what shown in Table 6.3, the air void levels recommended in the
AASHTO T 324 (7.0% *£2.0%) although the mixtures were laboratory-prepared. In the
case of Mix 2 due to the significant binder content, the air voids collapsed below 3.%
after 2 gyrations. On the other hand, Miref and Mix 1 show significantly different
volumes of air voids under the same compaction effort (50 gyrations —Table 6.3). For
this reason, the mixtures were tested under equal initial thickness (100 mm).

Results were analyzed according to the Texas DOT (TEX-242-F) by considering the rut
depth measured after 10,000 cycles as the test result.

6.4 Results and analysis

6.4.1 Workability

The compaction performances of the asphalt mixture refer to the change and stability of
the volume parameters during the construction rolling. As far as Mix 1, a large amount

of binder is used to replace the volume of VA in Mix ref, which is a typical porous
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asphalt mixture. For Mix 2, apart from the binder which occupies the space of air voids,
an additional 5% binder is added. It can be speculated that Mix 1 and Mix 2 should have
a higher initial density because of the higher content of binder. However, it is called into
question that if it is easy to compact from initial density to the required density. Hence,

it is very important to evaluate the compaction performance firstly.

In the laboratory scale, the compactness of the asphalt mixture is analyzed using a
gyratory compactor, and three samples with a diameter of 100 mm are produced for
each mixture. The ease of compaction is measured by the densification curve plotted
from the results obtained during the compaction according to the gyration numbers, as
shown in Figure 6.7. According to the study of Hanz et al. (2012), the Nw was proposed
to evaluate the asphalt mixture workability using volumetric data routinely collected
during the current mix design and quality control testing. The Nw is defined as the
number of gyrations required to reach w% Gmm corresponding to w% air voids, where
W% is the mean percentage of the voids at Ninitiat and Ndesign. A mixture with lower Ny is
characterized by better performance in terms of volumetric characteristics and
workability. The Nw values of Mix ref, Mix 1 and Mix 2 are shown in Table 6.6. It can
be observed that all asphalt mixtures exhibit a low value of Nw, demonstrating the ease

of compaction and good workability.

Table 6.6 Ny values of Mix ref, Mix 1 and Mix 2

Type of mixtures VA at Ninitial (%) VA at Nesign (%) w (%)  Nw[n]
Mix ref 42.23 28.51 35.37 6
Mix 1 20.48 2.21 11.36 7
Mix 2 3.37 241 2.89 2
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Figure 6.7 Compaction curve of Mix ref, Mix 1 and Mix 2

6.4.2 Indirect tensile strength (ITS) and water sensitivity

The indirect tensile strength test is performed on all the mixtures and the results are
shown in Table 6.7. As far as ITSq is concerned, Mix ref, Mix 1 and Mix 2 meet the
specification requirements (ITS¢>0.4 MPa), indicating that all mixtures show better
performance of withstanding higher strains before failure. It can also be found that all
the ITSR values are higher than 80%, so there is no water sensitivity issue associated
with the three asphalt mixtures. Figure 6.8 is the results of I1TSqry with the varying AR
content. It can be observed that with the increase of AR content, ITSqry decrease. This is
because the content of the binder determines the asphalt mixture porosity and cohesive
force, but when the content of the binder is high, too much bitumen is dispersed
between the aggregates, resulting in a lubricating effect and a decrease of the strength of

the mixture.

Figure 6.9 shows the effect of AR content on the ITSR. With the increase of binder
content, the value of ITSR improves, indicating that its resistance ability to moisture
damage improves. In this case, for Mix 2 with AR content of 20%, the ITSR value is
6% higher compared to Mix ref.

Table 6.7 Results of indirect tensile strength for all mixes
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Mix ref Mix 1 Mix 2 Mean

ITS¢y ITSw ITS¢ ITSw ITS¢ ITSw ITS¢ ITSw

/IMPa /MPa /MPa /MPa /MPa /MPa [/MPa [MPa
Mixref 062 044 066 060 058 050 062 051 82.3%
Mix1 052 046 058 047 055 051 055 048 87.3%
Mix2 041 036 041 037 040 036 041 036 87.8%

ITSR

0.8

Mix ref

Mix 1

ITS,,, [MPa]

Figure 6.8 ITS results for the three asphalt mixtures
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Figure 6.9 ITSR results for the three asphalt mixtures

6.4.3 Dynamic modulus and phase angle

The master curves of the dynamic modulus (|[E*|) and the phase angle (6) of the

mixtures are given in Figure 6.10 and Figure 6.11.
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Figure 6.10 Dynamic modulus master curves
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Figure 6.11 Phase angle master curves

The master curves were developed on two replicates. Results show an acceptable
variability with the coefficient of variation of the average between two samples below
10% for all the cases. The shift factors were optimized on the dynamic modulus master
curve and were then applied to the phase angle master curve. The CAM model provides

an adequate accuracy in modeling the raw data with the R? coefficient being above 97%

(for modulus) and 95% (for phase angle) for all mixtures.

