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Executive summary
The need to produce more environmentally sustainable pavements is clear, and a key step in
achieving this is the freedom to use reclaimed asphalt (RA) in high value applications such as
pavement surface courses. While such an approach may be desired by society, it does
however raises concerns on several levels with respect to potential environmental,
mechanical and construction impacts. A key objective of the Re‐Road project is to address
these concerns, and this report focuses on the issue of quantifying any environmental risks
associated with using RA in surface layers. It should be noticed that it is accepted that in all
road construction there exists an element of risk of environmental damage. This is an
inevitable result of the construction process, but it is important to ensure that the level of
risk remains within an acceptable range.
Before quantifying any environmental risk associated with the recycling process, it is
importance that the issues governing the release of contaminants are understood. In that
context, this report will focus on the twin issues of waterborne and airborne contaminants
specifically associated with using RA.
There already exists a significant number of models describing the release of contaminants
from road surfaces, but many of these are directly related to the wash off of compounds
that arise from the trafficking of the pavements. This was not considered to be significant for
the release of waterborne contaminants that are bound within the RA, as the contact time
between water and pavement was too brief. Instead, the risk assessment focussed on the
issue of water infiltrating the pavement at a slower rate. Existing models were assessed, but
few were found to be suitable for meeting the requirements of the Re‐Road project.
Ultimately a probabilistic based approach was selected, whereby Monte Carlo simulations
were conducted that exploit the use of leaching data previously acquired from leaching tests
conducted in Work Package 1. Under this approach, a standard pavement construction was
specified, and variability was assigned to parameters such as pavement depth and
compaction density. Rainfall information based on real weather data from Dublin airport
was used as the model driver and the quantity of water infiltrating the pavement over time
was quantified.
The model then made use of the leaching test data previously published in Re‐Road
Deliverable 1.6 “Test Methods for Environmental Characterization of Reclaimed Asphalt”
which quantified the release of selected components (including the 16 priority Polycyclic
Aromatic Hydrocarbons (PAH) compounds identified by the EPA). By utilising this data in a
manner that incorporated the variability in leaching behaviour, it was possible to determine
distributions that describe the quantity of PAH released after 1 year of rainfall. In a similar
manner it was possible to describe the leaching of heavy metals, and to extend this
approach over a longer time scale. This procedure was conducted for a range of materials,
such as:
 3 stone mastic asphalt mixtures containing 0%, 15% and 30% RA;
 An asphalt mixture containing a rejuvenator and 50% RA;
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Material sourced from 2 mixed source stockpiles in Ireland and the Czech Republic;
A heavily contaminated RA sample from Sweden, known to contain significant
amounts of tar.

When the leaching behaviour for each of the materials was quantified, a number of trends
could be seen. Some of these were expected, such as the highest levels of PAH leaching
being associated with the tar containing RA. A surprising fact was that the materials from the
mixed source stockpiles produced elevated PAH levels; these were below that associated
with the tar containing RA, but were nonetheless higher than expected. More encouraging
results were obtained from the models corresponding to asphalt mixtures containing varying
quantities of RA, in that significantly reduced levels of PAH leaching were observed at all RA
contents. These results were compared with PAH limits associated with groundwater, and
also the typical levels of contamination associated with the wash‐off of road traffic
compounds. Again the performance of tar containing RA was shown to be quite poor,
further supporting the position of not using tar within road construction. However on the
key issue of asphalt mixtures containing different quantities of RA, no increased risk
associated with using RA was predicted. The PAH levels after 1 year were found to remain
significantly below the groundwater limits and the levels of contamination were below that
associated with effects from vehicular traffic being washed from the road surface.
A parallel approach was also undertaken for the issue of airborne emissions, where the
release of asphalt fumes to the air was related to the different phases in the RA recycling
process. These included emissions arising from asphalt mixing, storage in the silo, transfer
from mixer to trucks, storage on trucks, transfer to pavers, storage in pavers, paving process
and the hot paved road surface. Data corresponding to the different phases were previously
determined using the IFSTTAR fume generator and these values were compared with field
data available in the literature. The design of the fume generator mixing intensity and time
intervals has been chosen primarily to achieve emissions that are sufficient in relation to
laboratory sampling and the detection limit of analytical method. The test results from the
fume generator sequential mixing protocol consequently cannot be used directly to quantify
the emissions of asphalt fumes to the environment from the RA recycling process. The test
results need to be calibrated and validated in relation to actual emissions measured in the
field. It was found that there were significant differences between field and laboratory data,
and that this process was complicated by a number of variables such as weather, ambient
conditions, asphalt conditions etc. In addition, there was also a lot of variation in the metrics
used for risk assessment; parameters utilised include total organic carbon (TOC), benzene
soluble matter (BSM), volatile organic compounds (VOC), semi‐volatile organic compounds
(SVOC), PAH etc. The health hazard associated with paving activities was identified as a
critical and occupational exposure limits (OEL) were identified for a number of these metrics
and compared with the data extracted from laboratory assessment of a range of materials.
Some results include:
 The fume generator mixing protocol underestimates the emissions of bitumen
fumes. This is particularly pronounced for the parts of the mixing protocol that aim to
reproduce mixing activities.
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The use of a modified binder increases the BSM emissions by up to a factor of 8
compared to a pure paraffinic binder ‐ increasing the risk of exceeding BSM OEL;
Occupational exposure associated with the use of tar containing RA was extremely
variable;
The tar contaminated RA exceeded the BSM OEL at 0.5 mg/m3;
The use of RA did not change the total emission, but instead impacted on the quality
of the fumes

Finally, some field experiments were conducted and used to benchmark the results obtained
in the various risk assessments. These focussed on the milling phase of the recycling process
and the storage of RA in stockpiles. Concerns were raised with the practices governing the
storage of RA and potential leaching that may occur when the material is in this state.

