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PREFACE 

This master’s thesis is a compulsory element of the Master of Science program in the Civil 
Engineering program at Luleå University of Technology. It was carried out in the Division 
of Soil Mechanics and is the final project in the civil engineering program, which 
represents 20 points and is equal to 20 weeks of full time studies. The data for the thesis 
and the report it self was completed at the Pavement Research Center in Richmond, 
California, under the University of Davis and Berkeley, except for a few adjustments that 
were made back in Luleå. 
 
This thesis studies if there is any clogging of asphalt concrete with higher air-voids and if 
so by what material and if any further studies may be needed. 
 
This thesis gave the great opportunity to get to know what kind of pavements are used in 
California and also which methods that are used for both construction and in laboratories. 
In order to get all the data from each test section at once, several people were needed and 
each field work trip was because of the people always a pleasant experience. 
 
I met a lot of great people at the Pavement Research Station, who all were very welcoming 
and open to discussions. To start with I would like to thank Professor John Harvey who 
gave me the opportunity to come and do my thesis at the Pavement Research Center and 
also for his advices during the project. I would also like to express my gratitude to Irwin 
Guada for all the asphalt discussions, as well as David Eng and Hector Matha for all their 
help in the laboratory. Not to mention all the people at the Pavement Research Center who 
always were happy to help and made my whole stay very pleasant. I would also like to 
thank my examiner, Martin Lindmark for his help and feedback.  
 



 

ABSTRACT 

This master’s thesis studied the clogging of open- and gap graded asphalt pavements in 
California. The study looked into different kinds of pavements used in California, and 
compared the open- and gap graded pavements to dense graded, as well as both the open- 
and gap graded with each other. It also went through general production methods used for 
the asphalt concrete. Among the sections tested five are open graded asphalt concrete, 
three are open-graded rubberized asphalt concrete, one was a gap-graded test mix found in 
a European survey and one was dense graded asphalt concrete. This gives a total of ten 
sections divided in five locations, out side of San Francisco and out side of Los Angeles. 
 
Data collection for this thesis was done with a permeameter for permeability data and field 
cores for air-void data. 
 
For the sections tested, a correlation between air-void content and permeability was found, 
but nothing was found to support the theory of the vehicles wheels cleaning the wheel 
paths. In contrary data from permeability showed a reduced permeability in right wheel 
path and air-void data showed a lower air-void content also in the right wheel path. The 
results can have several explanations which are discussed in this paper and to come closer 
to a final explanation, further studies were suggested. 



 

SAMMANFATTNING 

Detta examensarbete behandlar igensättningen av öppna beläggningar och beläggningar 
med partikelsprång i kornkurvan. Studien analyserar beläggningar använda i Kalifornien 
men tar även upp skillnader mot Sverige. De öppna asfaltbeläggningarna och 
asfaltbeläggningarna med partikelsprång jämfördes med tät asfaltbetong samt även 
inbördes. Metoder använda för produktion av asfaltmassa blev undersökt i rapporten, samt 
laboratoriemetoder. Bland de testade sektionerna kan fem öppna asfaltbeläggningar, tre 
asfaltbeläggningar med partikelsprång, en europeisk beläggning med partikelsprång och en 
tät asfaltbeläggning hittas. Det ger totalt tio undersökta sektioner, vilka finns utanför San 
Francisco och utanför Los Angeles. 
 
Datasamling för permeabilitet gjordes med permeametrar och för hålrum användes 
borrkärnor från fältsektionerna. 
 
För de testade sektionerna kunde en korrelation mellan hålrum och permeabilitet hittas, 
men inget bevis kunde hittas för att stödja teorin om bildäckens rengöring av hjulspåren i 
beläggningar med högt hålrum. Kontrateorin visade det sig att permeabiliteten var lägre i 
högra hjulspåret samt att även hålrummet var lägre i det högra hjulspåret. Det finns flera 
förklaringar till detta resultat, vilket diskutera i rapporten. För att komma närmre en 
förklaring av resultatet, föreslogs ett flertal ytterligare studier. 
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1  INTRODUCTION 

1.1 Abbreviations 
These are the abbreviations frequently used in this thesis 
 
OGAC Open Graded Asphalt Concrete 
AC Asphalt Concrete 
RAC-O Rubberized Asphalt Concrete 
PRC Pavement Research Center 
FHWA Federal Highway Association 
SMA Stone Mastic Asphalt 
DGAC Dense Graded Asphalt Concrete 
Bulk SG Bulk Specific Gravity 
Max SG Maximum Specific Gravity 
PMB Polymer Modified Binder 
EMPA Materials Science & Technology in Switzerland 
Caltrans California Department of Transportation 
 

1.2 Background 
The background mainly describes what has been set by PRC´s work plan for the whole 
project, which also includes this thesis. 
 
The California Department of Transportation (Caltrans) has identified a need for research 
in the areas of acoustics, friction, and pavement performance of pavement surfaces for the 
state highway network. In November 2004, the new research goal was approved and put in 
PRC´s strategic plan. 
 
Caltrans currently uses open-graded asphalt concrete with conventional binders, with 
polymer-modified binders, and with rubberized binders, and uses the Oregon F-mix, which 
has a different gradation, in District 1. The polymer-modified binder is not commonly used 
in California. The four most important performance measures for open-graded mixes are 
its acoustical properties, permeability, and friction. Caltrans does not have good durability 
performance data for these mixes as a function of type, variability of aggregate gradation 
within the current specification, climate, and traffic. Open-graded mixes will not have the 
same durability as Portland cement concrete or some dense graded asphalt surfaces. 
Therefore, if open-graded mixes are selected as a means of reducing noise and maintaining 
permeability and friction, Caltrans will want to use the mix with the lowest life cycle cost, 
which is a function of its construction cost, and the time between renewals. 
 
Previous work by Caltrans Environmental has shown that Caltrans open-graded mixes 
reduce noise, and can produce noise levels as low as those of some mixes in Europe. 
However, those noise measurements have not been statistically tied to variability of 
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aggregate gradation, mix type, permeability, age, traffic, climate, or roughness. The 
friction and permeability performance of the current Caltrans mixes have also not been 
correlated with the same variables. Caltrans is also interested in comparison of its current 
open-graded mixes with those of other states and European agencies with regard to noise, 
durability, friction, and permeability performance over time. 
 
The results of the whole PRC research project will identify the best practice for selecting 
asphaltic surfaces for climate and traffic conditions based on statistical performance trends 
from field measurements for noise, permeability, friction, and durability. It will create a 
database for this data, and gather as much similar information from other states and Europe 
as possible for comparison to identify mixes that may have better performance than 
Caltrans current mixes. It will provide a survey of open-graded mix practice in the United 
States and Europe and comparison with Caltrans mixes with regard to mix specification 
and design. It will determine whether there is a correlation between laboratory sound 
absorption as measured by impedance tube and field noise intensity, which if successful 
will provide a tool for evaluating mixes for noise properties as part of mix design. 
 
This also shows that the need for a study of the reduction of permeability and noise 
reducing properties. 

1.3 Objective 
The purpose of this MS thesis was to determine the effect and extent of clogging in open 
graded and gap-graded asphalt pavements. Sections were chosen in different climates and 
different traffic speeds, in order to se its effect on the clogging. One part was also to come 
up with a proper method to analyze the amount and type of clogged material. 
 
The first step was to collect field data and sample material from selected sections through 
out California. 
 
Next step which was partly performed parallel with the field study was to perform 
laboratory tests. This was done on the collected field samples in order to obtain air-void 
content and gradation for each site. 
 
The following questions were asked: 

• Is the theory about high speed traffic resulting in a cleaning effect of the OGAC 
correct? 

• If clogged, what material are the voids clogged with? 
• Clogging over time? 
• Correlation between air-void content and permeability? 

 

1.4 Methods 
The thesis is started with an investigation of the different types of open-graded and gap-
graded asphalt concrete.  What the allowed span in gradation and binder content is. 
Also a Literature study is done about California’s current noise level policy and what their 
future goals are. 
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At first there is a description of the different pavements mentioned in this thesis and also 
the extent of use of each pavement type through out California and Sweden.  
The different methods used in the field and in the laboratory are explained and the actual 
procedure is supplied as appendixes. 
 
Further on the results from the test sections in the field and the sample investigations in 
laboratory are illustrated with diagrams and pictures. 

1.5 Constrain 
This thesis will be constrained to within the PRC project, only deal with the possible 
clogging of the examined pavements. The thesis will also briefly mention all methods used 
in PRCs project, just to clarify what each sample taken are used for. Dense graded asphalt 
concrete (DGAC) will be used as reference pavements. Because the PRC project is running 
for two years, this thesis will be constrained to only use data collected by the end of 
January. This will result in less data, but should be enough to analyze it for the completed 
sections and this is needed to finish the report in time. However all the environmental 
sections from the original plan will be presented shortly. 
 
As for comparisons between different areas, the number of countries compared with will 
be constrained to be focused on the state of California and Sweden, but will also include 
neighboring states. 
 
One question asked in objective is whether pavements tend to be cleaned by the pumping 
effect of high speed traffic, and this can depend on the material that clogs the OGAC, and 
therefore will this study only deal with the sections and clogging of examined pavements, 
and not actually deal with any clogging occurring in winter climate with studded tires. 
 
Also, any study or test that for any reason did not have time to finish by the end of January, 
was not included in this thesis. 



-10- 

2 LITERATURE STUDY 

A literature study was conducted to find different approaches to the noise problem in 
California and Sweden. Material about the clogging of Open-Graded pavements is very 
limited both in USA and Sweden.  
 

2.1 Traffic Noise and its effects 
Studies have shown that some of the most pervasive sources of noise in our environment 
today are those associated with transportation. Traffic noise tends to be a dominant noise 
source in our urban as well as rural environment. 
 
Noise is defined as unwanted sound and sound is produced by the vibration of sound 
pressure waves in the air. Sound pressure levels measure the intensity of sound and are 
described in terms of decibels. The decibel is a logarithmic unit which expresses the ratio 
of the sound pressure level being measured to a standard reference level. Sound is 
composed of various frequencies, but the human ear does not respond to all frequencies. 
Frequencies to which the human ear does not respond must be filtered out when measuring 
highway noise levels. Sound-level meters are usually equipped with weighting circuits 
which filter out selected frequencies. It has been found that the A-scale on a sound-level 
meter best approximates the frequency response of the human ear. Sound pressure levels 
measured on the A-scale of a sound meter are abbreviated dB(A). 
 
Because decibels are logarithmic units, sound levels cannot be added by ordinary 
arithmetic means. The sound pressure level from two equal sources is 3 dB greater than the 
sound pressure level of just one source. Therefore, two trucks producing 90 dB each will 
combine to produce 93 dB, not 180 dB. In other words, a doubling of the noise source 
produces only a 3 dB increase in the sound pressure level. Studies have shown that this 
increase is barely detectable by the human ear. 
 
Traffic noise is generated primarily by the interaction of the tires and pavement, by the 
internal combustion engine of the vehicle, and by the engine exhaust. For automobiles, the 
majority of the noise is generated by the interaction of the tires and pavement due to 
quieter engines and exhausts on modern vehicles. As a result, the effective noise source 
height for automobiles is considered to be zero feet above the pavement, or right where the 
tire meets the road. 
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Diagram 1. Diagram of noise contribution at different speeds for light vehicles, 

(Donovan, P., 2005) 
 
For medium duty trucks (2 axle trucks), there is a slightly larger contribution of noise from 
the engine compartment and exhaust pipe, so the effective noise source height is 
considered to be an average of those sources at two feet above the pavement. For heavy 
trucks, not only is there a greater contribution of noise from the engine and exhaust, the 
exhaust stack opening is typically 11 feet or so above the pavement. Therefore, the 
effective noise source height for heavy trucks (3 axles or more), is considered to be eight 
feet above the pavement, or the weighted average heights of the tires, engine and exhaust 
stacks. The different sources of noise from a light vehicle is displayed in Diagram 1. 
 

2.2 Cleaning of OGAC 
There are many opinions regarding the actual clogging of OGAC. Some say that it does not 
affect the noise abilities that much, only 1-2 dB(A), while others notice a significant 
reduction in permeability and noise reducing abilities. An important issue is in what 
climate the pavement is geographically located and how the maintenance is conducted, 
specially winter maintenance.  
 