The reference mixture shows the highest levels of stiffness (Figure 6.10) and the lowest

values of phase angle (Figure 6.11) in the range of reduced frequency considered. This
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aspect was expected due to the differences in the composition between the mixtures.
The higher stiffness of the OG mixture is in agreement with the tensile strength values
(Figure 6.8) and depends on the higher aggregate interlock provided a thinner film of
mastic. The difference between Mixr and the two damping mixtures is marked in the
low-frequencies region where the aggregate structure is more significant than the mastic.
The difference between horizontal asymptotes in this region is of multiple orders of
magnitudes. Mix 1 and Mix 2 show similar levels of stiffness in the intermediate and
low range of frequencies with Mix 1 becoming stiffer at lower temperatures (higher

frequencies) and Mix 2 stiffer at higher temperatures (lower frequencies).

The shape of the & master curves is typical of mixtures. At low frequencies, the response
is more controlled by the aggregate skeleton, and thus, it is more elastic. At the very
high frequencies, the mastic becomes stiffer and more elastic lowering the phase angle.
While at the intermediate region, the response is controlled by both the constituents
(aggregate and binder) showing visible viscoelastic behavior. The values of the phase
angle support what was the main scope of the mix design that is, increasing the damping
response of mixtures - Mix 1 and Mix 2 show consistently higher phase angle values
than the reference mixture. Higher phase angle values indicate a more viscous response
under loading with a consequent higher dissipation of energy dissipation. Although the
phase angle is representative of the damping properties, the comparison between the

damping properties of mixtures is given in the next section in terms of loss factor.

6.4.4 Damping property

The damping property is characterized by the loss factor, which is calculated by the Eq.
(6.8),

_E

=tano
n E

(6.8)

where:
& — Is the phase angle;
E™ —is the loss modulus;

E' - is the storage modulus.
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High values of loss factor indicate a higher level of energy dissipation under loading.
The values of the loss factors of Mix 1 and Mix 2 of the mixtures were normalized

versus those of Mixret. The results are given in Table 6.8.

Table 6.8 Normalised loss factors

Frequency (Hz)

Temperatures | Mixtures
01 | 05 1 2 5 10 20 25

Mix ref 1

5< Mix 1 125 | 116 | 136|139 | 138 | 1.26 | 1.20 | 1.22

Mix 2 145 | 145 1165|154 | 162 | 154 | 153 | 1.60

Mix ref 1

20 C Mix 1 5.06 | 427 | 3.25|3.05| 284 | 269 | 255 | 2.37

Mix 2 590 | 543 381|350 321 | 3.00 | 283 | 2.61

Mix ref 1

31<C Mix 1 1.78 | 164 | 160 | 1.77 | 206 | 2.07 | 2.16 | 2.10

Mix 2 249 | 252 | 2.78 | 253 | 246 | 2.36 | 2.28 | 2.08

At 5C, damping is mitigated since the response of bitumens is more elastic and the loss
factors of Mix 1 and 2 are closer to the one of Mixet. In other words, in this range of
temperature, although Mix 1 and 2 include a higher binder content, the viscoelastic
effects are limited by the temperature. Furthermore, the more elastic response is visible

also in the lower susceptibility to frequency, which indicates a reduced time dependency.

At 20<C, the viscoelasticity of the material is very visible with the response becoming
more elastic with the increase of frequency. At this temperature, Mix 1 and 2 show the
highest damping effects (particularly at low loading frequencies) in the response with
the loss factor that decreases at higher frequencies. If in terms of resistance, this effect is
beneficial, but for reducing vibrations, it is not. Traffic-induced vibrations increase with
the traffic speed; therefore, higher damping at higher frequencies would be preferable
but this is not in the nature of bituminous materials. However, Mix 1 and Mix 2 provide

sensibly higher damping to the traditional OG mixture.
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Rations like those in Table 6.8 can be used as the basis for judging the mitigation

efficiency of pavements under different traffic environmental conditions.

At 31<C the loss factors of Mixrer and Mix 1, decrease with the increase in frequency
(typical viscoelastic behavior). On the other hand, Mix 2 shows more complex behavior
with the loss factor that increases between 0.5 and 1.0 Hz (Table 6.8) and decreases
afterward. At low frequencies, the consistency of the mastic is low and the aggregate
skeleton influence more the response that becomes more elastic as much as the mastic
becomes softer (lowering the frequency). On the other hand, at high frequencies, the
mastic recover consistency affecting more the response, which becomes more elastic
with the increase in frequency. This behavior is visible in the 6-master curves that show
a peak as well (Figure 6.11). It is true that the master curves were developed at the
reference temperature of 20<C, but what has to be noticed is that Mix 2 shows the peak
at higher frequencies that Mix 1 and MiXrs. In this mix, the transition described above
(between the skeleton and the mastic controlling the response), occurs at a lower
temperature than the other two mixes. That is, Mix 2 is more temperature susceptible

due to the very high level of binder content.