Ciaran McNally (task 3.1 leader)
Anja Enell (WP 3 leader)
Ola Wik
Aoife Quinn
Roman Ličbinský
Jiří Huzlík
Vilma Jandová
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1 Introduction
For reclaimed asphalt (RA) to be successfully reused in high value recycling applications, such
as reuse in new asphalt surfaces, it is necessary to ensure that the environmental
characteristics of the material are fully understood. This however is a not an easy task as
there are multiple processes involved and the quantification of these is a complex task. The
work presented in Deliverable 1.6 “Test Methods for Environmental Characterization of
Reclaimed Asphalt” investigated a range of potential test methodologies for evaluating the
leaching potential of RA samples. This comprehensive investigation provides some useful
tools for quantifying the leaching behaviour of RA and airborne emissions related to the
asphalt lifecycle, but there exists a clear knowledge gap in attempting to use these testing
methodologies to predict environmental performance.
In all road construction work there exists an element of risk of environmental damage. This
is an inevitable result of the construction process, but it is important to ensure that the level
of risk remains within an acceptable range. The use of RA within asphalt surface layers
presents many advantages with respect to material use and sustainability. However, there
exists a perception that by using RA in surface courses, there is an increased risk of
environmental damage. This raises a number of questions, including:
 Is there an increased risk of contaminants leaching by having the recycled materials
closer to the surface (and infiltrating water)?
 Does the recycling process, including stockpiling of the materials, present any
environmental hazards?
 What are the most likely pathways for contaminants that can lead to health issues
(airborne, waterborne, other)?
A risk assessment of the road construction cycle represents a valuable tool in attempting to
answer these questions. If the level of risk can be quantified, then informed decisions may
be made about the process. This includes relative assessment of the risk associated with
using recycled materials relative to that associated with using virgin materials.

1.1 Objectives
The overall objective of this deliverable is to provide tools for assessing the environmental
risk associated with using RA in asphalt surfaces. This will make use of laboratory test data
and will address a number of technical challenges, such as:
 Taking an environmental test of short duration (less than 1 month) and using this
data to determine environmental behaviour over 20 years (for example).
 Quantifying the effect of encapsulating the RA within fresh binder, and determining
the impact of this on environmental performance.
 Assessing all aspects of the asphalt production chain with respect to their potential
environmental risk.
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Relating laboratory conditions to those encountered when using the RA in service in
a surface layer.
A key feature in this report is a continuing effort to relate laboratory data to its impact on
the receiving environment. Much work has been conducted in D1.6 “Test Methods for
Environmental Characterisation of Reclaimed Asphalt” to provide practitioners with
information on the environmental characteristics of various RA samples. Knowledge of the
concentration of contaminants such as PAHs in laboratory tests represents useful
information, but ultimately the critical issue is the effect (if any) of the recycling process on
the environment. When this information is available to pavement engineers, they can then
make informed decisions on what recycling strategy to utilise.
The same strategy also applies to airborne contaminants arising from RA management (RA
generation and recycling). This is an important factor of occupational safety and health and
emission and exposure to both dust and asphalt fumes are relevant. Again, the overall aim of
this deliverable is to relate the laboratory data from the bituminous mixtures fume
generator sequential mixing protocol (described in Re‐Road Deliverable D1.6) to expected
emissions and exposures in the production, transport and placement of RA.
The report has the following outline:


A review of the modelling approaches currently employed internationally is
presented in Chapter 2. These address waterborne and airborne contaminants and
provide a basis for selecting the modelling approach utilised in this risk assessment.



Chapter 3 outlines the actual risk assessment framework utilised in this report and
the input parameters required for to conduct this assessment. This includes
laboratory data, pavement construction information and a description of the
mathematical models used.



A range of field experiments are conducted and these are presented in Chapter 4.
These are designed to provide a link between laboratory data and field conditions.



Chapter 5 provides the results of the risk assessment and attempts to relate these to
environmental groundwater limits. This covers all aspects of the recycling process,
including milling, stockpiling and re‐use.



Finally, some conclusions are presented in Chapter 6.
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2 Environmental Risk Assessment
A review of selected models was conducted to determine which if any, may be suitable to
model contaminant movement from a road surface containing reclaimed asphalt. The
models selected were diverse but can be broadly considered either to be (i) pesticide fate
models or (ii) stormwater models. This review is not intended to be an exhaustive study of
the published research in this area. The focus instead is to provide an overview of the
different models available. The criteria chosen for comparison between the models were
selected in order to determine those whose data requirements most closely matched the
data available to Re‐Road WP3, and whose outputs most closely matched the parameters of
concern. The ease with which the models could potentially be altered to consider both
organic and inorganic dissolved and particle‐bound contaminants in the roadside
environment was also taken into account.

2.1 Water borne contaminants
Contaminants leaching from RA include heavy metals and polycyclic aromatic hydrocarbons
(PAHs). Many stormwater models exist which can model the transport of selected heavy
metals and other water quality parameters such as suspended solids (SS) from the road
surface. However, to the best of the authors’ knowledge, there are none which can model
PAHs in the same manner. Although build‐up and wash‐off models exist, some of which
consider PAHs associated with sediment (Murakami et al. 2004), these models do not
consider contaminant leaching from the road material itself, potentially an important source
of contaminants in a road surface containing RA. This approach has also been employed by
Chinese researchers, where the focus is on PAH s washed from the pavement surface by
road runoff. Zhang et al (2009a, 2009b) addressed this using a probabilistic Monte Carlo
approach. Zhang et al (2011) again focussed on run‐off, but this time to address any toxicity
effects arising from PAHs on aquatic organisms.
There are also many agricultural non‐point source pollution models available which can
simulate pesticide movement in and over soil in rural areas. As pesticides are also organic
contaminants (and as such likely to behave similarly to PAHs), it was decided to also include
these model types for review (see Appendix 1). Given that infiltration is almost always a
process which can be simulated with these types of models, this was considered to be an
appropriate approach. However, it should be noted that pesticide models are generally
developed for use in rural, agricultural areas, and therefore most would require considerable
modification to be suitable for modelling road environments.
A literature review was undertaken to establish a ‘flavour’ of available models which may be
suitable for modelling both heavy metals and PAHs from a road surface containing RA. The
majority of models reviewed were considered unsuitable for the Re‐Road project due either
to extensive data requirements, their incapacity to simulate the contaminants of concern,
model complexity and hence time requirements or the perceived difficulty in adequately
Beneficiary - WP3.1 partners
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modifying the model. While accepting that the model review was not exhaustive, it was
disappointing to find that none of the reviewed models was able to match all of Re‐Road’s
requirements. However, the exercise did lead the authors to conclude that the less complex
stormwater models, (for example those by Irish et al (1998), Kim et al (2005) and Murakami
et al. (2004)), offered the most potential. These models are summarised in Table 2‐1 below;
all other models are reviewed and summarised in Appendix 1. It was considered that with
further study it may be possible to modify one of them to model particle‐bound and
dissolved PAHs and selected heavy metals from a road surface containing RA.
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Table 2‐1 Review of water quality models considered for use. Empty cells indicate that the information is not
available or applicable.