OGAC located in areas with snow and ice is more exposed to clogging than others. In 
these cases sand used for ice control should not be applied, instead the sand need to have a 
larger granular size to avoid clogging. Also pre-wetted salt can be used and has shown to 
work well with black ice. Even though salt tend to flush down in void, leaving the surface 
susceptible to icing. The use of larger salt grains can reduce this problem. OGAC has 
shown to increase the use of salt with 25 to 50% (Federal Highway Administration, 
(2004)). 
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There are also many opinions regarding the effectiveness of cleaning an OGAC. There are 
trials to design the AC mixture so that clogging is minimized and cleaning can be avoided, 
this because the cleaning has not always been effective and may damage the pavement. 
Another point of view is that if an OGAC is not cleaned regularly it can not be cleaned 
with good result. Therefore when cleaning is done it is usually done within two year after 
construction. A regular study of the pavements permeability can give an indication on 
when cleaning needs to be done. Some results have shown a significant improvement after 
cleaning. 
 
Cleaning is done with the use of a high-pressure water blast, which for some countries uses 
about 125 psi in pressure and is followed by a vacuum to remove fluids and the loosened 
material. These two applications are usually done in one unit, minimizing traffic 
disturbance. 

2.3 Regulations 
The Federal Highway Administration (1995) writes in their Highway traffic noise analysis 
and abatement policy and guidance: “Pavement is sometimes mentioned as a factor in 
traffic noise. While it is true that noise levels do vary with changes in pavements and tires, 
it is not clear that these variations are substantial when compared to the noise from 
exhausts and engines, especially when there are a large number of trucks on the highway. 
Additional research is needed to determine to what extent different types of pavements and 
tires contribute to traffic noise. 
 
It is very difficult to forecast pavement surface condition into the future. Unless definite 
knowledge is available on the pavement type and condition and its noise generating 
characteristics, no adjustments should be made for pavement type in the prediction of 
highway traffic noise levels. Studies have shown open-graded asphalt pavement can 
initially produce a benefit of 2-4 dB(A) reduction in noise levels. However, within a short 
time period (approximately 6-12 months), any noise reduction benefit is lost when the 
voids fill up and the aggregate becomes polished. The use of specific pavement types or 
surface textures must not be considered as a noise abatement measure.” 
 
According to Caltrans Highway design manual, Chapter 1100 the objectives are: for new 
construction or reconstruction of highways, to limit the intrusion of highway noise into 
adjacent areas; on existing freeways to limit the noise intrusion to achievable levels within 
practical and financial limitations; and to limit the noise to the levels specified by statute 
for qualifying schools adjacent to freeways. To achieve these objectives the Department 
supports the following four approaches to alleviate traffic noise impacts: 

• Reduction at the Source. Reduction of traffic noise at the source is the most 
effective control. Therefore, Caltrans encourages and supports legislation to require 
reduction in motor vehicle noise as advances in the state of-the-art of motor vehicle 
engineering permit. 

• Encouraging Compatible Adjacent Land Use. Caltrans encourages those who plan 
and develop land and local governments controlling development or planning land 
use near known highway locations to exercise their powers and responsibility to 
minimize the effect of highway vehicle noise through appropriate land use control. 
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For example, cities and counties have the power to control development by the 
adoption of land use plans and zoning, subdivision, building and housing 
regulations. 

• Noise Abatement. Caltrans will attempt to locate, design, construct, and operate 
State highways to minimize the intrusion of traffic noise into adjacent areas. When 
this is not possible, noise impacts may be attenuated by the construction of noise 
barriers. 

• Noise Abatement by Others. An increasing number of requests are being made to 
Caltrans by owners or developers to attenuate noise reaching adjacent properties for 
which the State's mitigation priority is low or nonexistent. The general policy is that 
all feasible steps must be taken in the design of the adjacent development to 
attenuate noise so as not to require violation on the State's right of way. The State 
shall assume NO review authority or responsibility of any kind for the structural 
integrity or the effectiveness of the noise attenuation of walls constructed by others 
outside of the State's right of way. Where it is determined to be necessary to permit 
others to construct a noise barrier within the State's right of way, the general policy 
is that the design will meet Caltrans geometric, structural, and safety standards as 
established in their manual and that the effects of the barrier on operation, 
maintenance and aesthetics of the highway will be more beneficial than 
disadvantageous. 

 

2.4 Noise Barriers 
According to FHWA, Keeping the Noise Down, California annually constructs 190 km of 
noise barriers and for a cost of 134 million dollars. The noise benefit of barriers is limited, 
often to less than 400m from the roadway. 
 
Noise barriers are typically constructed of concrete, brick, wood, metal, dirt or glass. The 
dominating material when constructing the barriers is concrete. The main property of the 
material is that it needs to have a density of about 2.2 g/cm3. 
 
Noise barriers are solid obstructions built between the highway and the homes along 
highways. Effective noise barriers can reduce noise levels by 10 to 15 decibels, cutting the 
loudness of traffic noise in half. Barriers can be formed from earth mounds along the road 
(usually called earthberms) or from high, vertical walls. Earthberms have a very natural 
appearance and are usually attractive. However, an earthberm can require quite a lot of 
land if it is very high. Walls take less space and they are usually limited to 8 meters in 
height because of structural and aesthetic reasons. Noise walls can be built out of wood, 
stucco, concrete, masonry, metal, and other materials. Many attempts are being made to 
construct noise barriers that are visually pleasing and that blend in with their surroundings. 

2.5 Noise reducing Pavements 
There are a few important design aspects of noise reducing pavements, and those are: 
 

• Optimize the pavement texture by selecting smaller aggregates for surfacing. 
Aggregates greater than 11 or 12 mm tend to lose their noise-reducing 
characteristics, found in Federal Highway Administration (2004). 
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• Reducing the road gradient can have a positive effect on road traffic noise levels, as 

acceleration noise and engine/exhaust brake noise are both reduced. A 5% 
reduction in road gradient will reduce Leq traffic noise levels by about 1.5 dB(A). 
(Federal Highway Administration, (2004)) 

 

2.6 Alternative approaches 

2.6.1 Traffic Management 
Controlling traffic can sometimes reduce noise problems. For example, trucks can be 
prohibited from certain streets and roads, or they can be permitted to use certain streets and 
roads only during daylight hours. Traffic lights can be changed to smooth out the flow of 
traffic and to eliminate the need for frequent stops and starts. Speed limits can be reduced 
in order to reduce the noise level; however, about a 32 kph reduction in speed is necessary 
for a readily noticeable (5 dB(A)) decrease in noise levels. 
 
According to RTA (2001), traffic calming devices such as roundabouts, speed humps, mid-
block platforms and chicanes can all contribute to a reduction in traffic noise on local 
roads. Research has shown that roundabouts provide the greatest benefit in noise reduction 
on local roads. 
 

2.6.2 Vegetation 
Vegetation, if it is high enough, wide enough, and dense enough that it cannot be seen 
through, can decrease highway traffic noise. A 61-meter width of dense vegetation can 
reduce noise by 10 decibels, which cuts in half the loudness of traffic noise. However, it is 
usually impossible to plant enough vegetation along a road to achieve such reductions. 
 
Roadside vegetation can be planted to create a psychological relief, if not an actual lower 
traffic noise level. Since a substantial noise reduction cannot be obtained for an extended 
period of time, the FHWA does not consider the planting of vegetation to be a noise 
abatement measure. The planting of trees and shrubs provides only psychological benefits 
and may be provided for visual, privacy, or aesthetic treatment, not noise abatement. 
 

2.6.3 Building Insulation 
Insulating buildings is a good measure to reduce highway traffic noise, especially when 
windows are sealed and cracks and other openings are filled. Sometimes noise-absorbing 
material can be placed in the walls of new buildings during construction. However, 
insulation can be costly because air conditioning is usually necessary once the windows are 
sealed. In many parts of the county, highway agencies do not have the authority to insulate 
buildings; thus, in those States, insulation cannot be included as part of a highway project. 
Noise insulation is normally limited to public use structures such as schools and hospitals. 
 

2.6.4 Buffer Zones 
Buffer zones are undeveloped, open spaces which border a highway. Buffer zones are 
created when a highway agency purchases land or development rights, in addition to the 
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normal right-of-way, so that future dwellings cannot be constructed close to the highway. 
This prevents the possibility of constructing dwellings that would otherwise have an 
excessive noise level from nearby highway traffic. An additional benefit of buffer zones is 
that they often improve the roadside appearance. However, because of the tremendous 
amount of land that must be purchased and because in many cases houses already border 
existing roads, creating buffer zones is often not possible. 
 

2.6.5 New approaches 
Another approach is to develop tires which produce less noise in contact with the 
pavement. Research done by Professor Ulf Sandberg at Chalmers University of 
Technology, investigates three tire innovations for low noise emission: 
 

• Composite wheel (targeted reduction = 5–10 dB). This is a non-pneumatic tire, 
showed in figure 1. Tests show a potential 10 dB reduction. The composite wheel 
reduces noise emission by eliminating air pumping in the tread as well as "short-
circuiting" the low-frequency noise generated in the structure due to elimination of 
the "baffle effect" of conventional pneumatic tires. 

 
• Conventional tire with porous tread (targeted reduction 3–5 dB). Porous tires are 

proposed for production in Sweden using porous rubber instead of tread. 
 

• Design the tire by a noise model. Smaller tread block size reduces tire noise. Tire 
noise is reduced if a normal tread block is cut transversely, thus reducing the block 
size. 

 
 
 

 
Figure 1. Composite wheel (Ulf Sandberg) 
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3 PAVEMENTS 

3.1 Asphalt plant types 

3.1.1 Continuous drum mixing plant 
The continuous drum mixing plant is by far the most common type of hot-mix asphalt 
plant in California. In the drum mixing plant the aggregate proportions is set by the cold-
feeders and any gradation changes are done by adjusting the cold-feeders. This material is 
transported on a conveyor belt to the drier/mixer, where the first two thirds is for 
drying/heating and the last third for injecting the asphalt and mixing it continuously. This 
finished product is then fed with a slat conveyor to one of the storage silos. The ready mix 
in the silos is then loaded on to waiting trucks. The whole drum mixing plant setup is 
shown in Figure 2. 
 
The drum mixing plant pros are, because the whole mixing process has less steps then a 
batch mixing plant, makes it more economical. It also has a higher capacity with any given 
drum size. The average drum mixing plant range from a capacity of 150 to 400 ton/h, but 
can go as high as 800 ton/h. The fact that it has fewer parts also makes it more portable. 
 
The cons of this type are that because of its design, what ever is fed in to the drum is what 
comes out as a finished mix. That makes it much harder to switch between different mix-
designs during one production run. In order to make it a bit more flexible several hot-mix 
silos can be added. Still the plant can not produce a different mix-design for single trucks. 
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Figure 2. Drum mixing plant setup (http://hotplantconsulting.com) 
 

3.1.2 Batch mixing plant 
The Batch mixing plant is rarely used in California, but is the most common one in 
Sweden. The average batch mixing plant, range from a capacity of 45 to 500 ton/h 
(http://hotplantconsulting.com). But the most common range from 140 to 240 ton/h. 
 
This plant type consists of a cold-feed that feeds the dryer with selected aggregate. The 
aggregate is dried/heated in the rotary drum. The heated aggregate is then transported to a 
set of screens, where the material is divided by size in to different bins. The material is 
then proportioned in to a weighing bin, where the aggregate is added one size at a time to 
get the wanted mix gradation. This mix of aggregate is then introduced to a pugmill, where 
it is dry-mixed for a specified amount of time, and then the asphalt binder is added and 
wet-mixed with the aggregate. When the mix cycle is done, the pug gate opens and the 
finished AC is discharged either directly on a waiting truck or in a moveable chute, which 
leads it to a slat conveyor for transportation to a storage silo. This set up is displayed in 
Figure 3. 
 
The batch mixing plants pros are that it is very versatile. As long as the needed aggregate is 
fed through the drum, and stored in the hot bins, any mix with those aggregate sizes can be 
made. That makes it possible to switch mix specification between each truck, which is 
really useful if various mixes are wanted. Also the batch mixing plant makes it easier to 
start and stop the plant throughout the day. 
 

http://hotplantconsulting.com
http://hotplantconsulting.com
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Cons are that it has more steps in the mixing process, which makes the whole mixing 
process longer. If one mix is made throughout each day, this would not be the preferable 
plant. 
 