To conclude, these preliminary findings are indicative of the fact that rubberized asphalt
mixtures that have 13% or 17% asphalt binder content (with respect to the weight of
mix), along with CR inclusions provide higher damping response than the conventional
rubberized asphalt mixtures.

6.4.5 Hamburg wheel tracking (HWT) test

Results of the Hamburg wheel Test are given in Figure 6.12.
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Figure 6.12 Hamburg Wheel Test results: rut depth after 10,000 cycles

The values of the creep slope are given in Table 6.9.

Table 6.9 Values of Creep slope

Mixture Creep Slope
(x1000) [mm/pass]
MiXret 0.197
GGW_Mix 1 0.144
GGW_Mix 2 0.159

In the case of the Mix 2 test was interrupted after 500 cycles since the rut depth was
higher than 15 mm already within this number of passes. The rutting susceptibility of

Mix 2 was observed also during compaction (Chapter 6.4.1).

Prior to discussing the other mixtures, it is worth to recall that since Mix 1 and Mix 2
are meant to be used as the interlayer. Therefore, their rutting resistance has been
evaluated with them being used in layered samples shown in Figure 6.5 and labeled in

Figure 6.12 as GGW_Mix 1 (GGW + Mix 1 + GGW) and GGW_Mix 2 (GGW + Mix 2
+ GGW).

The final rut depths of the layered mixtures are similar and are lower than the one of a
traditional Gap Graded mixture prepared with the rubberized binder (wet method -
GGW) (Figure 6.12). This aspect indicates that the use of Mix 1 and Mix 2 as an
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interlayer does not worsen the rutting resistance, but on the contrary, it provides a
beneficial effect. The higher rutting resistance of the layered mixtures is confirmed by

the values of the creep slope in Table 6.9.

This result can be explained as follows. The GGW mix incorporates a volume of voids
approximately of 9%. For this reason, part of the volume of such a mixture is prone to
reduce under the effect of the loading wheel. On the other hand, once a slice of Mix 1 or
Mix 2 is in the sample, an important part of the bulk volume is occupied by a region
where the air is around 2% or lower. The presence of such a dense region makes the
mixture less prone to accumulate deformation (densification and shear failure) than the
sole GGW mix.

Concerning the moisture susceptibility, results from the HWT confirm the results of the

ITSR (Chapter 6.4.2) with the mixtures that do not show stripping during the test.

In order to better understand the above conclusion, the internal structures of ‘GGW +
Mix 2 + GGW’ and ‘Mix 2’ before and after the HWT test are evaluated. The
longitudinal tangent planes are taken photos before and after the HWT test. By using
ImagelJ software, planes with the size of 100 mm*70 mm are obtained, and then through

thresholding processing of ImageJ software, the final binary images are obtained. The

thresholding processing is shown in Figure 6.13.

Figure 6.13 Longitudinal section of the HWT sample

In order to measure the deformation of various layers (‘GGW upper layer’, ‘Mix 2
layer’, ‘GGW downer layer’, ‘all Mix 2 layer’), the binary images are set at the same
scale. As far as the sample of ‘GGW + Mix 2 + GGW’, twelve random points at the
boundary of each layer are selected, as shown in Figure 6.14. The positions (X, y) of
these twelve points before and after the test are recorded, as shown in Table 6.10. In this
way, the average vertical displacement of the boundary of each layer can be calculated.

Thereby, the deformation of each layer can be calculated, as shown in Figure 6.16. A
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similar method is also conducted for ‘Mix 2’: ten random points are selected in
accordance with the intervals of 20 mm, as seen in Figure 6.15. The positions (x, y) of

the ten points before and after the test and the average vertical displacements of the

boundary are shown in Table 6.11 and Figure 6.17, respectively.

(1) Before (2) After

Figure 6.14 Binary images of GGW + Mix 2 + GGW before and after HWT test

(1) Before (2) After

Figure 6.15 Binary images of Mix 2 before and after HWT test
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Table 6.10 Positions of selected points in GGW + Mix 2 + GGW before and after HWT

test

Average
Point X (before) | y (before) | x (after) | y (after) dis\p/Ieargaﬁlen ¢ \\//aelrl:iecg;c
[mm] [mm] [mm] [mm] [mm] displacement
[mm]
1 18.560 63.088 18.394 | 61.612 1.476
2 38.378 61.433 38.46 | 59.298 2.135 2.118
3 51.981 60.757 52.609 | 58.012 2.745
4 16.202 47.526 15.719 | 45.922 1.604
5 40.101 46.851 39.746 | 44.992 1.859 1.934
6 55.491 46.074 56.082 | 43.733 2.341
7 13.232 8.854 11.962 | 8.232 0.622
8 38.615 10.093 | 38.332 | 9.16 0.933 0.874
9 47.796 9.316 47.336 | 8.247 1.069
10 15.518 98.776 15.518 | 96.099 2.677
11 37.041 98.776 37.041 | 95.327 3.449 3.368
12 52.357 99.721 55.000 | 95.742 3.979