Model name

Irish et al.

Kim et al.

HSPF

Available from

www.epa.gov/ceampubl

Geographic
Origin
Coding
Model
Overview

Texas

ANSI standard Fortran
Build‐up & wash‐off, linear
regression model

Limitations

Spatial Scale
Temporal Scale
POC

California

Runoff model incl. first
flush phenomenon

Agricultural non‐point
source pollution Non‐point
source pollution from
urban and rural lands,
hydrology & water quality

Oil and grease
concentrations in runoff
not well predicted

Extensive data
requirements

Watershed
Event‐based

Watershed
Continuous simulation

Edge of pavement

Contaminant
driver
Infiltration

Rainfall

Rainfall, atmospheric
deposition (wet & dry)
Yes

No

Organics
Type
Processes

Yes

Yes

Yes

Oil & grease

Oil and grease

Pesticides

No

Adsorption, desorption,
degradation
With water & sediment

Transport
Inorganics

Yes

No

Fe, Zn, Pb, Cu

‐

Other wq
parameters
Sediment

Yes

TSS, COD, TOC,
hardness, alkalinity
Yes

Yes

Nutrients

Yes

Yes, TP & TKN

Yes

Model inputs

Flow per unit area of watershed,
intensity (flow/duration), no of
vehicles travelling during storm
in a single lane, antecedent dry
period, total duration preceding
storm, avg no vehicles using
single lane of highway during
antecedent dry period, total flow
volume per unit area watershed
during preceding storm

Highway watershed
area, average daily
traffic, antecedent dry
days, storm duration,
total rainfall, total runoff
volume

Precipitation,
evapotranspiration, air
temp., wind speed, solar
radiation, dewpoint temp.,
cloud cover

Model outputs

TSS, VSS, COD, BOD5, oil &
grease, P, N, iron, zinc, lead and
copper loadings (g/m2)

TSS, COD, TOC, TKN, TP,
oil & grease, hardness
and alkalinity EMCs
(mg/l)

Type

Model
validated?
Beneficiary - WP3.1 partners
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2.2 Airborne contaminants
Airborne contaminants from RA management (RA generation and recycling) have been given
attention mainly in relation to worker health. Emission and exposure to dust that usually
contains crystalline silica (a natural constituent of most asphalt pavement mixes, released
during cold milling) have initiated dust emission‐control systems for pavement‐milling
machines (Blade et al., 2011). Dust emission control usually includes water‐spray dust‐
suppression systems and local exhaust‐ventilation systems to evacuate dust laden air to the
top of the machine. The use of water to suppress dust emission might have a negative effect
on the quality of the RA due to raised moisture content which has been studied in the Re‐
Road WP 4 Task 4.1. No field or laboratory studies on the effect of the emission of crystalline
silica on the health of workers have been conducted in the Re‐Road project and these risks
are not further discussed in this study.
Fumes generated during the production or application of pavement asphalt is a well‐known
work health related hazard (Montelius, 2010; NIOSH, 2000). Asphalt fumes have a complex
chemical composition and the composition varies in response to e.g. temperature, binder
composition and the production process. This makes it difficult to identify the specific
component(s) responsible for adverse health effects. Polycyclic aromatic compounds in
asphalt fumes have been used as priority substances and as biomarkers for exposure (Binet
et al 2002, Lindberg et al 2008, Väänänen et al 2006,). Bitumen fumes from straight‐run
bitumens have been classified as “possibly carcinogenic to humans (group 2b)” (Lauby‐
Secretan et al 2011). Additives to bitumen asphalt binders can have an effect on the quantity
and quality of asphalt fumes (Schindlbauer and Hödl 1993) as well as on its hazardous
properties (Lindberg et al 2008, Väänänen et al 2006). The former use of coal tar as an
additive to form a binder for asphalt dictated PAH exposure (Burstyn and Kromhout 2003).
This has forced a ban or restrictions on recycling of RA contaminated with tar (Re‐Road
Deliverable 1.6).
Occupational exposure to bitumen fumes is primarily a working health hazard for paving
crews while there is little opportunity for exposure related to asphalt plant workers and
truck drivers (EAPA and NAPA, 2011). There is no international standard for the assessment
of asphalt fumes and existing occupational exposure limits and guidelines vary from country
to country. The complex chemical composition of asphalt fumes and the high variability in
exposure further makes the occupational health assessment of bitumen fume susceptible to
large variability in magnitude and constituent for a variety of influencing factors, including:








Climate (wind speed and direction, temperature etc);
Work tasks (paving, screeding, raking, rolling etc);
Ambient environment;
Asphalt application (type, source, temperature, engineering controls etc );
Sampling device (type, rate, duration etc);
Metric under examination ( TPM, BSM, CSM, TOC, SVOC etc);
Analytical method (extraction, calibration standard etc).
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Other sources of contamination (e.g. diesel cleaning agents) can also contribute significantly
to airborne exposure (Cavallari et al 2012). Mixing and paving temperature is one of the
prime parameters that affect the emission of asphalt fumes. For pure bitumen binders the
emission of benzene‐soluble particulate matter (BSM) (EAPA and NAPA 2012) and PAH
(Brandt et al 2000) increases nonlinear by a factor 2 per 12 ˚C but lower temperature
dependency’s have been show for tar‐contaminated binders (Hugener et al 2007). Evident
temperature dependence has been found also in occupational exposure (Cavallari et al,
2012).
2.2.1 Impact on occupational health
Observations of acute irritation in workers from airborne and dermal exposures to asphalt
fumes and aerosols and the potential for chronic health effects, including cancer, warrant
continued diligence in the control of exposures. The complexity of asphalt fumes emission
and exposure results in major difficulties when to evaluate asphalt quality and RA recycling
in relation to bitumen fume health effects. A commonly adopted threshold limit value
specific for asphalt fumes is the benzene‐soluble particulate matter (BSM) at 0.51 mg/m3
time‐weighted average (EAPA and NAPA, 2011). Negative health effects have been noted at
0.16 mg/m3 BSM (Montelius 2010) where binder additives might have contributed.