 

 
Figure 3. Batch mixing plant setup (http://hotplantconsulting.com) 
 
 

3.2 Asphalt Concrete specifications 
Asphalt concrete in California is according to the Standard specifications issued by the 
state of California, department of transportations, divided into three types, Type A, Type B 
and Open graded. All AC shall be produced in a batch mixing plant, a continuous pugmill 
mixing plant or a drier-drum mixing plant. These types also have aggregate quality 
requirements as well as asphalt specifications. Apart form these types there is also several 
types with a different gradation but with the quality requirements linked back to the 
original three types. Two additional types are Type O and Type G, which are used in the 
Quiet pavement project. The Type G shall meet the quality provisions specified for Type 
A. 
 
The amount of asphalt binder to be mixed with the aggregates for Open Graded asphalt 
concrete will be determined by the Engineer in conformance with the requirements in 
California Test 368 (Optimal Binder Content), using samples of aggregate furnished by the 
Contractor. 
 
Table 1 shows the typical gradation requirements for the different types. 
 
 

http://hotplantconsulting.com
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Table 1. Example of gradation specifications for four wearing coarse types.  

Type A 
Max 19 mm 

Type B 
Max 19 mm 

Type O 
Max 9.5 mm 

Type G 
Max 9.5 mm [mm] 

    
25 100 100 100 100 
19 90 – 100 95 – 100 100 100 
12.5 N/A N/A 100 90 – 100 
9.5 60 – 75 65 – 80 90 - 100 83 – 87 
4.75 45 – 50 49 – 54 29 - 36 33 – 37 
2.36 32 – 36 36 – 40 7 - 18 18 – 22 
0.6 15 – 18 18 – 21 0 - 10 8 – 12 
0.075 3 – 7 3 – 8 0 - 3 2 – 7 
 
 
Some of the Road User Requirements when evaluating a pavement are: 

• Good low speed skid resistance 
• Good high speed skid resistance and prevention of hydroplaning 
• Visible road markings 
• Low spray generation 
• Low glare and specular reflection 
• Low tire / road noise 
• Smooth ride 
• Low construction and maintenance costs 
• Minimize delays during construction/maintenance 
• Minimum wear and tear on vehicle and load 
• No windshield breakage caused by construction operations 

 

3.2.1 Type A and B 
Type A and B are always a DGAC and can in normal cases have a maximum aggregate 
size of up to 19 mm. DGAC consists of a mixture of bituminous material (paving asphalt) 
and a close graded aggregate ranging from coarse to very fine particles. Both types can be 
used for both base- and wearing course. Both types have its quality requirements and other 
mixes can be linked to the quality requirements of the aggregate and binder. 
 
The most common type of asphalt is a dense graded mixture of continuously graded 
aggregates, sands, filler and bitumen which is mixed and placed hot. Common modes of 
distress for asphalt layers are: 
 

• permanent deformation under heavy traffic due to insufficient stability 
• cracking due to fatigue 
• ravelling due to oxidation and hardening of the binder 

 
By varying the aggregate combination to provide a range of different air voids, and using 
different grades of binder, asphalt properties can be adapted to suit applications from low-
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traffic areas to freeways and heavy load areas such as airports and container storage areas. 
 
In light-traffic areas, the asphalt may fail by ravelling due to oxidation of the binder. To 
minimize this, a soft grade of binder may be used and air voids reduced with a high binder 
content and/or fine aggregate grading.  

3.2.2 Type O 
Type O is an open graded mix design, usually with a maximum aggregate size of 9.5 mm. 
The Open graded mix has less fines and a larger portion of bigger aggregate, which is 
shown in diagram 1.  This type of gradation gives the pavement a larger air-void content, 
according to specifications around 18 %, this is shown in Diagram 2. 
 
A conventional open-graded friction course is a layer of asphalt that incorporates a 
skeleton of uniform aggregate size with a minimum of fines. In the past, these pavements 
typically had a void content as low as 12% and as high as 15 or 16%. 
  
The new generations of open-graded friction-course pavements that are being built in the 
U.S. and Europe have considerably higher air void contents than before, up in the range of 
17 to 22%. They are more open, with more voids. Today’s OGACs are polymer-modified 
and include spun mineral or cellulose fibers. Use of polymer modifier or fiber does not 
preclude the other; instead, each complements the other in the liquid asphalt. The usual 
method of failure of open graded asphalt is by ravelling of the surface aggregate as the 
binder hardens. The durability of open graded asphalt using modified binders is 
significantly greater than for unmodified binders. The choice between the use of modified 
and unmodified binders is dependent upon traffic stress and volumes. Polymer modified 
binders (PMBs) are particularly suitable for heavier traffic volumes. With PMBs, greater 
durability results from the use of thicker binder films and increased binder cohesion. PMBs 
also reduce binder ‘drain down’ effects during transport and construction. 
 
In the Dry-Freeze zone, all of the states that have good experience of OGAC use hydrated 
lime, whereas three out of four states that have bad experience do not. The percentage 
passing the 2.36 mm sieve seems to be higher for states in this zone (about 10-30). Again, 
the most prominent difference seems to be in the use of polymermodified binders: all of 
the states with good experience use polymer, whereas three out of four states that have bad 
experience did not use polymer. More than 70% of the agencies that use open-graded 
surface courses reported service life of eight or more years. About 80% of the agencies 
using such pavements have standard specifications for design and construction. 
 
The benefits of the OGAC is reduction of wet pavement accidents by improving wet 
weather skid resistance, minimizing hydroplaning, reducing water splash and spray, and 
reducing night time wet pavement glare. Secondary benefits include better wet-night 
visibility of traffic stripes and markers, better wet weather (day and night) delineation 
between the ravelled way and DGAC shoulders, and increased safety through reduced 
driver stress during rainstorms. 
 
It is very important to provide an outlet for the water that enters an open graded asphalt, 
otherwise the layer deteriorates and dust and debris builds up. For this reason, open graded 
asphalt must have a free draining edge and must be placed above the lip level of any 
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adjacent kerb and channel. This raised edge may be a hazard to cyclists, hence it may be 
necessary to minimise its height and consider where the edge is located. 
 

Diagram 2. California Open-Graded gradation 
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3.2.3 Type G 
Type G is a gap graded mix that in this study is used with rubber modified binder, and the 
typical gradation is printed in Diagram 3. 
 

Diagram 3. California Gap-Graded gradation 
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3.2.4 Stone Mastic Asphalt used in USA (SMA) 
Stone mastic asphalt (SMA) has been developed as a more durable and rut resistant mix. It 
is designed to have a large percentage of coarse aggregate with stone-on-stone contact, 
with the remaining voids partially filled with mastic comprising fines, filler and 
bituminous binder (AAPA 2000). 
 
Small percentages of mineral or cellulose fibres are commonly used to minimise the risk of 
drainage of the relatively high binder content during transport and placing. PMBs may be 
used to reduce risk of drain down and bleeding under severe performance conditions or to 
enhance flexural performance. SMA mixes are inherently flexible due to the high binder 
contents. 
 
The compacted SMA mixture has a surface texture appearance approaching that of open 
graded asphalt. This provides noise and surface texture properties somewhere between 
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dense graded and open graded asphalt. Compared with open graded asphalt, it has a low air 
void content and hence good durability. 
 
The combination of stone-to-stone contact of the coarse aggregate and stiffening of the 
binder mastic with fine aggregate and filler provides a mix with good deformation 
resistance making it suitable for use in heavily trafficked situations including intersection 
areas. 
 
For a SMA, the high proportion of coarse aggregate interlocks to form a high stability 
skeleton, with good internal friction. The voids are substantially filled with a bitumen-filler 
mastic. Accordingly, SMA retains good texture under heavy loading while having low 
permeability. 
 
The mastic has a high filler and bitumen content. The coarse aggregate skeleton must be 
able to contain all the mastic binder while maintaining the stone-to-stone contact essential 
for rutting resistance. Too much mastic will result in flushing, bleeding and loss of 
pavement shear deformation resistance. Too little mastic will result in high air voids, 
increased permeability and reduced pavement durability. 
 
The design of SMA is a combination of recipe and measured test criteria. 
Optimum performance is obtained when the fine aggregate just fills the void space in the 
coarse aggregate particles while still retaining inter-particle contact of the large particles. 

3.2.5 Aggregate specifications OGAC 
The aggregate specifications and the important test methods for Open graded asphalt 
concrete will be discussed. 
 

Table 2. Aggregate Specifications 

Asphalt 
Concrete 

Type 
Test 

California 
Test A B 

Open 
Graded 
Asphalt 
Concrete 

Percentage of Crushed Particles: 205    
 Coarse Aggregate (Min)  90% 25% 90% 
 Fine Aggregate (Passing 4.75 mm, 
 Retained on 2.36 mm) (Min.) 

 70% 20% 90% 

Los Angeles Rattler: 211    
 Loss at 100 Rev. (Max)  10% - 10% 
 Loss at 500 Rec. (Max)  45% 50% 40% 
Sand Equivalent: 217    
 Contract Compliance (Min.)  47 42 - 
 Operating Range (Min.)  50 45 - 
Film Stripping (Max.) 302 - - 25% 
Kc Factor (Max.) 303 1.7 1.7 - 
Kf Factor (Max.) 303 1.7 1.7 - 
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3.2.5.1 Percentage of Crushed Particles 
This test procedure determines the amount of fracture faced rock particles, by visual 
inspection that meets specific requirements. The fractured face of each rock particle must 
meet a minimum cross-sectional area. Specifications contain requirements for percentage 
of crushed aggregate particles. The purpose of this test is to maximize the shear strength in 
either bound or unbound aggregate mixtures. In other word, the higher amount of fracture 
faced rock particles, the higher shear strength and it is extra important for OGAC mixtures. 
This method can be used in determining the acceptability of coarse, dense graded, and 
open-graded aggregates with respect to such requirements. This procedure is used 
primarily for hot mix asphalt aggregates. 
 
3.2.5.2 Los Angeles Rattler 
According to California test 211, the LA Rattler is used to determine the resistance of 
coarse aggregate to impact in a rotating cylinder containing metallic spheres. This test is 
known as the Los Angeles Rattler Test and consists of up to 12 steel spheres each weighing 
between 390 and 445 g, which together with the aggregate sample is put in the machine, 
sketch found in figure 4. The importance of the abrasion test of OGAC mixture aggregates 
is because the OGAC mixture has a stone to stone contact of coarse aggregate. The 
conclusion that any load applied on the pavement is carried by the stone skeleton makes 
the abrasion test even more important for OGAC. This stone to stone contact also creates a 
high resistance to permanent deformation. 
 
 

 

Figure 4. Los Angeles abrasion testing machine 

 

3.2.5.3 Film Stripping 
The film stripping test is used to measure the resistance of bituminous material to stripping 
from the rock particles and is generally used to evaluate the mineral aggregate, but may be 
used to judge the adhesive capacity of the bituminous material. Stone screenings for use in 
seal coats or open-graded mixes are usually subjected to this test. The test is applied to the 
aggregate fraction passing the 9.5 mm sieve and retained on the 2.36 mm sieve.  
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3.3 Rubber Modified Asphalt Concrete 
The Rubber Pavement Association writes that the history of adding recycled tire rubber to 
asphalt paving material can be traced back to the 1940's when the U.S. Rubber Reclaiming 
Company began marketing a devulcanized recycled rubber product, called Ramflex TM, as 
a dry particle additive to asphalt paving mixture. In the mid-1960's, Charles McDonald 
began developing a modified asphalt binder using crumb rubber. This product was 
marketed by Sahuaro Petroleum and Asphalt Company as Overflex TM. 
 
In addition to the US, Sweden also made tremendous contributions to the development of 
rubberized asphalt. In the 1960's, the Swedish company ABV began developing an asphalt 
paving surface mixture that would resist studded tire and chain wear. The mixture included 
a small amount of crumb rubber as an aggregate and was named Rubit. In the late 1970's 
this product was introduced and patented in the United State as PlusRidetm. It evolved in a 
series of field projects in Alaska and other states from 1979 through 1985. PlusRidetm has 
been managed by a number of firms and is presently marketed by Envirotire, Inc. 
 