Table 6.11 Positions of selected points in GGW + Mix 2 + GGW before and after HWT

test

average
Vertical
Point X (before) | y (before) | x (after) | y (after) displacement \\//erlzfcglf
[mm] [mm] [mm] [mm] [mm] displacement
[mm]
1 31.900 91.413 | 37.219 | 76.833 14.580
14.304
2 25.899 91.710 | 26.807 | 77.682 14.028
3 39.747 71.198 | 44.732 | 60.097 11.101
12.151
4 24.872 75.005 | 23.561 | 61.804 13.201
5 47.822 40.385 | 53.439 | 37.391 2.994 2.651
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6 7.308 36.796 4954 | 34.488 2.308
7 47.054 16.667 50.885 | 15.879 0.788
0.553
8 28.974 16.538 30.049 | 16.219 0.319
9 19.487 4,615 24.415 | 4.239 0.376
0.980
10 43.718 3.974 53.780 | 2.390 1.584
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Figure 6.16 Contributions of each layer to the total deformations (GGW + Mix 2 +
GGW)
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Figure 6.17 Contributions of each layer to the total deformations (Mix 2)

It can be found from Figure 6.17 that the contribution of the downer part (Dz+Ds= 2.65
mm) is much lower than that of the upper part (D1+D,=12 mm), demonstrating that the
“aggregate-mastic-aggregate” internal structure has a lower resistance to rutting
deformation. However, it is found from Figure 6.16 that the deformation value of the
Mix 2 layer is lowest, only about 0.19 mm, demonstrating that Mix 2 layer has the
lowest contribution to deformation. Nevertheless, the upper and downer layer have
similar and relatively large deformations (1.3 mm and 2 mm). This proves that the Mix
2 layer has a good ability to coordinate deformation and ensures the stress transmission
from the upper to lower structural layer. At the same time, it verifies the explanation
that the lower deformation is caused by the lower VA of Mix 1 and Mix 2, is reasonable.
By using mix 2 as the interlayer, the pavement improves not only the ability of the
upper and lower layers to work together but also its ability to resist permanent

deformation.
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6.5 Field tests of pavement with a damping layer

In order to verify the construction feasibility and the vibration-absorbing effects of the
damping layer, the field trial test is carried out, as shown in Figure 6.18. The field test
road is located in Via Francesco Ferrucci, Agliana, Pistoia (PT). The experiment plan is
to overlay a new asphalt pavement with a damping layer by milling 8 cm of the existing
old asphalt pavement. Figure 6.19 shows the old asphalt pavement, which has been
milled, cleaned and leveled. The length and width of the field test road are 30 m and 6

m, respectively.
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Lugiio 2019
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Figure 6.19 The old asphalt pavement

6.5.1 Construction feasibility

The new asphalt pavement consists of two layers, a damping layer and a surface layer

with a thickness of 3 cm and 5 cm, respectively, as shown in Figure 6.20.

124



Development of a new noise and vibration reduction system for road pavements

Mix 1, designed in this study, is used as the material for the damping layer because of
its good mechanical and damping properties, which have been verified in previous
chapters. The experimental process is carried out as follows; first, Mix 1 is mixed and
paved to a thickness of 3 cm, which is optimized in the previous chapters. Then, the
damping layer is manually laid and leveled to the design thickness. Since Mix 1
contains a large amount (15%) of asphalt binder, a small vibratory roller instead of a
heavy-weight roller is used to avoid over-crushing and causing the asphalt to seep out,
as shown in Figure 6.21. The mixing, laying and rolling processes show that the mineral
materials are embedded and stabilized, and the asphalt is evenly distributed,
demonstrating that the Mix1 has the good working ability and compaction performance

similar to traditional asphalt mixture.
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Figure 6.21 Paving process of the damping layer

The conventional dense-graded asphalt mixture is used as the surface layer to verify the

ability of the damping layer to work in conjunction with conventional asphalt mixtures.
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The wheel type asphalt paver is used for the leveling and paving process and the small
vibratory roller is used for the compaction process in order to prevent over-compacting
of the damping layer, as shown in Figure 6.22. The laying and compaction process
shows that the surface layer and the damping layer have good bonding properties, and
the thickness, compactness, and flatness of the newly laid pavement meet the design
requirements. The whole construction process is simple and not much different from the
traditional laying. The good performance of the field tests demonstrating the anti-

absorbing pavement has high practicability and has good promotion prospects.