1

In Denmark a cyclohexane soluble (CSM) threshold at 1 mg/m3 is used.
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3 Modelling Approaches
3.1 Waterborne contaminants
There are considered to be three potential sources of contamination associated with
reclaimed asphalt:
 Contaminants in the bitumen, additives and aggregates;
 Contaminants which built up on the surface of the road during its previous pavement
life/lives
 Contaminants which build up during the life of the newly laid pavement containing
RA.
These contaminants may then be available for leaching into road runoff or water infiltrating
the road surface or they can be blown from the surface by wind.
Figure 3‐1, taken from Erlingsson et al 2009, shows the water movement pathways in a road
structure. Although traditionally considered to be impermeable, quantities of water do in
fact infiltrate the road surface and lower layers. Little literature exists on the ratio between
infiltrating water and runoff. The rainfall simulator field‐scale experiment performed by UCD
provides data on infiltration and runoff volumes from slabs incorporating RA. For the
purposes of demonstrating the leaching model developed by UCD, a constant runoff rate of
94% was assumed based on a field study from the United Kingdom which found infiltration
rates of rainfall through asphalt surfaces to be between 6% and 9% (Ragab, Rosier et al.
2003). Higher infiltration rates were associated with urban areas where water removal is
promoted through the use of strategies such as filter trenches. Lower infiltration rates were
associated with road structures where the chief strategy is to remove water from the road
surface through the provision of appropriate pavement cambers.
The leaching model incorporates data from the percolation and other tests reported in
Deliverable 1.6 “Test Methods for Environmental Characterization of Reclaimed Asphalt”. As
input data for the infiltration model, Irish rainfall data was used to predict long‐term
leaching of PAHs and heavy metals from a surface course incorporating RA.
3.1.1 Probabilistic modelling
To demonstrate the leaching model, and allow an appropriate risk assessment to be
conducted, a hypothetical road structure is proposed. The properties of this structure are
given below.
 Carriageway width:
7.0 metres
 Hard shoulder width:
2.5 metres
 Total width:
9.5 metres
 Length of section:
1000 metres
 Target road surface depth 0.05 metres
 Target density
2300 kg/m3
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Figure 3‐1: Conceptual Model of Water Balance on Pavement‐Embankment System. After (Erlingsson, Brenčič
et al. 2009)

In addition, it was recognised that road construction is a ‘real world’ process, where site
conditions are likely to be variable. This will inevitably lead to uncertainty in the road
construction. While there will be confidence that the correct road width and length is
achieved in practice, this is not the case for pavement thickness and density. To allow for
this in our calculations, a probabilistic approach is implemented.
3.1.1.1 Monte Carlo Simulation
Monte Carlo simulation is a powerful technique that allows the natural variation of a
parameter be included in our leaching model. To achieve this, the variables within the
problem are identified and their variability characterised. For the particular problem of
describing the road structure, only 2 variables are considered: surface depth and pavement
density. Although there will inevitable be some form of connection between the two
variables, for the purpose of this analysis they will be allowed to vary independently. A
distribution type, mean value and standard deviation are identified for each parameter.
Based on this, 20,000 random values are calculated for each parameter and these will be
used to determine the outputs from the leaching model. This will give 20,000 results from
the leaching model, meaning that the final result will be a distribution, rather than a single
answer.
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3.1.1.2 Rainfall Data
A key part of the leaching model employed will be the rainfall data as this will be the driver
for the leaching process. It was considered that the rainfall profile should be typical of that
encountered in the field, and as such the rainfall monitored are Dublin Airport was selected
for use. It should be noted that as the dominant mechanism for the leaching model is
infiltration, complex rainfall data such as rainfall intensity, antecedent dry periods etc is not
required. It is expected that the higher rainfall intensities will lead to reduced infiltration
levels; conversely lower rainfall intensities will lead to higher infiltration levels. Given that
leaching is a cumulative process, it is assumed that these variation will balance out over time
and is reflected in the use of a run‐off rate of 94%. The annual average rainfall data for
Dublin airport for the years 1990‐2008 is shown in Table 3‐1 and presented in Figure 3‐2.
Table 3‐1: Rainfall data taken from Dublin Airport
Year
Rainfall Depth
No. of Years
Cumulative Rainfall
(mm)
of Rainfall
Depth (mm)
1990

727.4

1

727.4

1991

677.1

2

1404.5

1992

623.9

3

2028.4

1993

874.8

4

2903.2

1994

786.6

5

3689.8

1995

711.4

6

4401.2

1996

787.1

7

5188.3

1997

726.0

8

5914.3

1998

833.0

9

6747.3

1999

714.4

10

7461.7

2000

843.3

11

8305.0

2001

628.6

12

8933.6

2002

1104.3

13

10037.9

2003

644.7

14

10682.6

2004

702.6

15

11385.2

2005

683.0

16

12068.2

2006

740.4

17

12808.6

2007

761.1

18

13569.7

2008

942.3

19

14512.0
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3.1.1.3 Leaching variables
Key data for using this model was the leaching behaviour as characterised in Deliverable 1.6
“Test Methods for Environmental Characterization of Reclaimed Asphalt”. In particular, the
percolation test data was used to generate profiles describing leaching behaviour. This was
supported by data on total PAH content extracted using organic solvents. The data arising
from these tests provide a scientifically sound basis for the risk assessment modelling, but it
must also be accepted that this data is also variable in nature. In Deliverable 1.6, the authors
identified a coefficient of repeatability for the batch testing of RA samples of 11% for low
and medium molecular weight PAHs. As such, a coefficient of variation of 11% will be applied
to all data arising from these tests. For the heavier PAHs a coefficient of repeatability of 30%
was observed, and this will be utilised as the coefficient of variation when analysing the
leaching of PAH‐H compounds. A continued source of concern in dealing with recycled
materials is that the material may be even more variable in nature. To address this, even
high coefficients of variation are applied to the leaching test data corresponding to mixes
containing recycled materials. For the mix containing 15% RA (Ref Mix 2), a coefficient of
variability of 20% is applied, while for the case of a mix containing 30% RA (Ref Mix 3) a
coefficient of variability of 30% is applied. These coefficients of variation are not based on
measured test data. Instead, higher values are assigned to mixes with increased RA contents
to assess the influence (if any) of material variability. It should be noted that in both cases
the distributions were constrained so as to prevent negative values from occurring. A
summary of the variables employed in the probabilistic modelling is given in Table 3‐2.
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Figure 3‐2 Summary of input rainfall data
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Table 3‐2: Probabilistic variables used for models
Parameter
Mean
Coefficient of
Variation (%)