According to the preliminary production trials of the material, it indicated that the bonding 
of the material when laid was poor, leaving loose particles of rubber and aggregate from 
the mixture on the surface of the pavement. Laboratory testing of the material indicated 
that the rubber was retaining a larger proportion of the bitumen than the aggregate, 
suggesting an interaction between the bitumen, which can be regarded as a solvent and the 
rubber, which is a polymer. 
 
In recent years there has been a great surge to make use of the used tires that are being 
stockpiled all around the world. This is primarily due to the advancement in technology 
and realization of benefits associated with application and reduction of used tires. Because 
of the increase in the number of tires accumulating around the world, and environmental 
hazards associated with them, more nations are looking for ways to make use of this 
tremendous resource. 
 

3.3.1 Wet process 
According to The Rubber Pavement Association, wet process refers to modification of 
asphalt cement binder with 5-25%wt of fine tire rubber crumb modifier (CRM) at an 
elevated temperature. The wet process includes the blending of the crumb rubber with the 
asphalt. The method of blending can be divided into three categories: batch blending, 
continuous blending and terminal blending. Batch blending defines those wet process 
technologies that mix batches of CRM and asphalt in production. Continuous blending 
describes those wet process technologies that have a continuous production system. 
Terminal blending is associated with wet process technologies that have product with 
extended storage (shelf life) characteristics and are produced at an asphalt cement supply 
terminal. 

3.3.2 Dry Process 
The dry process includes mixing the rubber particles with aggregates prior to addition of 
asphalt. This process provides a way to blend the crumb rubber with the asphalt and 
aggregate without the use of the special equipment needed in the wet process. There are 
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some technical problems associated with this method, but new technologies are being 
introduced that are improving the process. Currently, the only process approved for use by 
the Caltrans is the wet process. 
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4 TEST SECTIONS 

Data is collected from eight sections being monitored by Caltrans Environmental and a set 
of experiment design for mainline highway sections. None of the experiment design 
sections were completed in time and therefore not included. 
 
The Caltrans Environmental sites are being noise monitored by Caltrans Division of 
Environmental Analysis. Unfortunately not all of these sections were completed by the end 
of January and was therefore not included in this thesis. The sections competed by the end 
of January can be found in figure 5. 
 
 

Table 3.  Eight sites monitored by Caltrans Enivronmental 

Section Name Location Surface Types Date 
Constructed 

Davis I-80 3-Yol-80, PM 2.9-
5.8 

OGAC July 1998 

Florin Road I-5 3-Sac-5, PM 17.2-
17.9 

OGAC Fall 2004 

La county, SR 183 7-LA-138, PM 16-21 75 mm OGAC, 30 mm 
OGAC, RAC-O, BWC 

Spring 2002 

San Mateo I-280 4-SM-280, PM R0.0-
R5.6 

RAC-O on PCC, grind 
PCC 

Fall 2002 

Mojave Bypass, SR 
58 

8-Ker-58, PM 107.7-
118, west end of 
project in eastbound 
lanes 

Variety of groove, grind, 
textured PCC 

Fall 2003 

Euro Gap-graded, 
Rosemead Blvd, 
El Monte 

7-LA-19/164, PM 
3.4 

Gap-graded mix 
identified in Europe 
 

May 2005 

CIWMB Test 
Sections, Firebaugh 

6-Fre-33, PM 70.9-
75.08 

RAC-G 45 mm 
RAC-G 90 mm 
RUMAC-GG 45 mm 
RUMAC-GG 90 mm 
Type G-MB 45 mm 
Type G-MB 90 mm 
Type D-MB 45 mm 
Type D-MB 90 mm 
DGAC 90 mm 

Summer 2004 

Santa Clara SR 85 4-SCl-85, 
PM 14.63 to 15.51 

Extend test grooving of 
PCC 

Summer 2005 
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The experiment design for mainline highway sections are tested for two climate regions 
each with two traffic types and three ages. The climate regions are high rainfall and low 
rainfall, and the traffic types are a mix and a fast traffic. The mix consists of fast, slow and 
heavy traffic. The ages of pavements being tested in the study are new, 1-4 years and 4 
years or more.  
Regions with low rainfall are valley, south coast, South Mountain and dessert, while 
regions with high rainfall are north coast, Bay area and Low Mountain. 
 
Due to the time restriction the number of sections from the experiment designs for 
mainline highways, will be very restricted. At the end of January only two sections from 
the experiment designs had been collected. 

 
Figure 5. Map showing test locations used in thesis 
All the traffic data is collected from the Caltrans, Traffic and Vehicle Data Systems Unit. 

4.1 LA 138 East 
The site consists of nine test sections which started at post mile 16.4 and ended at 20.9. 
The route is located in a desert area. The nine sections has one lane in each direction and 
are paved with four different mixes, OGAC, RAC-O, DGAC and Bounding wearing 
course (BWC). The sections have a traffic of 4300 vehicles per day including 14% of 
trucks. For this thesis the BWC will not be considered. The sections were constructed in 
the spring of 2002. The site can be seen in figure 6. 
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Figure 6. LA138 Section, overview and close-up. 

4.2 Rosemead Blvd 
In the city of LA on Rosemead Blvd was a RAC-G mix found in the Europe scanning tour, 
paved in May 2005. That makes this the most recently paved section in the project. The 
section has two lanes in each direction and has traffic volume of 39500 vehicles per day 
including 5% trucks (Caltrans Traffic and Vehicle Data Systems Unit). Unfortunately no 
pictures were taken over this section. 

4.3 San Mateo 280 
The section has four lanes in each direction and was in the fall of 2002 paved with an 
OGAC overlay. The section is located in the Bay Area south of San Francisco with a speed 
limit of 65 MPA, and with a high annual rainfall. The test section has 107 000 vehicles per 
day including just over 2% of trucks. All tests and samples were taken on lane four, closest 
to the shoulder. Photos from the test section can be seen in figure 7. 

 
Figure 7. San Mateo 280, Section overview and close-up. 
 

4.4 Florin Road I-5 
The Florin Road also called Sacramento section has four lanes and was constructed in the 
fall of 2004. This section is located south of Sacramento on I-5 which at that location has 
four lanes in each direction and a 65 MPA speed limit (See Figure 8). The test section has 
an average of 105 000 vehicles daily- including almost 12% trucks. This section had before 
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the new overlay a PCC pavement. In the new construction in 2004, an OGAC overlay was 
paved directly on top o the PCC. 

 
Figure 8. Florin Road, Section overview and close-up. 
 

4.5 Davis I-80 
This 9 km section was in July 1998 grinded and first paved with a DGAC and as the 
friction course a 22 mm OGAC overlay was paved. I-80 is a major trans-continental 
interstate freeway with 65 MPA speed limit and according to the “I-80 Davis OGAC 
Pavement Noise study report”, with an average of nearly 130,000 vehicles daily- including 
almost 10% trucks. The data from this section was collected at night and photos can be 
seen in Figure 9. 
 

 
Figure 9. Davis I-80, Section overview and close-up. 
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5 SAMPLING AND DATA COLLECTION 

The same type of data will be collected on both sets of field sections, according to table 4. 
 

Table 4. Data Collection in the field 

Type of Data Specific test or 
Sample 

Times of 
collection 

Used in Thesis 

Condition Survey  Annually No 
Permeability ASTM D 5084 Annually Yes 
Sound intensity  Annually Yes 
Friction Dynamic friction 

tester ASTM E 1911; 
Brittish Pendulum 

Annually  No 

Macro texture Circular friction 
ASTM E 2157 

Annually No 

International 
Roughness Index 
(IRI) 

Laser profilometer Annually No 

Deflections Falling Weight 
Deflectometer 

Annually No 

Cores Diameter 100 mm and 
150 mm. 

Once Yes 

 
 

5.1 Cores 
For each section a total number of 13 cores were taken with a coring trailer, see Figure 10. 
Four of these cores have the diameter 100 mm and 9 of them have 150 mm. The cores 
were used to perform a series of tests in the lab according to Table 5. Core number 11 and 
12 are full depth and are stored as extra cores for future analyses. 
 
For some of the cores a separate contractor was used in order to get all cores more quickly. 
Each core was cored through at least two layers of AC in order to get a good sample of the 
top lift. For some sections there was trouble to get the cores out of the pavement, a tool 
was then used to bend the core and make it snap from its bound. Some times this procedure 
caused major damages to the top layer, making it difficult to air-void and to get an accurate 
result. 
 
When the core had been cored and taken up from the pavement, it was marked with a 
section ID and stored in the coring truck. Over the coring hole the coordinates were taken 
with a GPS unit and next to each coring position the cross slope and grade was taken with 
a digital grade. 
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Figure 10. Coring trailer 
 

Table 5. Laboratory Measurements and tests on field cores. 

Type of data Specific test Core # used Used in Thesis Comment 

Thickness of 
surface layer 

 All Yes  

Thickness of 
underlying layers 

 All No  

Impedance tube 
noise absorption 

 1-2 No  

Extent of 
clogging test 

Test performed 
by EMPA 

3-4 Yes  

Super pave shear 
test 

 5-6 No  

Air-void content CoreLok and CT 
309 

5-10 Yes Using bulk and 
max specific 
gravity 

Binder content CT 382 5-10 Yes Where original 
aggregate 
source and 
gradation 
available 

Aggregate 
gradation 

CT 202 5-10 Yes  

LPDS  13 No  
 
Less than 13 cores were taken at reference sites with dense graded asphalt concrete, 
because at sites with DGAC air-void in wheel path and between wheel paths is not 
differentiated. 
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5.2 Permeability 
To test the permeability in situ a Gilson AP-1B permeameter was used, which was 
developed by the National Center for Asphalt Technology (NCAT). 
 
The permeameter assembly consists of up to 4 segments, or “tiers” of clear plastic in 2 
sections (see figure 11). Two different top sections are Included and are designed to 
Increase the versatility and measurable permeability range of the unit. The standard top 
section consists of one nominal 19 mm tube and one nominal 44.5mm tube. The alternate 
top section is comprised of one long 44.5mm tube to allow extended test times in 
moderately permeable pavements. Using this section also allows faster filling of the 
permeameter with water when testing open graded pavements, which may be very 
permeable. 
 
In use, the apparatus is seated on the test site, within 10 m of the coring location, using 
Ecoflex 5, which is a silicon rubber on tube. The permeameter is then filled with water to a 
beginning mark and the start time is recorded. Rate of outflow may be observed as water 
level drops past graduated marks on the side of the tiers. To keep equation parameter 
constant, the operator must select one of the four different diameter tiers to track the falling 
head over a period of time. The choice of which tier to use depends upon the rate at which 
the head is falling after the apparatus is filled with water. Very permeable pavements will 
necessitate selection of one of the larger diameter tiers because the head will fall too 
quickly for accurate observation in the smaller diameter tiers. 

 
Figure 11. Permeameter 

Because the rate of flow depends on the thickness of the AC layer, a calculation is done in 
order to get a coefficient not depending on the layer thickness. Therefore, for each test site 
a permeability coefficient was calculated according to formula 1, found in Gilson 
Company’s operating instructions for their asphalt field permeameter. 
 
K = (a L / At) ln (h1/h2)  (1) 
 
Where: 
K =  coefficient of permeability. 
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a =  inside cross-sectional area of standpipe, cm2 (Varies depending on tier used for 
 testing; see listed values in Calculation section.) 
L =  length of the sample, cm (thickness of the asphalt mat). 
A =  cross-sectional area of permeameter through which water can penetrate the pavement 

(test area), cm2. 
t =  Elapsed time between h1 and h2. 
h1 =  Initial head, cm. 
h2 =  Final head, cm. 
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6 LABORATORY INVESTIGATIONS 

The first thing done when cores got in from the field was to take pictures and measure its 
thicknesses. 
 
To determine the best method to get the air-void content from open graded cores, a 
comparison between how the cores are dried and how the cores are sealed were done, 
which can be seen in Appendix 3. 
 