Figure 6.22 The paving process of the surface layer

6.5.2 Vibration-absorbing effects

The vibration-absorbing effects are evaluated by the means of the field FWD tests 2
months after the constructions, as shown in Figure 6.23. The in-situ pavements are
divided as the part with the damping layer and the one without damping layer in order to
evaluate the effect of vibration-absorbing. 6 points near the edge of the pavement are
selected as the loading points for the FWD tests, named as Pi1, P»...Pg, the detailed
positions of which are shown in Figure 6.23. The time-history deflections of the 4

sensors (D1, D2, Ds, Do) in each test are recorded and compared.
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Figure 6.23 Field FWD tests to evaluate the vibration-absorbing effects

The time-history deflections of the 6 FWD tests at D1, D3, De, and Dg are shown in
Figure 6.24 (1)-(4).
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Figure 6.24 Time-history deflections of the FWD tests at D1, D3, D¢, and D9

Overall, from the time-history deflections at D1, D3, Ds, and Do, much lower deflection
values are found for the pavement with the damping layer, demonstrating its great effect
on the vibration-reduction. As the monitoring point becomes farther away from the
loading center, its damping effect is weakening. However, It should be noted that even
at a distance of 1.9 meters (Dg) from the loading center, the damping effect is still very
obvious. It can be foreseen that when the monitoring point is far enough from the

loading center position, the damping effect can become so weak that it disappears.

It should be noted that the vibration response of monitoring points D1 will be related to
the low-frequency noise generated by tire tread-impact, and the vibration response of
monitoring points De and Dy will determine the impact of traffic loads on the
surrounding environment. Therefore, it can draw the conclusions that by laying the
damping layer in the road structure, the rebound amplitude at the loading center will be
reduced by nearly 50% and will greatly reduce the tread-impact noise. The deflections
at the surrounding environment of the road can be reduced by 20% to 30% and thus

greatly reduce the impact of the traffic loads.

For the monitoring points D and Ds, the pavements with the damping layer (P4, P5,
and P6) show relative stable values of deflections, as shown in (1) and (2) of Figure

6.24. However, when the vibration waves induced by the pulse load arrive De and Dg, a
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relative difference can be found. This can be explained by the heterogeneity of the

subgrade or the surrounding environment of the road.
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Chapter 7: Conclusions and future works

7.1Study overview

Nowadays, a complex transportation network has been a symbol of urbanization
development and convenient transportation enriches people’s life. However, traffic
noise and vibrations from the transportation network are around everyone in the city,
which affect the living condition of urban residents and could result in a sleeping
disorder. Such induced vibration may cause some fatigue damage of surrounding
buildings as well; on the other hand, the indirect impact of the more convenient
transportation network is the recycling of end-of-life tires from increasing numbers of
vehicles. In order to solve the above problems, this study is trying to refine and optimize
a new noise and vibration absorbing system for road pavements while complying with
the requirement of sustainability by the use of crumb rubber from end-of-life tires. The
noise and vibration absorbing system is composed of a gap graded asphalt surface layer,
containing a large amount of crumb rubber, and a lower vibration-absorbing layer with

higher damping property.

As far as the surface layer, two gap-graded asphalt mixtures with a high content of
crumb rubber by the different adding process (wet process and dry process) were
designed and analyzed, with a comparison of two conventional asphalt mixtures, which
are commonly used as low noise pavements in Europe. Based on the database from the

project “Leopoldo”, the noise reduction mechanism of rubberized LNPs can be drawn.

As far as the damping layer, the effect on vibration-absorbing was evaluated firstly,
because if the damping layer has no or weak effect for reducing the vibration, the study
of designing such a damping layer was obviously not desirable. In this study, the
methods commonly used in the field of road engineering to characterize damping
property were reviewed, and the shortcomings of these methods, when applied to this
study, were summarized. Based on this consideration, a uniform method for solving the
Rayleigh damping coefficient in the field of road engineering was proposed and it was
proved to be applicable not only to roads composed of materials with close damping
properties but also to the ones composed of materials with large different damping. The
accuracy of the method was verified by comparing the simulation results obtained by
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the finite element model based on the proposed method to the results of the field test. In
the second phase, based on the proposed method, this study verified that the effect of
laying a damping layer in the pavement structure to reduce the traffic-induced vibration
was significant. Additionally, a parametric study of the damping layer was performed,
including different damping layer locations, thicknesses, and damping ratios, by which

the optimized pavement structure was determined.

In the last step, considering the materials specifically for the damping layer, this study
designed the asphalt mixtures with high binder content as well as high crumb rubber
content in order to improve the damping property. The asphalt mixtures were verified
by laboratory tests and proved to have sufficient strength to meet the requirements of
the specification and much higher damping capacity than conventional asphalt mixtures.
It can also work together well with the upper and lower asphalt layers as well as
providing enough ability to resist rutting according to the results of the special HWT
tests. At the same time, an experimental road with a damping layer was carried out in

the field to verify the construction feasibility of the asphalt mixture.
The main conclusions from this study can be concluded as follows:

(1) A new noise and vibration system absorbing system is developed. This system
consists of a noise and vibration reduction layer and a vibration-absorbing layer.
The surface layer will work as a noise and vibration reduction layer, which is
composed of gap-graded asphalt mixtures with CR by a wet process. The interlayer
placed in the middle of the asphalt layer will work as a vibration-absorbing layer,

which is composed of specific asphalt mixtures with high damping properties.