2012-11-12

Distribution Type

2300 kg/m3

1.5

Normal

Pavement thickness

0.05 m

15

Normal

Leaching variability

Based on test
data
Based on test
data
Based on test
data

11

Normal

20

Normal

30

Normal

Pavement density

Leaching variability –
containing 15% RA
Leaching variability –
containing 30% RA

PU

It can be seen that the pavement density has a coefficient of variation of 1.5% specified,
significantly smaller than the other parameters. The effect of the variation on the
parameters can be seen below in Figure 3‐3. It should be noted that while there is variation
within the parameters, the values used are reasonable and may be expected to be
encountered in service.
3.0

2.0
Frequency (%)

Frequency (%)

2.5

1.5
1.0
0.5
0.0
2,150

2,250

2,350

2,450

Density (kg/m3)

2.0

1.0

0.0
0.00

0.02

0.04

0.06

0.08

0.10

Pavement thickness (m)

Figure 3‐3 Overview of some probabilistic parameters

3.1.1.4 Modelling leaching behaviour
The parameters described above allow the user to model (i) the mass of material used in a
pavement and (ii) the quantity of rainfall in contact with the pavement. In addition the
chosen variables incorporate variability where appropriate, thus allowing for probabilistic
modelling to be conducted. The final information required for conducting the risk
assessment is a model that describes the leaching process of each contaminant of interest.
Ideally this should provide information on the leaching rate, which is typically associated
with a liquid – solid ratio. Such data is available within the Re‐Road project in the form of
percolation test and total PAH test data available in Deliverable 1.6.
Percolation test procedure
The percolation tests carried out as part of WP 1.3 was performed according to (CEN/TC351,
2010). The tests were carried out as follows: Three glass columns were packed with <10mm
Beneficiary - WP3.1 partners
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particle size RA and a fourth column (blank column) was also set up. A solution of CaCl2 and
NaN3 was pumped continuously upwards through all four columns at a constant linear
velocity of 15 ± 2 cm/day (measured through the blank column) until a terminal Liquid/Solid
(L/S) ratio of 10 l/kg was reached. A sample was taken from each of the three packed
columns at seven points during the test. A sample was taken from the blank column at the
beginning and end of the test period. All columns were protected from light for the duration
of the test to prevent light‐induced degradation of PAHs. Each sample was analysed for the
16 priority EPA PAHs using GC‐MS and for a selection of heavy metals using ICP‐MS or AAS.
An example of the results from the percolation test for naphthalene leaching from
contaminated RA is shown in Figure 3‐4.
Percolation test data is available for 2 materials – an RA sample from Sweden containing tar
(named TCA) and material from a mixed source stockpile in Ireland (named MSS). Total PAH
test data is available for 7 materials: the TCA and MSS samples, as well as the 3 Re‐Road
reference mixtures containing 0%, 15% and 30% RA. Test data is also available for a
rejuvenated material containing 50% RA (named Storbit) and for the material used in the
Stockpile experiment described in Section 4. These materials are described in more detail in
Table 3.1 of Deliverable D1.6. The use of this data has several advantages and disadvantages,
namely:






Percolation test data allows the calculation of leaching rates with time (expressed as
an L/S ratio), but the test process is time consuming and expensive
Total PAH test data allows the user to see the total quantity of contaminants
available for leaching in the long term. Due to the fact that the extraction process
utilises organic solvents, the test also provides no added information on the leaching
process.
The leaching process is sensitive to sample preparation, particularly with respect to
surface area. However each test method uses different maximum particle sizes, as
described above, making comparison between results difficult
The maximum particle size encountered in service is larger than that used in either
the percolation test or the total PAH test. This is highlighted later in the document in
Figure 3‐5. The practical effect of this is that material used in service will have a
smaller surface area per kg, than that used for leaching tests. In this context, the use
of a size modification factor was introduced.

To illustrate the manner in which the percolation test data is used, the particular case of
naphthalene leaching from the TCA sample is highlighted. The average concentration of
naphthalene from the three replicate columns in the percolation test is used as an input
parameter. Instead of quantifying the naphthalene leaching relative to the amount of RA in
the column, the data was instead transformed so as to take the form of quantity leached per
road surface area. This is achieved by making use of the expected material density and
pavement thickness. Table 3‐3 shows the data for naphthalene leaching from contaminated
RA against cumulative L/S ratios as determined using the percolation test. Figure 3‐4 shows
the data expressed per road surface area.
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Table 3‐3 Leached naphthalene per kg Contaminated RA
Average µg/kg

0.1

0.637

0.2

1.670

0.5

2.820

1

3.0307

2

7.164

5

19.792

10

24.727

Naphthalene (mg/m2 of road surface)

Cumulative
L/S ratio

3.5
3
y = ‐0.028x2 + 0.579x
R² = 0.986

2.5
2

Serie1

1.5

Poly. (Serie1)

1
0.5
0
0

2

4

6

8

10

L/S (l/kg)
Figure 3‐4 Naphthalene leaching per m2 of road surface

Table 3‐4 Materials included in the leaching mode (modified from table 3‐1 in D1.6)
Sample name
Description
Sample taken from a mixed source stockpile (containing tar‐RA) in
Sweden. Reference‐material. Well homogenised and divided into
TCA
representative subsamples before shipped to the participating
laboratories. RA‐aggregates <10mm.
Sample taken from a mixed source stockpile in Ireland. The
MSS
maximum particle size is 20mm.
Re‐Road reference material – an 11.2mm stone mastic asphalt
Ref. mix 1
containing 0% RA
Re‐Road reference material – an 11.2mm stone mastic asphalt
Ref. mix 2
containing 15% RA (RA= W‐045_10)
Re‐Road reference material – an 11.2mm stone mastic asphalt
Ref. mix 3
containing 30% RA (RA= W‐045_10)
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As expected, the leaching test data the leaching profile shows a gradual reduction in the
leaching rate. This progression is easily modelled using Excel and in this case is best
represented by a second order polynomial equation. Users should note that the polynomial
employed should not have a peak that occurs within the L/S range under consideration. By
calculating the L/S ratios using the sample road section mass and the cumulative infiltration
volume, the corresponding contaminant leaching may be calculated. Taking the equation for
naphthalene leaching from Contaminated RA shown in Figure 3‐4 above;
.