The original procedure for the rice was to use core number 5 to 10 for bulk specific gravity 
and maximum specific gravity and to use two of the cores for a shear test. It was later 
realised that some of the sheared specimens came out with a very rough sheared surface, 
making it hard to get an accurate bulk SG. The procedure was then changed so that if the 
sheared specimen surface is considered to rough, it will not be used for bulk SG. Instead 
the saved cores 11 and 12 will be used for bulk SG, but not for the destructive maximum 
SG. The extra cores used for bulk SG will then be put away and stored for future use. 
 
Core numbers 5-10 are used in the following order: 

1. All cores photographed and measured 
2. 5 and 7 are sheared 
3. 5 to 10 is dried with CoreDry 
4. 5 to 10 is used with CoreLok 
5. 5 to 10 is used with Parafilm 
6. 5 to 10 is used for maximum specific gravity (Wheel path separated 

from Between Wheel Paths)  
7. Material from maximum specific gravity used to get gradation. 

6.1 Measuring thicknesses 
Measurements of each core are done by taking four measurements for each lift, according 
to Figure 12. When lifts are not recognised but is known to be there and both consist of the 
same mix, it is treated as one lift. Most sections with a top layer thickness of 90 mm are 
done in two lifts the same day and because of that those two lifts are hard to recognise. 
The top lift is measured as lift one and the remaining asphalt lifts are measured as lift two 
and if there is any concrete, it will be measured as lift three. The only thicknesses of 
interest are the top layer, the total asphalt and concrete thickness. 
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Figure 12. Shows where the four measurements were taken. 

 

6.2 Air-Void content 
 
The air-void content is determined by using the bulk specific gravity and the maximum 
specific gravity. The bulk specific gravity was collected by using two methods, CoreLok 
and Parafilm. In both cases the cores were first dried in a CoreDry machine. The CoreDry 
uses a high vacuum in conjunction with a thermoelectric cold trap to first draw the water 
out from each pore of a sample, quickly evaporate the drawn out water by lowering the 
vapor pressure and then trap and condense the vapor in a separate chamber. The vapor trap 
serves two purposes in the system: first it prevents much of the vapor from entering the 
pump which keeps the pump efficiency high and secondly it improves the efficiency of the 
drying process by increasing the vacuum of the system by causing condensation. After 
drying the specimen with the CoreDry, it was weighed and then first sealed with CoreLok 
and then with parafilm. 
 

6.2.1 Bulk specific gravity with CoreLok 
The CoreLok system is a vacuum chamber that is used with specially designed polymer 
bags to completely seal field and laboratory asphalt samples from water during the bulk 
specific gravity measurements. A sealed speciemen can be seen in figure 13. 
 
At first the sample was dried in the CoreDry and the weight of the polymer bag was taken. 
Then the weight of the dried core was taken and then put in the bag, which together was 
placed in the CoreLok, to be vacuum sealed. After the sample had been sealed it was 
weighed under water, making sure there was no air bubbles trapped under the bag wings. 
All data was collected in a binder and later transferred to an excel sheet. The data 
collection form can be found in Appendix 5. 
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Figure 13. Open-graded core, vacuum sealed with polymer bag 
 
In this process the following four weights were taken: 

1. Weight of plastic bag in air 
2. Weight of specimen in air 
3. Weight of specimen and bag in water 
4. Weight of specimen in air 

 
 

6.2.2 Bulk specific gravity with Parafilm 
Parafilm is a self-sealing, moldable and flexible film for numerous uses in the typical 
laboratory and it can be stretched 3 to 4 times its original length before breaking. This test 
was done to compare the CoreLok results with. 
 
At first the sample was dried in the CoreDry and then weighed in air. The second step was 
to fill up every gap caused by a missing aggregate with parafilm. Then the core was 
manually sealed with the use of the parafilm, by wrapping the core several times, until the 
core was completely sealed (See Figure 14). The second weight was then taken in air with 
the sample covered in parafilm. Then the third weight was taken in water and the waters 
temperature was noted. When taking the weight in water it is important to check that the 
water did not leak through the parafilm layer, resulting in an inaccurate bulk specific 
gravity. 
All data was collected in a binder and later transferred to a excel sheet. The data collection 
form can be found in Appendix 6. The bulk specific gravity is calculated at 25°C and if  
the water temperature was different from that, it was corrected. 
 
In this process the following four weights were taken: 

1. Weight of specimen in air 
2. Weight of specimen and parafilm in air 
3. Weight of specimen and parafilm in water 
4. Weight of specimen in water 
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Figure 14. Core sealed with parafilm 

6.2.3 Maximum specific gravity 
The maximum specific gravity is calculated according to “California Test 309”. The test 
was performed on cores with the number 5 through 10. The wheel path cores were treated 
separate from the between wheel paths ones, resulting in three cores from wheel path and 
three from between wheel paths. 
 
The first step was to separate the particles of the sample by hand, taking care to avoid 
fracturing the aggregate, so that the particles of the fine aggregate portion are not larger 
than 6.3 mm. All the cut aggregate from the sides of the core were removed, typically the 
sides and the cut bottom of the core. If a sample of paving mixture was not sufficiently soft 
to be separated manually, it was placed in a flat pan, and warmed in an oven until it could 
be separated as described. The sample was then divided down to two equal samples, A and 
B according to Table 5. 
 
Then the first weight a 4000 ml pycnometer in water was taken and then dried and weighed 
again, dry in air. Next the third weight was taken of the sample and dry pycnometer in air. 
Water at a temperature of 25 ± 4°C was then added to completely submerge the sample. 
Vacuum was applied for 15 ± 2 min to gradually reduce the residual pressure in the 
vacuum vessel to 3.7 ± 0.3 kPa. At the end of the vacuum period, the vacuum was 
gradually released. The volume of the sample of paving mixture was obtained by weighing 
the container in water. At the time of weighing the temperature is measured as well as the 
mass. From the mass and volume measurements, the specific gravity or density at 25°C 
was calculated. If the temperature employed is different from 25°C, an appropriate 
correction is applied according to “California Test 309”. This procedure was done twice 
for each sample to get an average over two samples with a different between two samples 
equal or less than 0.011. If the different was more, a third sample was run.  
 
The data collection form for maximum specific gravity can be found in Appendix 4. 
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Table 6. Minimum Sample Size 

Size of Largest 
Particle of Aggregate 
in Mixture [mm] 

Minimum 
Sample 
Size [g] 

50.0 6000 
37.5 4000 
25.0 2500 
19.0 2000 
12.5 1500 
9.5 1000 
4.75 500 
 

6.3 Gradation 
The specimen’s aggregate gradation affects its air-void content which in turn affects the 
pavements noise reducing properties. 
 
The gradation is collected for each section, according to “California Test 202”. After the 
maximum specific gravity was done, the same material was used to obtain a gradation. In 
order to get an aggregate gradation, the asphalt must be extracted from the sample, and that 
was done by using a NCAT asphalt content test, which works as described under “Binder 
content”.  
 
Each specimen put in the furnace oven was about 2200 g and if the binder content is 5.5%, 
it gives an aggregate sample of 2079 g. When the specimen came out of the furnace oven, 
it needed to cool down to a temperature where it could be handled. When cooled down the 
aggregate is weighed before wet sieving. Wet sieving is done to extract the fines under 
0.075 mm from the sample, because that usually gets stuck on the coarse aggregate. This is 
done by placing a sample on a 0.075 mm sieve, with a 2 mm protective sieve on top to 
avoid damage to the fine sieve. Then shower the sample with water, which will extract 
most of the fines and result in a more accurate gradation. After wet sieving and prior to 
sieving the sample was dried in an oven at 105 degrees for 24 hours. 
 
Because the samples were about 2 kg, it did not have to be split before sieving. The sample 
was then weighed to get the total of washed out fines, and put on the largest of the stacked 
sieves. The following sieve sizes were used in descending order [mm] 25, 19, 12.5, 9.5, 
6.3, 4.75, 2.36, 1.18, 0.6, 0.3, 0.15, 0,075. The sieves were then put in a shaker and run for 
15 minutes and when done the sieves were taken apart. Each sieve was emptied in a bowl 
and weighed separately, weights were noted and entered in an excel spread sheet. 

6.4 Binder content 
The asphalt binder content was only collected where original aggregate source and 
gradation was available. The asphalt content of a sample is calculated with the use of a 
NCAT asphalt content tester, and is calculated according to “California Test 382”. This 
test method provides a procedure to determine the asphalt binder content of bituminous 
paving mixtures by removing the asphalt binder via pyrolysis. Bituminous mixture samples 
are placed in a furnace and heated past the self ignition point of the asphalt binder 
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(typically ranging from 420 to 570°C). The asphalt binder is ignited and burned off leaving 
the aggregate intact. 
The type of aggregate in the bituminous paving mixture may affect the results of this test 
method. Different aggregates may lose mass, to varying degrees, due to the pyrolytic 
action. Accordingly, a correction factor is determined for each type of bituminous paving 
mixture. 
 
Because the ignition oven is used to get the binder content and gradation, it can as said 
earlier only be used for binder content when original aggregate source is available. This is 
because to get a binder content from the ignition oven, it has to be calibrated and for that 
the original aggregate is needed. This makes it impossible to get the binder content with 
the ignition oven, for most of the sections. EMPA in Switzerland uses an extraction 
method with the Asphalt analyser to get the binder content, this made it possible to get the 
binder content from the cores sent to EMPA. 
 
Unfortunately due to delays in installations, no ignitions were run and therefore neither 
gradations nor binder could be collected.  

6.5 Tire wear 
Over 30 million scrap tires are annually generated in California and from that tire wearing 
a large amount of rubber is released on the roads. The average rubber loss per tire is 90 
mg/km, but varies for passenger cars from 6-900 mg/km (Allen, J., 2004).  The large 
variation in tire wear depends on the tire, acceleration, pavement, deceleration, speed, load, 
etc. For I-80 just outside of Davis, with four lanes and a traffic of 130,000 vehicles per 
day, gives 65,000 tires per day passing in the right wheel path. This results in almost 5.9kg 
of rubber worn of each day per km of road. The question is how much of this rubber gets 
aerosol, how much is washed of with storm water and how much stays on the pavement? 
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7 RESULTS 

7.1 Air-void 

7.1.1 LA 138 
Air-void results from core number 5 and 6 has not been taken in to account due to the 
difficulty to get an accurate air-void from those two cores after being sheared. The rest of 
the cores are printed in Diagram 7.The average differences between the right wheel path 
and between the wheel paths are about 3%, which clearly shows that the wheel path has a 
lower air-void. 
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Diagram 7. Air-Void content from OGAC cores in right wheel path and between 

wheel paths with average, at the LA138 sections 

7.1.2 Rosemead Blvd. 
Because the asphalt is newly paved, the variation in air-void is very low. No conclusions 
can be drawn from the results in Appendix 1, table 1, because this might just be a natural 
variation. It does show a consistency through out the section. The air-void results has a 
standard deviation of 1.09%, this without the deviant value of 9.8% would be 0.526%. A 
yearly study of the section would be interesting, to see its development. 
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7.1.3 San Mateo I-280 
The section in San Mateo I-280 which was constructed in 2002, shows no sign of 
compaction in the right wheel path. The variation showed in appendix 1, table 2 indicates a 
natural variation which can not be assigned to compaction. With a standard deviation of 
0,86% it is considered low and that the OGAC has kept a consistent air-void throughout 
the section. Further studies of this section will show whether the air-void content has 
decreased in the wheel path. 
 

7.1.4 Davis I-80 
This section on I-80, just west of Davis was constructed in July 1998 and there for a 
difference between wheel path and between wheel paths could be expected. The air-void 
results from Davis I-80 shown in Appendix 1, table 3, although a lack of data indicates a 
lower air-void in the wheel path. 
 
No conclusion can be made whether any material has clogged the air-voids of the 
pavement, resulting in lower air-void content and a lower permeability or if it is due to 
compaction. However, this is most likely due to compaction of the traffic. 
 

7.1.5 Florin Road I-5 
The Florin Road I-5, right outside of Sacramento, was constructed in the fall of 2004 and is 
a fairly young pavement. Because the new overlay was paved directly on the PCC it had a 
very weak bound. When coring and later handling the cores, the OGAC and PCC layers 
fell apart. Half of all cores from these two sections broke of at the bound when handling 
them in the lab. 
 