(2) The noise absorbing is beneficial from two parts: the first one is the low-noise
surface layer by the optimized pavement texture and the adding of CR; the other one
is the high damping of the vibration-absorbing layer to reduce tire/pavement
vibration, and then reduce the tire/pavement noise. The vibration absorbing is
beneficial from the reduction in the generation of vibration waves and weakening
the propagation of vibrational waves by absorbing energy. As far as the reduction in
the generation of vibration waves, the optimized pavement texture and the adding of
CR by the wet process (wet process has been confirmed to have better vibration-
reduction performance than the dry process in this study) will be used. The
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vibration-absorbing layer will be used against the vibration propagation between the

source and receiver.
The following are some of the conclusions that may also be drawn:

1. Adding crumb rubber particles in asphalt mixtures by DP or WP can improve the
acoustic absorption performance of asphalt mixtures since the rubber particles can
use their viscous energy dissipation, that is, the damping mechanism, to convert the

acoustic energy or mechanical energy to heat dissipation.

2. The mechanism of reducing the tire/pavement noise by adding the rubber particles
to the asphalt mixture by WP is that it can effectively reduce the noise generated by
the vibration. The mechanism by DP is that it can effectively improve the sound
absorption coefficient of the asphalt mixture, thereby reducing the noise generated
by the aerodynamic mechanism. Therefore, from the perspective of designing anti-
vibration pavement, rubberized mixture by WP is more suitable for the surface layer
compared to the one by DP because it can reduce the generation of vibration waves

more effectively.

3. Based on the idealized shear beam model, a more reasonable method to calculate
natural frequencies of different layers is proposed, by which the nonclassical
damping matrix of a road system can be assembled. FEM simulations and in-situ
field tests are performed to validate the accuracy of this method. Good agreements
are achieved between simulation and field test results demonstrating that this
method can provide a more accurate basis for future dynamic modeling and back-

calculation in road engineering.

4. A parametric study of the damping layer shows that, by laying a damping layer with
a damping ratio of 0.2 into a road structure, the traffic-induced vibration of the
surrounding environment can reduce 15%-20%. With the increase of distance from
the monitoring point to the loading point, the vibration reduction increases firstly
and then decreases; the maximum value of vibration reduction appears at a distance
of 5-6 meters. When the distance is enough far, the effect of vibration reduction may
decrease until it vanishes; with different loading frequency, the maximum vibration

reductions appear at different distances but are showing a very similar trend.
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5. With the increasing of damping ratio, the Arms 0of monitored positions reduce. In
addition, this reduction has obvious linearity, demonstrating the damping layer is
playing a predominant role to characterize the damping property of the whole
system. To optimize the damping layer position is useful to reduce the vibration at
Point A (representing the place on the pavement) and Point E (representing the place
far from the pavement), but almost useless at Point C (representing the place close

to the pavement).

6. When the thickness of the damping layer is equal to 30 mm and the damping ratio
increases from 0.02 to 0.2, the vibration at 10 m away from the pavement can reduce
about 20% and the one at 30 m away from the pavement can reduce about 15%,
demonstrating that such vibration reduction can lead to significant benefits in
reducing the impact of traffic-induced vibration on the surrounding environment and
building. Considering the effects of the damping layer on functional characterization
and mechanical response as well as pavement performance, the optimized position
of the damping layer is in the middle of the AC layer and the optimized thickness is

30 mm.

7. Mix 1 and Mix 2, with 15% and 20% (by weight of aggregate) asphalt rubber
content, are designed in the study in order to meet the special target of high damping.
There is no water sensitivity issue associated with Mix ref, Mix 1 and Mix 2. For
ITS, all the mixtures meet the specification requirements of standards (ITS#0.4
MPa). With the increase of AR content, ITSqry decreases. The reason is that the
content of the binder determines the asphalt mixture porosity and cohesive force.
When the content of the binder is too high, bitumen is dispersed between the
aggregates, resulting in a lubricating effect and the decrease of strength. With the
increase of binder content, the value of ITSR improves, demonstrating that the

resistance to moisture damage is improving.