.

Equation 3.1

Size modification factor
As outlined above, the material used in road construction is of a larger particle size than that
used in the percolation test. This will significantly influence the total surface area of the
material, which will also impact on the leaching behaviour of the material. In an effort to
include this in the modelling process, the particle size distribution of the materials tested in
the percolation test was determined. This is plotted in Figure 3‐5 alongside the target
gradient associated with a compacted SMA material. The grading curve for the SMA material
is modified to allow for the agglomeration of smaller particles that occurs during the
compaction process. This is justified as smaller particles are pressed together to fill the pore
space between larger particles. It is assumed that this compaction process results in an
effective maximum particles size of 2mm.
Resulting from this particle size distribution, the theoretical surface area is determined. For
the purpose of this analysis it is assumed that all particles are perfectly spherical in shape. It
is accepted that this is an oversimplification, but it must be borne in mind that the purpose
of the analysis is to determine the relative surface area of various mixtures. The results of
this analysis are presented in Table 3‐5.

Percentage passing (%)

100%
75%
TCA

50%

MSS
25%

Target SMA

0%
0.1

1

10

100

Particle size (mm)
Figure 3‐5 Grading curves for percolation test materials with target grading for SMA
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Table 3‐5 Calculated surface area of percolation test materials and SMA material
Calculated surface area
m2/kg

Ratio to SMA mixture

TCA

0.748

2.00

MSS

0.970

2.59

SMA

0.375

‐

Sample

Based on this analysis, it can be seen that the percolation test materials have a surface area
of at least twice that associated with compacted SMA. This will gratefully influence the
leaching behaviour, which is directly related to the surface area exposed to water. To
accommodate this within the modelling approach, a size modification factor of 2 is used for
all mixtures. This in effect means that the equation describing the leaching of naphthalene
from the TCA material is described in equation 3.2 below:
. ∗

.

.

Equation 3.2

Leaching curves were developed in this way for all contaminants within the TCA and the MSS
materials. Percolation test data was not available for the Re‐Road reference materials so
another approach was required, which involved making use of the total PAH test data.

Using total PAH data
A significant drawback of the percolation test is the time and expense associated with
conducting each test. As this information was not available for the Re‐Road reference
materials, results from the batch testing were used to generate expected leaching curves.
The results from the tests associated with these materials are presented in Table 3‐6.
It can be seen that the quantities of PAH available in the Reference materials is significantly
lower from that measured from the TCA and MSS materials. In addition, it can be seen that
there is practically no difference between the total content available in the Reference
materials containing 0%, 15% and 30% RA. While the absolute values of PAH available for
leaching are significantly reduced, it is assumed that the leaching behaviour will remain
relatively similar, i.e. more leaching will be observed at lower L/S ratios, with the quantity
leaching gradually reducing with increased L/S values. Using this approach, modified
equations of those employed above may be employed. For example, to determine the
equation governing the release of naphthalene, we utilise the form of equation 2 above, as
well as the naphthalene leaching data for the TCA and the Ref. Mix 1 material as described in
Table 3‐6.
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Table 3‐6 PAH content in analysed materials (< 4mm grain size)
Concentration [mg.kg‐1]

PAH

TCA

MSS

Ref. mix 1

Ref. mix 2

Ref. mix 3

Naphthalene

1.087

1.523

0.076

0.063

0.051

Acenaphthylene

0.241

0.132

<0.002

<0.002

<0.002

Acenaphthene

0.975

1.125

0.006

0.006

0.004

Fluorene

1.729

1.069

0.014

0.014

0.011

Phenanthrene

13.858

3.794

0.070

0.057

0.045

Anthracene

8.181

2.680

0.128

0.090

0.057

Fluoranthene

14.406

2.410

0.050

0.044

0.038

Pyrene

11.255

1.981

0.051

0.044

0.044

Benz[a]anthracene

11.630

1.132

0.021

0.007

0.009

Chrysene

7.425

0.779

0.055

0.041

0.040

Benzo[b]fluoranthene

17.455

1.719

0.070

0.043

0.042

Benzo[k]fluoranthene

5.900

0.577

0.017

0.015

0.019

Benzo[a]pyrene

14.847

1.604

0.041

0.035

0.042

Indeno[1,2,3‐cd]pyrene

8.616

1.166

0.110

0.072

0.060

Dibenz[a,h]anthracene

4.030

0.316

0.070

<0.037

<0.038

Benzo[ghi]perylene

4.358

0.895

0.228

0.129

0.145

125.995

22.903

1.006

0.660

0.608

Total

The equation for Ref. mix 1 now becomes:
.
.

∗

. ∗

.

.

This then provides us with Equation 3.3:
.

∗

.

.

Equation 3.3

Similar equations are then developed for the other reference materials for all PAHs. In some
cases (such as for the heavier molecular weight PAHs) the leaching profile follows a
straighter line, suggesting a more gradual release of PAHs. It should be noted that in this
case the approach is still valid as the shape of the quadratic trendline is capable of reflecting
this behaviour. It should be noted that the levels of leaching of inorganics associated with
the batch test was very low – below the detection levels of the analysis equipment. As such,
no metals are included in the risk assessment of the reference materials.
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3.2 Airborne contaminants
3.2.1 Modelling approach
The emissions of asphalt fumes to air related to the recycling of RA can be allocated to the
following activities.
1. Emissions from the asphalt plant dryer and mixer
2. Emissions from storage in silo
3. Emissions from transfer of asphalt to trucks
4. Emissions from loaded trucks prior to departure from plant and during transport to
paving site.
5. Emissions from transfer of asphalt to paver
6. Emission from paver hopper area
7. Emission from paver screed area
8. Emission from newly paved surface
The bituminous mixtures fume generator sequential mixing protocol that has been
developed and used to generate asphalt fumes in the laboratory (Re‐Road Deliverable 1.6) is
designed to mimic these processes. A proposal on how to link the sequential mixing protocol
to potential asphalt fume emitting activities is given in Table 3‐7.
Table 3‐7 Activities in RA recycling related to emissions to air and corresponding sequences in the sequential
mixing protocol of the bituminous mixtures fume generator
Activities with emissions to air
Sequential mixing protocol
Emissions from the asphalt plant dryer
1:st mixing
4 minutes
and mixer
Filling and storage in silo
1:st non‐mixing
10 minutes
Emissions from transfer of asphalt to
2:nd mixing
4 minutes
trucks
Emissions form loaded trucks prior to
departure from plant and during
2:nd non‐mixing
10 minutes
transport to paving site
Emissions from transfer of asphalt to
3:rd mixing
4 minutes
paver
Emission from paver hopper area
3:rd non‐mixing
10 minutes
Emission from paver screed area
4:th mixing
4 minutes
Emission from newly paved surface
4:th non‐mixing
10 minutes