The five right wheel path values from Appendix 1, table 4, have an air-void average of 
18.2% with a standard deviation of 0.97%. The five between wheel paths cores has an 
average of 18.4% and with a standard deviation of 1.98%. This shows a slightly higher air-
void in between the wheel paths but the difference is too small to make any assumptions. 
According to results from previous sections this could indicate that compaction or clogging 
of the right wheel path has begun, again it is too early to make that assumption and also not 
enough data has been collected to support that. 

7.2 Permeability 
The results from the permeability test from each section are presented in Appendix 7, in 
the form of a permeability coefficient for each test site.  
 

7.2.1 Correlation between Permeability and Air-Void content 
Because a permeability test was conducted in connection to each core in the field, the 
results from the air-void content collected from each core and the corresponding 
permeability coefficient is drawn in diagram 8. For air-void results the CoreLok method 
was used. 
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y = 0,0119Ln(x) + 0,1831
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Diagram 8. Logarithmic Relationship between air-void content and permeability for 
field samples 
 
The diagram shows how the permeability increases with increasing air-void content. The 
regression line shows a linear relation between the permeability and air-void, except for a 
couple extreme values. The relatively low permeability for the cores with an air-void 
around 16.5 can be explained either by a clogged section or a smooth and tight pavement 
surface. The samples with low air-void content and a high permeability could be explained 
by a small leakage in the interface between the permeameter and the pavement. The 
extreme values can also be a natural variation in the asphalt mixture, due to permeability 
tests taken up to 10 m from the coring location. Because the number of results so far is 
very limited the results from diagram 3 should be interpreted with cautious. According to 
the results from this study an increase in air-void from 13% to 15% would give an increase 
in permeability with about 440%. Further results would be interesting in order to get more 
data to build the study on. 
 
The age for most of the samples in diagram 3 is from between the years 2002 till 2004 with 
the exception of samples from one section which is from 1998. 

7.2.2 LA County SR-138 
As seen in diagram 9, the regression lines in the diagram show that the trend is that the 
OGAC pavement between wheel paths has a higher permeability. Even though the 
permeability varies allot within the section, the linear curves indicates an overall higher 
permeability between the wheel paths. If compared to the reference pavement DGAC 
which at the time of testing had the permeability 5.39E-06 cm/s, a great permeability 
difference can be seen. 
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Diagram 9. Permeability in right wheel path and between wheel paths. 
Diagram 10 shows that the RAC-O is much less permeable, even though both were paved 
in the same month, there for it can not be explained with an age difference. It also shows a 
much more consistency in the RAC-O and with a standard deviation of 0.15E-02 , compared 
with the OGAC which has a standard deviation of 1.70E-02. 
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Diagram 10. Permeability of OGAC followed by orange RAC-O at LA138 

7.2.3 Rosemead Blvd 
The section on Rosemead Blvd. consisted of a mixture design found in Europe and was 
constructed in May 2005. Diagram 11 shows only a small difference between the right 
wheel path and between wheel paths and this can be explained by the young age of the 



-44- 

pavement. Because the RAC-O was paved only four months before the field testing was 
done. 
 
The variance in the results can be explained by a natural variance in the AC, because even 
though every effort is put into making the AC homogeneous this can in practice not be 
accomplished. It can though look like the variance is a bit larger then in an average AC 
pavement. To support the theory, is the fact that close to the same permeability was found 
in both wheel path and between wheel paths at four of the test locations. Future studies will 
show how this mix design will perform over time. 
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Diagram 11. Permeability in right wheel path and between wheel paths for Rosemead 
Blvd 

7.2.4 San Mateo I-280 
The section in San Mateo I-280 was constructed in the fall of 2002 and therefore some 
differences between test locations can be expected. Diagram 12 shows that the between 
wheel paths locations has relatively stable results.  
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Diagram 12. Permeability in right wheel path and between wheel paths for San Mateo 
I-280 

7.2.5 Davis I-80 
The result from I-80 just west of Davis shows a very consistency in permeability when 
comparing wheel path with between wheel paths and is shown in Diagram 13. The average 
permeability in the right wheel path is 2.28E-02 cm/s and between wheel paths 3.33E-02 
cm/s and the difference of 1.05E-02 cm/s. That with a standard deviation of 0.64E-02 cm/s 
in right wheel path and 0.91E-02 cm/s between wheel paths. 
 
A texture study of the OGAC can show whether any kneading has caused the lower 
permeability in right wheel path. That would show if the texture had become smother in 
the wheel path, resulting in less surface air-void. 
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Diagram 13. Permeability in right wheel path and between wheel paths for Davis I-80 
 

7.2.6 Florin Road I-5 
This section was constructed only one and a half year ago and therefore any differences 
between the two coring location has yet been shown. For the later part of the section, 
which is the northbound direction, a higher permeability is noticed in between the wheel 
paths (see Diagram 14). This could be due to the coring location for the southbound which 
were in the end of a on ramp, which means there are less traffic there. The different 
between north and south bound are obvious, but further studies will show whether the 
south bound will move towards the north bound’s permeability. 
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Diagram 14. Permeability results for Florin Road I-5 
 

7.3 Mixture specific results 
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Diagram 15. Permeability summary of OGAC and RAC-O from all examined sections 
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Diagram 16. Air-Void Content OGAC and RAC-O for all examined sections 
Diagram 16 which show the air-void content for the examined RAC-O and OGAC sections 
also shows an increase in air-void content from sample 14 to 28. This can be followed on 
to diagram 15 where an increase in permeability can be recognised from around sample 14. 
Where the OGAC shows a significant air-void increase, the permeability also shows a 
significant increase. This means that a relationship between air-void content and 
permeability can be confirmed for the OGAC mixture with these two diagrams. The 
variation within each mixture from sample to sample is due to the variation between right 
wheel path and between wheel paths. 
 
When looking at the RAC-O mixture it is harder to see a relationship between the air-void 
content and permeability. While the permeability for the first 10 samples are stable in 
diagram 15 and fluctuates quite allot in air-void as shown in diagram 16. From sample 10 
and forth the air-void is more constant while the permeability starts fluctuating allot more. 
The RAC-O also has an extreme permeability value, about 2 times higher then the second 
highest, which can be explained by local variations in the pavement. It can be a result of 
cracks projecting up from the underlying PCC, which yet has not been noticed at the 
surface. These cracks could help transporting water from the permeability test. 
 
If excluding the extreme value in Diagram 15 the last five values have an standard 
deviation of 0.295E-1, which corresponds to the ES-21 section on I-280. 
 
Also noticed in the last five RAC-O samples is that any small change in air-void, results in 
an 4 times change in permeability, which corresponds to the results from diagram 8 which 
shows the relation between air-void content and permeability. But when looking at the first 
10 values for RAC-O in both Diagram 15 and 16 the fluctuation in air-void does not give 
any major change in permeability. The first 10 values all come from the SR-138 sections 
and all the RAC-O is constructed in the year 2002. 
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8 DISCUSSION 

8.2 Method discussion 

8.2.1 Field procedures 
Data was collected from the field in the form of cores and permeability data. 
 
When conducting field tests a traffic closure was needed and this was arranged by the lab 
manager. The traffic closure was set up by Caltrans and the schedule for each closure was 
set between the lab manager and Caltrans. This was the process which resulted in the 
biggest delay in the project, to get a schedule for closure. All field tests for the first year’s 
collection were supposed to be done by the end of 2005. This resulted in less data then 
expected in this thesis. 
 
Because a separate contractor was hired to core some of the samples in the ES1 through 
ES9 sections, a wrong coring bit diameter was used. Instead of a 150 mm inner diameter a 
150 mm outer diameter was used. This was caused by a misunderstanding with the 
contractor, resulting in problems getting an accurate bulk specific gravity from cores after 
being sheared. The problem acured since the core could not be tightened in the holder used 
for shearing the specimen, minor adjustments in the equipment resulted in a rougher 
sheared surface. This problem was solved by making adjustment to the core holder, which 
was done by manufacturing spacings that gave a tighter fit between the smaller core and 
the holder. 
 
The permeability test gives a reading for the current location and is affected by any cracks 
located under it, transporting water away faster. The test was always performed on a 
surface without visible cracks and within 10 m of the coring site. 
 
With the use of the silicon EcoFlex 5, most tests were performed without leakage and 
when leakage did appear, it was very easy to recognise and the test could be restarted. 
During a warm day about 25-30°C the silicon only took 1.5 minutes to cure and the test 
could begin. On a cold day with a temperature around 10°C the curing time was about 7 
minutes. The temperature difference did not cause any variation in test results except for 
possible thermal expansion of the asphalt, resulting in slightly lower air-void content, this 
difference was considered not to be significant.  
 

8.2.2 Lab procedures 
Cores collected from the field went through a series of tests for use in this thesis, bulk 
specific gravity, maximum specific gravity and gradation. 
 
First thing after coming back from field trips were to log each core in and take a picture of 
each one of them. Along with the picture, measurements of the cores were taken. A 
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problem occurred on a few sections where a section was said to have a top layer of 90 mm. 
When a layer that thick is paved, it is always paved in two lifts, and when a separate lift is 
recognized within the 90 mm that is used as the top lift. This happened when the paving of 
both layer for one section were not done on the same day and therefore a tack coat applied 
between lifts, resulting in that core number 5 could be 48 mm and core nr 7 being 94 mm.  
 
Before the maximum specific gravity could be taken two cores needed to come back from 
shearing, in order to have enough material. The shearing test it self with preparations only 
took about 20 minutes per sample, even though a queue to the machine and problems with 
it caused a delay in getting specimens sheared. 
 
Also for the bulk specific gravity a comparison was performed in order to find the most 
appropriate method, also for the drying process a comparison was done. The comparison to 
find the most appropriate method for bulk specific gravity included the CoreLok and 
parafilm method. The conclusion from this evaluation is that the parafilm method most 
often gives higher air-void content, especially on open-graded specimens. The higher air-
void content is because the difficulty not to get air bubbles under the parafilm, due to lots 
of surface voids. Results from this evaluation resulted in using the CoreLok values for this 
thesis. The whole evaluation can be found in Appendix 2. For the drying process 
evaluation of the results can be found in Appendix 3, and the conclusion from that test was 
to dry with the CoreDry instead of the overnight fan drying. 
 
The time it took to perform both tests for bulk specific gravity on each core did 
significantly reduced the total number of cores tested by the end of January. 
 
For the maximum specific gravity the three cores were separated by hand and the fines 
separated down to less than 6 mm in diameter. The whole sample was then split down in to 
two equally large samples and a maximum specific gravity was run on both of them. This 
test method also requires a large amount of sample, because of the 4000ml pycnometer 
used. A smaller sample would then make this test to inaccurate. This whole process made 
it possible only to get one set of two maximum specific gravities per day. The test results 
when running double test were satisfying. 
 
When the whole procedure was done to get the air-void for one section, the material was 
stored in a plastic container to have its asphalt removed in the ignition oven. The original 
idea was to also have the gradation from each section in the thesis, but due to a problem 
with the installation of the ignition oven, resulting in testing not got started until late 
February. That late start resulted in a shortage of data and therefore not added to the report. 
 
The binder content could not be calculated with the ignition oven unless the original 
aggregate and gradation was available and in most cases it was not. Because the binder 
content is calculated with amount of weight lost in the ignition oven, also this test was 
affected from the delay in installation, resulting in to few results for it to be in the thesis. 
 
The Lack of samples run in the ignition oven also affected the gradation analyses, because 
the sample had to go through the ignition oven before being sieved. The decision was then 
made that the gradation for each section will not be in the thesis, due to several delays. 
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8.3 Comparison to Sweden 
The comparisons are done with the equipment and procedures used in the PRC and are not 
necessarily the most common practice in California. 
 
The conditions for open-graded and gap-graded pavements in California and Sweden are 
completely different, mostly because of the climate. In Sweden there is freezing and 
thawing and also salt and/or sand is used on the pavements, which increases the clogging 
effect. Also in Sweden studded tires are used during the winter months, resulting in a much 
higher wear of the pavement and the release of possible clogging articles. 

8.3.1 Laboratory practice 
Methods are very similar to the Swedish methods, which now are moving towards the 
European standard. Many of the Swedish methods are based on the same theory as the 
Californian, which is from AASHTO. The Californian test methods are a bit different than 
the ASTM methods or the AASTO methods, but are basically the same. 
 