8. When the experimental temperature is 20 <C, the estimated critical damping ratios of
Mix1 and Mix2 are almost 3 times higher compared to conventional rubberized
asphalt mixtures, so they can meet the proposed design targets for the “damping
layer”. By laying Mix 1 or Mix 2 in the road structure, the design of the “anti-
vibration” pavement can be achieved while reducing the tire/pavement noise

generated by vibration mechanism.
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9. Using Mix 1 or Mix 2 as a thin interlayer, will not decrease the resistance to
permanent deformation of the pavement, and can even improve to a certain extent.
However, by using Mix 1 or Mix 2 as a thick structure layer, the pavement can lose
the resistance to permanent deformation soon. The mixing, laying and rolling
processes of the experimental road with the damping layer show that the mineral
materials are embedded and stabilized, and the asphalt is evenly distributed,
demonstrating that the designed asphalt mixture has the good working ability and
compaction performance similar to traditional asphalt mixture. By laying a damping
layer in the road structure, the deflection can be reduced by almost 50% at the
loading center position, while the deflection can be reduced by about 20% at the

1.9m position around the road, demonstrating the effectiveness of the damping layer.

7.2Future developments

During the writing and the development of this thesis, several problems and questions

came out. Some of these would need further investigation:

1. Explore the changing of the internal microstructure of gap-graded asphalt mixtures
with crumb rubber over time, establish the relationship between internal structure
and performance, and better understand the mechanism of rubber particles in asphalt

mixtures.

2. Laboratory or field test of pavement structures with additional damping layer to

evaluate its effect on vibration reduction.

3. In-situ tests of acoustic and vibration performance should be conducted by
comparing the pavement structures with and without the noise and vibration

absorbing system designed in this study.
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Appendix I: Aruvs results of Point A, C, E

Note:

“a “thickness10mm_distancetotopOcm_0.02” means:

1. The thickness of the damping layer is 10 mm.

2. The damping layer is layered 0 cm to the top.

3. The damping ratio of the material used in the damping layer is 0.02, similarly hereinafter.

b “Arms” means the root-mean-square accelerations.

Arms™ of Point

Arwms of Point

ARrwms of Point

Conditions A[dm/s?] B[dm/s?] C[dm/s?]
thickneslemm_gizitziancetotop0cm_0. 22 97314556 1.14324267 0.106797689
thickneslemm_d&;tancetotopOcm_O. 22 15968956 1.129253244 0.105728304
thickneslemm_dilstancetotop00m_0. 22 0183615 1.106465705 0.103991421
thickneslemm_dli;tancetotop00m_0. 21.90756855 1.084315859 0.102296078
thickneslemm_dizstancetotop00m_0. 21.81272223 1.062785252 0.100649397
thickness10mm _c;j.ioséancetotopmcm_ 23 40297712 1.162127011 0.109567995
thickness10mm _c;j.ioséancetotopmcm_ 23 35213692 1.14806958 0.108477508
thickneslemm_giitancetotoplocm_ 23 26854681 1.125168186 0.106703173
thickness10mm _nglilséancetotopmcm_ 23 18690909 1.102915232 0.10496944
thiCknf-‘SSlOmm-gf;tancetomplocm— 23.10726646 | 1.081276103 | 0.103289663
thickness10mm _nglz)s;ancetotopﬁcm_ 2305391815 1.161682764 0.109900482
thiCkf‘ESSlOmm§5é3”09t0t0p15cm— 23.00564753 | 1.147628532 | 0.108806231
thickneslemm_giitancetotop15cm_ 22 8173461 1.124750421 0.10702987
thicknesslomm_gféancewmplf’cm— 2274024072 | 1.102508404 | 0.105301053
thickf‘ESSlomm_gf;tancemmpﬁcm— 2266371567 | 1080883491 | 0.103612857
thickness10mm_distancetotop20cm_ 2305391815 1.162108784 0.110174513

0.02
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thickness10mm_distancetotop20cm_

0.05 23.00564753 1.147923699 0.109079267
thickness10m m_g ?itancetotop20cm_ 22 92653867 1.124825174 0.107321749
thickness10mm _(;j ils;ancetotop20cm_ 22 84901668 1.1022525 0.105576897
thickness10m m_g EtancetotopZOcm_ 92 7729988 1.080442018 0.103847601
thickness10m m_doiztancetotop5cm_0. 23 26498523 1.163600258 0.109182591
thiCkneSSlOmm—doi;tancemmpf’cm—o' 2321387814 | 1.149409748 | 0.108089029
thickness10mm_d ilstancetotop5cm_0. 2312887675 1.126289909 0.106301652
thickness10m m_dli;tancetotop5cm_0. 23.04499563 1.103826379 0.104563234
thickness10m m_dizstancetotop50m_0. 22 96282079 1.081991353 0.102877442
thickness20m m_d(i;tancetotopOcm_O. 22 95735501 1.161808406 0.106395136
thickness20m m_d(i;tancetotopOcm_O. 22 74595598 1.13298983 0.104242009
thickness20mm_d ‘ftancetompocm—o' 2247062392 | 1.087122944 | 0.100818029
thickness20m m_dli;tancetotop00m_0. 22 95094809 1.04377457 0.097582302
thickness20m m_dizstancetotopOCm_O. 22 08601836 1.002764362 0.094519861
thickness20mm _nglz)s;ancetotopmcm_ 23 56974258 1.153648759 0.10822863
thickness20mm _nglz)séancetotopmcm_ 23 46770986 1.126226955 0.10611072
thickness20m m_g ?itancetotoplocm_ 2330357186 1.082540314 0.102723939
thiCk”esszomm—g ilséancewt"plocm— 2314641525 | 1.041224777 | 0.09952563
thicknesszomm—g f;tancemtf’plocm— 2299580375 | 1.002097113 | 0.096481346
thick”esszommgi(f;a”CEtOt°p15cm— 2325307636 | 1.152814067 | 0.108870373
thick”esszommggéa”CEt°t°p15cm— 2315686144 | 1.125408274 | 0.106743124
thickness20m m_g iitancetotop15cm_ 23 00144734 1.081751888 0.103345779
thickness20mm_distancetotoplSem_ | 5) g5502328 | 1.040460549 |  0.100128526