The design of the fume generator mixing intensity and time intervals has been chosen
primarily to achieve emissions that are sufficient in relation to laboratory sampling and the
detection limit of analytical method. Test results from the fume generator sequential mixing
protocol consequently cannot be used directly to quantify the emissions of asphalt fumes to
the environment from the RA recycling process. The test results need to be calibrated and
validated in relation to actual emissions measured in the field. Field measurements of
emissions related to activities in RA recycling are unfortunately scarce and often uncertain
due to technical difficulties in the execution of measurements. Measurements related to
work health are abundant but more related to exposure than to process related emissions.
Another difficulty is the wide variety of sampling and analytical methods used in the field of
asphalt fumes. Experimental data from the fume generator (Re‐Road Deliverable 1.6)
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indicate that RA recycling has limited influence on emission of asphalt fumes on sum
parameters like SVOC and TOC. Generic data on SVOC and TOC related to specific asphalt
pavement production activities can therefore be used to calibrate the data from the
experimental fume generator. In the case of tar contaminated RA there is a substantial
increase in specific asphalt fume substances BSM and PAH by orders of magnitude.
Table 3‐8 Emission of asphalt fumes in mg/kg asphalt measured as TOC related to hot mix asphalt pavement
production activities.
Activities with emissions to air
1)
2)
3)
4)
Emissions from the asphalt plant dryer and
mixer – Batch mix facility

6,6

Emissions from the asphalt plant dryer and
mixer – Drum mix facility

26

Filling and storage in silo

9,8

Emissions from transfer of asphalt to
trucks

3,1

Emissions form loaded trucks prior to
departure from plant and during transport
to paving site

0,88

12‐16

Emissions from transfer of asphalt to paver
Emission from paver hopper area

0,04‐0,24

Emission from paver screed area

0,62‐2,0

Emission from newly paved surface

0,09‐0,15

0,03‐0,14

1) US‐EPA 2000. VOC emissions have been recalculated from propane‐ to C‐equivalents by a
factor of 1.6. Emission from loaded trucks prior departure from plant.
2) Jullien et al 2010.
3) Jullien et al 2006. Rate of RA‐recycling from 0% to 30%. Emission at 10% RA equivalent with
30% RA.
4) Hugener et al 2009. Data for tar contaminated RA at a 65‐50 % recycling rate. EPA PAH 16 in
RA 5600‐2300 mg/kg. Data calculated based on paving rates in Hugener et al 2007 assuming
a pavement geometry equivalent with Jullien et al 2006. Toluene soluble matter (TSM)
assumed to be equivalent to BSM and recalculated to TOC by multiplication with a factor of 3
based on BSM/TOC quotients for contaminated RA in Re‐Road Deliverable D 1.6.

Data on emission related to hot mix asphalt paving activities obtained in the literature has
been aggregated in Table 3‐8. Stack emissions from the asphalt plant dryer and mixer stack
is normally related to the combustion process (US‐EPA 2000) but can be influenced by the
RA and binder quality (EAPA 2007, Jullien et al 2006).
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Table 3‐9 Emission of asphalt fumes in µg/kg asphalt measured as PAH related to hot mix asphalt pavement
production activities.
Activities with emissions to air
1)
2)
3)
4)
5)
Emissions from the asphalt plant dryer and
mixer – Batch mix facility

55

Emissions from the asphalt plant dryer and
mixer – Drum mix facility

92

Filling and storage in silo

14

Emissions from transfer of asphalt to
trucks

10

140
18‐23

Emissions form loaded trucks prior to
departure from plant and during transport
to paving site
Emissions from transfer of asphalt to paver
Emission from paver hopper area

5‐18

Emission from paver screed area

42‐140

Emission from newly paved surface

0,0007‐
0,004

16‐20

1)
2)
3)
4)

US‐EPA 2000.
Ventura et al 2007.
Jullien et al 2006. Rate of RA‐recycling from 0% to 30%. Only 3 PAH compounds detected.
Hugener et al 2009. Data for tar contaminated RA at a 65‐50 % recycling rate. EPA PAH 16 in
RA 5600‐2300 mg/kg. Data calculated based on paving rates in Hugener et al 2007 assuming a
pavement geometry equivalent with Jullien et al 2006.
5) Hugener et al 2009. Data for tar contaminated RA at a 65‐50 % recycling rate. EPA PAH 16 in
RA 5600‐2300 mg/kg. Data calculated based on paving rates in Hugener et al 2007 assuming a
pavement geometry equivalent with Jullien et al 2006.
6) Lee et al 2004.