For the bulk specific gravity a CoreLok machine vacuums the sample in a bag, as 
described earlier. This method is very good at keeping the samples consistent and is not 
operator dependant. As long as any air trapped under the bag is removed, the results are 
very consistent. 
 
The machine used when getting the bulk specific gravity is the CoreDry, which also does a 
great job keeping the results consistent. It dries each sample in room temperature with 
vacuum as described earlier and this takes from 10 to 40 minutes depending on how wet 
the sample is. This compared to the regular Swedish procedure where a wet sample needs 
to be broken down in an oven at 110 C for about 2 to 4 hours, in order to get the sample’s 
dry weigh. 
 
Most differences can be found in the equipment used for each method. For the vacuum 
procedure in the maximum specific gravity method, more samples could be tested per day, 
if smaller pycnometers were used which would enable tests with a smaller sample. Today a 
sample with a maximum aggregate size of 12.5 mm requires 1500 g of sample in a 4500 ml 
metal pycnometer, and in Sweden according to FAS method 425, a 400 g sample with a 
500 ml pycnometer would be sufficient. The shake table used to shake the pycnometer and 
help extracting air from the sample has a very low frequency and because of that each 
sample needs to be broken down till the point were fines have the maximum size of 6 mm. 
That is a very time consuming process and could be reduced if a shake table with higher 
amplitude were to be used. Also if the shake table would fit more than one pycnometer and 
smaller pycnometers were used, less material would be needed for each sample and more 
could be done simultaneously. 
 
Because the water tanks for weighing samples under water is almost one cubic meter and 
heated, the water will have different temperatures at different depths. If pycnometers which 
are easy to fill up with water without trapping any air would be used, the whole process of 
weighing pycnometer in water could be skipped. The weight change due to water 
temperature difference would also be minimized if a temperate bath would be used and 
after the sample reaches 25C weigh it in air. This would give a consistent temperature with 
all samples and should give a better consistency in the samples, or if an electric mix would 
be used to stir the water. 
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For sieving, a Rotap is used which basically taps the top of the sieves while the bottom 
moves the sieves horizontally. This system only allows a set of 7 sieves including the 
bottom to be put in the Rotap and this makes it necessary to Rotap two times to get all 
sieve sizes. Also each sieve has a 202 mm diameter and compared to the most common in 
Sweden which are the 300 mm sieve. According to the Swedish FAS Method 221-02 the 
sieving machines has to have room for at least 12 sieves which is good for both quality and 
is time saving and it also recommends a 300 mm sieve size. 
 

8.4 Recommendations for further studies 
More data will be needed to be collected in order to draw more accurate conclusions and to 
draw any conclusions for several of the sections. The scheduled data collection for 
different traffic speeds and climate regions will give a good data to study. The data from 
different climate regions will show how much the amount of rain affects the cleaning effect 
of tires. Data from lower speed roads will show whether permeability decreases when the 
speed is lowered, and that would indicate some cleaning of the tires. Also the coming 
year’s data collection will show how the RAC-O performs over time. 
 
In order to answer the question if high speed traffic results in a cleaning effect of the 
OGAC and what material that clogs the pavement, the following studies are suggested: 

• A chemical analysis of an OGAC pavement to see if any rubber, and if so, how 
much that rubber can be found in the pavement. This will show whether the tire 
wear could effect the clogging or if the amount of rubber is too low to make any 
significant difference. An alternative method is to try using a polarized microscope 
and the rubber should be shown as opaque (Miskovsky, K., 2006) when looking at 
it through a polarized microscope. 

• Texture data from both right wheel path and between wheel paths will be 
interesting, in order to see if any compaction or kneeing has occurred on the 
surface. This could explain the lower air-void content and also the lower 
permeability in the right wheel path. 

• By including noise measurements a correlation could be tried to be found with the 
air-void content and also with the level of clogging. 

• As built data would be interesting throughout each lane that could be compared to 
data collected years later. This collection could be possible for future paving 
projects. This data would help to see how much compaction and how much 
clogging affects the pavement. 

• A machine developed to allow water to flow through a core with a fixed pressure 
was just finished, but there was no time to test samples with it (see figure 15). The 
equipment stands inside a bowl which can collect the water for later examinations. 
Therefore further study of the material flushed out of cores is suggested and how 
much better the flow gets after cleaning the core with high pressure water.  
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Figure 15. Developed water pressurizing equipment. 
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9 CONCLUSIONS 

The results from the air-void content and permeability shows no support for the theory 
about vehicle tires cleaning open- and gap graded asphalt concrete. But neither does it 
exclude the possibility of cleaning. The cleaning effect should vary with the climate, more 
rain resulting in better cleaning. Though because the theory origins from Holland and their 
annual rainfall is much higher than California, that could have effected the results. Further 
studies are required to find if the asphalt concrete is clogged or if it has been compacted on 
the surface. Also a comparison to lower speed roads would show if there are different 
degrees of clogging and cleaning. 
 
The equipment that was going to be used to examine the loose material inside the cores 
was not finished in time and therefore no data from that test could be collected. The 
material collected can also be examined to see what it consists of, as suggested under 
recommendations for further studies. 
 
Because the delay in data collection many of the sections was not completed by the end of 
January and therefore not enough data was gathered to examine the clogging over time. 
 
A correlation between the air-void content and the permeability was found, based on data 
from examined sections. The air-void relates to the permeability logarithmic, 
y=0.0119Ln(x)+0.1831, where x is the permeability coefficient. More data for the different 
thicknesses is needed for the mixtures, to get a better correlation 
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APPENDIXES 

Appendix 1 Air-Void Data 
Table 1. Air-void content for Rosemead section 

Core ID Air-Void Difference 
ES10-5-RW 12.4% 
ES10-6-BW 11.3% 

-1.1% 

ES10-7-RW 12.7% 
ES10-8-BW 12.2% 

-0.5% 

ES10-9-RW 9.8% 
ES10-10-BW 12.2% 

2.4% 

 

Table 2.  Air-Void Content for San Mateo I-280 section 

Core ID Air-Void Difference 
ES21-5-RW 15.0% 
ES21-6-BW 13.1% 

-1.9% 

ES21-7-RW 13.6% 
ES21-7B-RW 13.1% 
ES21-8-BW 12.7% 

-0.7 

ES21-9-RW 12.5% 
ES21-10-BW 14.0% 

1.5% 

 

Table 3.  Air-Void Content for Davis I-80 section 

Core ID Air-Void Difference 
ES11-5-RW N/A 
ES11-6-BW 20.3% 

N/A 

ES11-7-RW 16.3% 
ES11-8-BW 18.8% 

2.5% 

ES11-9-RW 15.9% 
ES11-10-BW 19.3% 

3.4% 
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Table 4.  Air-Void Content for Florin Road I-5 section 

Core ID Air-Void Difference 
ES22-5-RW 17.2% 
ES22-6-BW 18.5% 

1.3% 

ES22-7-RW 17.7% 
ES22-8-BW 15.8% 

-1.9% 

ES22-9-RW 18.4% 
ES22-10-BW 17.7% 

-0.7% 

ES23-5-RW 19.7% 
ES23-6-BW N/A 

N/A 

ES23-7-RW 17.9% 
ES23-8-BW 21.3% 

3.4% 

ES23-9-RW N/A 
ES23-10-BW 18.8% 

N/A 
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Appendix 2 Parafilm vs CoreLok 
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Diagram 1. Bulk specific gravity difference between Parafilm and CoreLok 
 
The average difference for the parafilm and the CoreLok results shown in digram 1 is 
3.42%. That means that the parafilm method has given an average of 3.45% higher bulk 
specific gravity. The difference is due to air trapped under the parafilm and the difference 
gets bigger with an open-graded specimen and it is highly operator dependant.  



-60- 

Appendix 3 CoreDry vs FanDry 
Bulk specific gravity evaluation 

Summary 
Both methods were performed on samples from two sections, a total of eight cores.  The 
average difference between the CoreDry and Fan dry were found to be 0.665%, which is 
smaller than the actual method variation. With this result the conclusion is that CoreDry 
gives the same result as the fan dry method and as of now CoreDry is used for drying. 

Evaluation 
A comparison was done to determine the difference in bulk specific gravity between the 
CoreDry machine and the Fan dry method. After each drying process the sample was 
parafilmed and the bulk specific gravity was taken. 
 The CoreDry machine uses a high vacuum in conjunction with a thermoelectric cold 
trap to first draw the water out from each pore of a sample, quickly evaporate the drawn 
out water by lowering the vapour pressure and then trap and condense the vapour in a 
separate chamber. 
 The original method for drying was changed do to loss of material, from high 
pressure air-hose to fan dry over night.  Data from the test can be found in table 1. 
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Tabel 1. Bulk specific gravity results 
       
CoreDry vs Fan 
with parafilm       

Specimen Sample 
Weight 

CoreDry 

Sample 
Weight 

Fan 

Bulk 
Specific 
Gravity 
CoreDry 

Bulk 
Specific 

Gravity  Fan

Difference Difference 

  (g) (g) (g/cm3) (g/cm3) (%) (g/cm3) 

06-N466-10C 913,9 915,3 2,139 2,114 1,17% 0,025
06-N466-9RW 1057,7 1058,3 2,162 2,129 1,56% 0,034
06-N467-6C 881,6 882,9 2,083 2,065 0,87% 0,018
06-N467-8C 849,7 853,1 2,070 2,062 0,38% 0,008
ES-1-5RW 2543,6 2548,2 2,241 2,236 0,23% 0,005
ES-1-8C 2227,6 2235,2 2,186 2,191 -0,21% -0,005
ES-1-9RW 2555,6 2569,0 2,180 2,199 -0,88% -0,019
ES-1-10C 2301,9 2310,5 2,107 2,107 0,02% 0,000
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Appendix 4 Maximum Specific Gravity Template 

Date Sample ID Sample # Temp 
(water)

Weight of 
bowl in 
water 

Weight 
of bowl 

in air 

Weight of 
bowl & 

sample in 
air 

Weight of 
bowl & 

sample in 
water after 

vacuum 

Initial 

    #  (C°) (g) (g) (g) (g)   
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Appendix 5 Bulk Specific Gravity, CoreLok Template 

Date Sample ID Temp 
(water) 

Bag 
Weight 

Sample
Weight 

Sealed 
Sample 

Weight in 
Water 

Sample 
Weight after 

Water 
Submersion 

Sample  
Weight in

water 

Initial 

     (C°) (g) (g) (g) (g) (g)   
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Appendix 6 Bulk Specific Gravity, Parafilm Template 

Date Sample ID Temp 
(water) 

Weight 
in  
Air 

Weight 
in Air 
with 

Parafilm 

Weight in 
Water 
With 

Parafilm 

Weight in 
water 

Initial 

     (C°) (g) (g) (g) (g)   
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Appendix 7 Permeability Data 
Section ID Core ID Test Date Permeabilit

y Coef 
(cm/s) 

Area of 
Permeameter 

(cm2) 

Thickness 
(cm) 

Initial 
Head 
(cm) 

Final 
Head 
(cm) 

Elapsed 
Time 
(sec) 