0.15
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thickness20mm_distancetotopl5cm

o 2270796339 | 1.001359701 | 0.097074653
thickness20mm _(;j.:)s;ancetotopmcm_ 22 89855586 1.153683277 0.109419283
thickness20mm _(;j.z)s;ancetotop20cm_ 22 80386668 1.125887945 0.107268833
thickness20m m_g ?itancetotop20cm_ 22 65077769 1.081624322 0.103829477
thickness20mm _(;j ils;ancetotop20cm_ 22 50304725 1.039776915 0.100572307
thiCkneSSZOmm—g f;tancemmpzocm— 2236016076 | 1.000155987 | 0.097475414
thiCkneSSZOmm—doiztancemmpf’cm—o' 23.40467306 | 1.156412493 | 0.107463384
thiCk“E‘SS20mm_d()‘;tancet"t"p“m—o' 23.29463821 | 1128608971 | 0.105335982
thickness20mm_d ilstancetotop50m_0. 2311812893 1.084329718 0.101948252
thickn65320mm_dli;tancetomp5cm—°' 22.949972 1.042458879 | 0.098743206
thickness20m m_dizstancetotop5cm_0. 22 78935118 1.00281705 0.095702475
thiCkneSS30mm—dcggtancet"mpocm—o' 22.82579677 | 1.156875367 0.104127275
thickness30m m_d(i;tancetotopOcm_O. 22 57478092 1.114030738 0.100991219
thickness30mm_d ilstancetotop0cm_0. 22 92962463 1.047343999 0.096121109
thiCkneSS30mm—dliétancewt"pocm—o' 21.93962961 | 0.985990355 | 0.091647294
thickness30m m_dizstancetotopOCm_O. 2168318157 0.929408003 0.08754129

thickness30mm _c;j.ioséancetotopmcm_ 23 70676596 1.145128122 0.106904962
thickness30mm _nglz)séancetotopmcm_ 23 55549545 1.105013699 0.103819455
thickness30m m_g ?itancetotoplocm_ 2331600012 1.042481955 0.098994036
thiCk”93530mm—g Eancetomplocm— 23.09055047 | 0.984838398 | 0.094545818
thick”eSS30mm—g f;tancewtf’plocm— 228772035 | 0.931571247 | 0.090428395
thick”eSS30mm{géa”CEt°t°p15cm— 2323133125 | 1.143981123 | 0.107847943
thickness30mm_distancetotopl5cm_ 23 09068734 1.10389305 0.104740789

0.05
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thickness30mm_distancetotopl5cm

o 22.86671349 1.041390434 0.099881529
thickness30mm _(;j.ilséancetotop15cm_ 22 6541196 0.983780102 0.095390864
thickness30m m_g EtancetotoplScm_ 22 45150562 0.930537129 0.091225432
thickness30mm _(;jlz)séancetotopmcm_ 22 74591821 1.145372236 0.108671223
thickness30mm _(;jlz)s;ancetotop20cm_ 22 60672446 1.104510088 0.105503771
thickness30m m_g ?itancetotop20cm_ 22 38443033 1.040840648 0.10055326
thickness30mm _(;j.ilsft)ancetotop20cm_ 22 17282022 0.982199866 0.095976406
thickness30m m_g ?;tancetotopZOcm_ 21.97066788 0.92805598 0.091727038
thiCkneSS30mm_d(;;tancetomp?’cm—o' 2357878973 | 1.149097975 | 0.105770658
thiCkneSS30mm—d(;;tancet"mpf’cm—o' 23.40850462 | 1.108277994 | 0.102675685
thickness30mm_d ilstancetotop50m_0. 23141178 1.044661127 0.097855304
thiCk”E‘SS30mm—dlif_)tancewt"p*scm—o' 2289209883 | 0.986048447 | 0.093412391
thickness30m m_dizstancetotopSCm_O. 22 65876 0.931905595 0.089311331
AAA
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