07LA138E16.4 ES-1-1-R 2005-09-27 1,62E-02 167,53 7,725 12 10 68,00 
07LA138E16.4 ES-1-2-B 2005-09-27 1,83E-02 167,53 7,45 13 11 53,29 
07LA138E16.4 ES-1-3-R 2005-09-27 1,60E-02 167,53 7,375 10 8 62,15 
07LA138E16.4 ES-1-4-B 2005-09-27 2,18E-02 167,53 6,675 9 7 60,32 
07LA138E16.4 ES-1-5-R 2005-09-27 1,11E-02 167,53 7,35 9 8 61,30 
07LA138E16.4 ES-1-6-B 2005-09-27 3,19E-02 167,53 6,275 16 10 72,27 
07LA138E16.4 ES-1-7-R 2005-09-27 1,36E-02 167,53 6,9 10 7 150,88 
07LA138E16.4 ES-1-8-B 2005-09-27 2,30E-02 167,53 6,425 9 6 88,72 
07LA138E16.4 ES-1-9-R 2005-09-27 2,33E-02 167,53 7,375 8 6 92,90 
07LA138E16.4 ES-1-10-B 2005-09-27 7,89E-02 167,53 6,975 8 3 67,90 
07LA138E16.4 ES-1-11-R 2005-09-27 5,15E-02 167,53 7,025 9 5 67,93 
07LA138E16.4 ES-1-12-B 2005-09-27 3,86E-02 167,53 6,675 8 5 63,59 
07LA138E17.2 ES-2-9-R 2005-09-27 7,68E-04 38,32 6,025 31 29 93,74 
07LA138E17.2 ES-2-10-B 2005-09-27 1,99E-03 38,32 6,025 29 25 71,16 
07LA138E17.2 ES-2-11-R 2005-09-27 8,23E-04 38,32 6,9 27 25 115,57 
07LA138E17.2 ES-2-12-B 2005-09-27 2,96E-02 167,53 7,025 17 12 67,07 
07LA138E18.9 ES-3-1-R 2005-09-27 1,44E-02 167,53 5,275 16 12 82,63 
07LA138E18.9 ES-3-2-B 2005-09-27 2,38E-02 167,53 5,775 9 6 66,13 
07LA138E18.9 ES-3-3-R 2005-09-27 1,53E-02 167,53 4,775 8 6 70,16 
07LA138E18.9 ES-3-4-B 2005-09-27 1,59E-02 167,53 4,425 9 7 58,42 
07LA138E18.9 ES-3-5-R 2005-09-27 3,43E-03 167,53 4,05 9 7 179,63 
07LA138E18.9 ES-3-6-B 2005-09-27 1,48E-02 167,53 3,15 7 5 56,17 
07LA138E18.9 ES-3-7-R 2005-09-27 1,08E-03 38,32 3,825 29 26 70,51 
07LA138E18.9 ES-3-8-B 2005-09-27 8,16E-03 167,53 3,525 17 14 78,00 
07LA138E18.9 ES-3-9-R 2005-09-27 1,07E-02 167,53 3,05 17 12 77,93 
07LA138E18.9 ES-3-10-B 2005-09-27 1,53E-02 167,53 3,025 11 7 62,57 
07LA138E18.9 ES-3-11-R 2005-09-27 n/a n/a 3,225 n/a n/a n/a 
07LA138E18.9 ES-3-12-B 2005-09-27 n/a n/a 3,3 n/a n/a n/a 
07LA138E20.2 ES-4-1-R 2005-09-27 n/a n/a 5,8 n/a n/a n/a 
07LA138W17.2 ES-5-1-R 2005-09-28 1,72E-03 38,32 2,625 33 26 65,27 
07LA138W17.2 ES-5-2-B 2005-09-28 1,98E-03 38,32 2,525 29 22 63,17 
07LA138W17.2 ES-5-3-R 2005-09-28 4,28E-03 38,32 2,975 31 19 60,89 
07LA138W17.2 ES-5-4-B 2005-09-28 2,73E-03 38,32 2,95 28 20 64,99 
07LA138W17.2 ES-5-5-R 2005-09-28 3,80E-03 38,32 3 33 21 63,94 
07LA138W17.2 ES-5-6-B 2005-09-28 5,09E-03 38,32 3,125 32 19 57,29 
07LA138W17.2 ES-5-7-R 2005-09-28 2,71E-03 38,32 3,025 29 21 64,40 
07LA138W17.2 ES-5-8-B 2005-09-28 5,83E-03 38,32 2,875 30 18 45,07 
07LA138W17.2 ES-5-9-R 2005-09-28 2,68E-03 38,32 3,025 33 23 73,05 
07LA138W17.2 ES-5-10-B 2005-09-28 4,44E-03 38,32 3 32 18 69,67 
07LA138W17.2 ES-5-11-R 2005-09-28 3,28E-03 38,32 2,95 29 17 86,01 
07LA138W17.2 ES-5-12-B 2005-09-28 1,72E-03 38,32 2,875 33 26 71,37 
07LA138W18.9 ES-6-9-R 2005-09-28 2,61E-04 38,32 2,325 30 28 83,36 
07LA138W18.9 ES-6-10-B 2005-09-28 2,15E-03 38,32 2,7 32 23 74,20 
07LA138W18.9 ES-6-11-R 2005-09-28 1,01E-03 38,32 3,25 31 27 79,99 
07LA138W18.9 ES-6-12-B 2005-09-28 4,39E-03 38,32 3,2 26 18 47,98 
07LA138W20.2 ES-7-1-R 2005-09-28 2,74E-04 15,52 3,2 48 44 64,73 
07LA138W20.2 ES-7-2-B 2005-09-28 1,05E-03 15,52 2,7 49 36 57,61 
07LA138W20.2 ES-7-3-R 2005-09-28 6,67E-05 15,52 2,875 48 47 66,49 
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07LA138W20.2 ES-7-4-B 2005-09-28 3,80E-06 2,85 2,875 55 55 73,23 
07LA138W20.2 ES-7-5-R 2005-09-28 1,59E-05 2,85 3,725 57 56 55,77 
07LA138W20.2 ES-7-6-B 2005-09-28 3,60E-05 2,85 3,575 61 58 78,10 
07LA138W20.2 ES-7-7-R 2005-09-28 n/a n/a 3,325 n/a n/a n/a 
07LA138W20.2 ES-7-8-B 2005-09-28 n/a n/a 3,175 n/a n/a n/a 
07LA138W20.2 ES-7-9-R 2005-09-28 n/a n/a 3,55 n/a n/a n/a 
07LA138W20.2 ES-7-10-B 2005-09-28 n/a n/a 3,075 n/a n/a n/a 
07LA138W20.6 ES-8-7-R 2005-09-28 0,00E+00 2,85 3,55 65 65 96,37 
07LA138W20.6 ES-8-8-B 2005-09-28 n/a n/a 2,95 n/a n/a n/a 
07LA138W20.6 ES-8-9-R 2005-09-28 n/a n/a 2,975 n/a n/a n/a 
07LA138W20.6 ES-8-10-B 2005-09-28 n/a n/a 2,975 n/a n/a n/a 
07LA138W20.9 ES-9-1-R 2005-09-28 5,39E-06 2,85 3,55 64 63 151,16 
07LA138W20.9 ES-9-2-B 2005-09-28 n/a n/a n/a n/a n/a n/a 
07LA138W20.9 ES-9-3-R 2005-09-28 n/a n/a 3,525 n/a n/a n/a 
07LA138W20.9 ES-9-4-B 2005-09-28 n/a n/a 4,7 n/a n/a n/a 
07LA19/116N3.4 ES-10-1-R 2005-09-29 1,84E-02 167,53 5,225 9 7 59,63 
07LA19/116N3.4 ES-10-2-B 2005-09-29 1,38E-02 167,53 3,85 8 6 62,69 
07LA19/116N3.4 ES-10-3-R 2005-09-29 7,20E-02 167,53 3,75 8 2 53,93 
07LA19/116N3.4 ES-10-4-B 2005-09-29 7,15E-02 167,53 3,55 9 2 56,24 
07LA19/116N3.4 ES-10-5-R 2005-09-29 1,92E-02 167,53 3,7 10 6 69,35 
07LA19/116N3.4 ES-10-6-B 2005-09-29 1,23E-02 167,53 3,525 10 7 84,97 
07LA19/116N3.4 ES-10-7-R 2005-09-29 1,66E-02 167,53 3,55 11 8 64,06 
07LA19/116N3.4 ES-10-8-B 2005-09-29 3,75E-02 167,53 3,15 9 4 62,13 
07LA19/116N3.4 ES-10-9-R 2005-09-29 7,27E-03 167,53 3,575 10 8 85,96 
07LA19/116N3.4 ES-10-10-

B 
2005-09-29 2,36E-02 167,53 3,25 9 5 68,47 

07LA19/116N3.4 ES-10-11-
R 

2005-09-29 4,33E-03 167,53 3,375 14 13 69,23 

07LA19/116N3.4 ES-10-12-
B 

2005-09-29 6,85E-03 167,53 3,65 11 9 64,33 

04SM280N6.3 ES-21-1-R 2005-11-21 2,87E-01 167,53 5 12 2 24,43 
04SM280N6.3 ES-21-2-B 2005-11-21 8,20E-02 167,53 4,9 16 4 64,87 
04SM280N6.3 ES-21-3-R 2005-11-21 1,90E-01 167,53 3,9 16 2 33,41 
04SM280N6.3 ES-21-4-B 2005-11-21 8,43E-02 167,53 3,9 16 3 60,63 
04SM280N6.3 ES-21-5-R 2005-11-21 2,24E-01 167,53 4,2 15 2 29,61 
04SM280N6.3 ES-21-6-B 2005-11-21 8,35E-02 167,53 3,8 16 2 74,06 
04SM280N6.3 ES-21-7-R 2005-11-21 1,28E-01 167,53 4,5 12 2 49,33 
04SM280N6.3 ES-21-8-B 2005-11-21 7,34E-02 167,53 4,4 13 3 68,77 
04SM280N6.3 ES-21-9-R 2005-11-21 5,32E-02 167,53 4,4 13 5 68,73 
04SM280N6.3 ES-21-10-

B 
2005-11-21 1,09E-01 167,53 3,9 13 2 52,23 

04SM280N6.3 ES-21-11-
R 

2005-11-21 1,89E-01 167,53 4,7 12 2 34,79 

04SM280N6.3 ES-21-12-
B 

2005-11-21 1,81E-01 167,53 4,5 14 2 37,77 

03SAC5S72.3 ES-22-1-R 2005-11-22 2,75E-02 167,53 3,2 10 5 63,05 
03SAC5S72.3 ES-22-2-B 2005-11-22 3,33E-02 167,53 3,1 11 5 61,77 
03SAC5S72.3 ES-22-3-R 2005-11-22 2,10E-02 167,53 3 10 6 57,03 
03SAC5S72.3 ES-22-4-B 2005-11-22 4,04E-02 167,53 2,8 11 4 62,06 
03SAC5S72.3 ES-22-5-R 2005-11-22 3,49E-02 167,53 3,7 10 5 57,61 
03SAC5S72.3 ES-22-6-B 2005-11-22 5,51E-02 167,53 3,4 11 3 60,51 
03SAC5S72.3 ES-22-7-R 2005-11-22 2,46E-02 167,53 2,7 12 6 63,47 
03SAC5S72.3 ES-22-8-B 2005-11-22 2,55E-02 167,53 2,8 12 6 59,64 
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03SAC5S72.3 ES-22-9-R 2005-11-22 7,39E-02 167,53 3,5 12 2 66,41 
03SAC5S72.3 ES-22-10-

B 
2005-11-22 6,69E-02 167,53 3,5 12 3 62,47 

03SAC5S72.3 ES-22-11-
R 

2005-11-22 2,89E-02 167,53 2,7 13 5 69,98 

03SAC5S72.3 ES-22-12-
B 

2005-11-22 2,48E-02 167,53 2,6 14 6 66,63 

03SAC5N72.2 ES-23-1-R 2005-11-22 4,47E-02 167,53 3,4 11 4 60,27 
03SAC5N72.2 ES-23-2-B 2005-11-22 1,54E-01 167,53 3,5 12 2 31,08 
03SAC5N72.2 ES-23-3-R 2005-11-22 4,21E-02 167,53 2,6 15 4 68,68 
03SAC5N72.2 ES-23-4-B 2005-11-22 7,12E-02 167,53 2,3 15 2 50,99 
03SAC5N72.2 ES-23-5-R 2005-11-22 5,08E-02 167,53 3,1 13 4 62,69 
03SAC5N72.2 ES-23-6-B 2005-11-22 7,94E-02 167,53 3 15 2 59,59 
03SAC5N72.2 ES-23-7-R 2005-11-22 6,58E-02 167,53 3,6 15 4 62,33 
03SAC5N72.2 ES-23-8-B 2005-11-22 1,34E-01 167,53 3,7 14 2 42,02 
03SAC5N72.2 ES-23-9-R 2005-11-22  167,53 n/a 12 2 62,90 
03SAC5N72.2 ES-23-10-

B 
2005-11-22 9,65E-02 167,53 3,7 13 2 54,98 

03SAC5N72.2 ES-23-11-
R 

2005-11-22  167,53 n/a 13 2 63,38 

03SAC5N72.2 ES-23-12-
B 

2005-11-22  167,53 n/a 13 2 47,99 

 