3.2.2 Summary of data from laboratory tests
Activity specific laboratory data for each sequences in the sequential mixing protocol of the
bituminous mixtures fume generator (Table 3‐7) where generated for TOC while SVOC
where generated for all mixing activities. Cumulative BSM and particulate PAH where
generated for the total mixing activities while PAH in the gas phase where recorded only for
the 1st mixing sequences (asphalt plant).
Fume generator test results on mixes with RA (Re‐Road deliverable 1.6) indicate that the
addition of uncontaminated RA has a limited effect on the total emission of substances
related to asphalt fumes (TOC and SVOC). The addition of RA may even counteract the
emission of VOCs associated with fresh binders. The reason is probably that the aged binders
in RA are less volatile than fresh binders. A comparison with TOC and SVOC data indicates
that VOC are emitted and depleted from the asphalt mix in the first mixing sequence. Binder
modified by SBS induces a substantial increase in BSM but limited increase in the emission of
SVOC, TOC and PAH.
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For RA contaminated with tar the emission increases with fraction of added RA. The increase
in total emissions of SVOC and TOC is still below a factor of 2. But while the increase in total
emissions of fumes is limited, the composition and quality of the emissions changes
drastically. Compared to virgin mixes or mixes with uncontaminated RA the emission of both
BSM and PAH is approximately 20 times larger with 30% addition of contaminated RA,
despite a rather limited contamination (total concentration of 16 EPA PAHs is approx. 300
mg/kg TS in the RA). The increase in PAH and BSM emissions is exponential rather than
linear with increased addition of contaminated RA in the mix.
TOC data shows an exhaustion phenomenon where the emissions decrease with the
progression of mixing and non‐mixing steps in the sequential protocol. A similar progression
is seen for SVOC during the mixing steps. This is an effect of the depletion of the VOCs and
SVOCs in the binder. This depletion is important to consider when the risk of airborne
contaminants in the different steps from asphalt manufacture to laying is assessed. It is
uncertain how this depletion progresses for the BSM and PAH emission due to lack of
experimental data. In order to get data on BSM and PAH for individual of mixing and non‐
mixing sequences, it was assumed that the depletion of BSM and PAH progresses according
to the same depletion curve as TOC data. There is a good correlation between the emitted
amount of TOC and BSM under the cumulative mixing sequences which at least somewhat
supports this assumption. The correlation between TOC and PAH is not good and PAH
emissions calculated for different activities and sequences hence uncertain.

Figure 3‐6 Correlation between TOC and BSM emissions for the cumulative mixing periods in the laboratory
sequential protocol (Re‐Road deliverable 1.6)
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4 Field Experiments
4.1 CDV stockpile experiment
The aim of the experiment was to assess the potential leaching of harmful compounds from
reclaimed asphalt (RA) under real conditions. The experiment was also intended to support
the risk assessment task by comparing pollutant release from RA under real conditions with
results from laboratory leaching tests. The experiment was designed to sample seeping
waters from a stockpile where RA processed for reuse is stored for a limited time. Collected
samples of seeping waters were analysed to identify the content of selected organic and
inorganic compounds and to characterise possible effects of these waters on living
organisms using an ecotoxicological test. The sampling of seeping waters depends on the
amount of rainfall during the sampling period with regard to the minimum sample volume
required for subsequent chemical analyses. A special sampler developed in the past in the
Transport Research Centre for sampling seeping water in road pavements and embankments
was used for these purposes. The experiment and results is described in the following text.
4.1.1 Material repository
A reclaimed asphalt repository was chosen as the best environment for the characterization
of possible leaching of harmful compounds from RA material under real conditions. Several
suitable locations were identified for the experiment. The biggest obstacle in the selection of
the location was obtaining permission to perform the experiment. We were successful in
negotiating permission with one of the owners with the agreement of absolute anonymity.

Figure 4‐1 Repository and detail photograph of the material

The selected stockpile contained milled surface layer material prepared for reuse in road
pavements. The stockpile was 27 m long, 11 m wide and 2.1 m high but these dimensions
changed during the duration of the experiment due to routine activities carried out on the
stockpile (Figure 4‐1). For this reason, two of the samplers described above were installed
near the edge of the stockpile, an area which was not subject to activity the duration of the
test, so that the mass of the material (1.6 m) above the samplers was not changed (Figure
Beneficiary - WP3.1 partners
Author : WP3.1 partners

Page 36 of 110

Grant SCP7-GA-2008-218747
File : Re-road_D3.3

Re - Road

WP 3

Deliverable 3.3
Risk Assessment of Reclaimed Asphalt

1.0
2012-11-12

PU

4‐2). Samplers were installed at the bottom of the stockpile, both at the same level relative
to the slope in order to characterise water moving out of the whole stockpile body. Sampler
installation was carried out as follows; the material from the selected part of the stockpile
was removed by an excavator and samplers were placed there. Then samplers were slowly
covered with the material and quick‐acting coupling devices connected to the sampling
bottle underneath were placed on the top of the stockpile (Figure 4‐3).

Figure 4‐2 Repository scheme with samplers location

Figure 4‐3 Location of the samplers in the repository

The repository contained milled material from different roads of all types. The majority of
the material was from three locations including a highway, a 1st class road and a 3rd class
road. The highway pavement was in operation for 3 years and was loaded by 13,201 veh./24
hours including 4,104 heavy duty vehicles. Material from this road was represented by stone
mastic asphalt from the wearing course (SMA 11S) and by very coarse‐grained asphalt
concrete (ACL 22S) from the bed layer. Traffic intensity on the 1st class road was 2,706
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veh./24 hours with 775 heavy duty vehicles and the material was a medium‐grained asphalt
concrete from the wearing course (ACO 11+) and a coarse‐grained asphalt concrete from the
bed layer (ACL 16+). The 3rd class road was loaded by 1,319 veh./24 hours including 130
heavy duty vehicles and material from this road was represented by a medium‐grained
asphalt concrete from the wearing course (ACO 11) and medium‐grained coated aggregates
from the bed layer (ACP 16+).
Material samples were taken in accordance with the sampling procedure proposed by WP 1
of Re‐Road project in Deliverable 1.1 “State of the art on existing laboratory methods
(sampling, characterization) linked to Reclaimed Asphalts study” in chapter 2.3 “Proposal of
a sampling procedure”. Samples were taken from 18 sites within the stockpile of which 14
were taken from the part with the installed samplers (both from the surface and the interior,
7 from the lower part, 6 from the middle part and one from the upper part of the repository)
and 4 from the upper levels in the active part of the repository near the location of the
samplers. In total, 15 kg of sample was taken for subsequent chemical analyses and batch
leaching tests.
4.1.2 Methodology
4.1.2.1 Seeping water sampling device
A special sampler for seeping waters developed in the past by the Transport Research Centre
was used in the assessment of potential groundwater pollution due to leaching of pollutants
from a RA stockpile. The sampler represents an upgrade of the device referred to in the
literature that was used for sampling water from an unsaturated zone by injecting
pressurised gas (Sytchev, 1988; Krajca, 1989). The upgrade, consisting of a simplification of
the manufacturing and assembly process, was designed and implemented by Krajča
(Jandová, 2005). Special attention was paid during the device development to using inert
materials with regard to observed pollutants. Polyvinyl chloride stuffed with milled basalt
was used because of its high rigidity and the lower adsorption of polyaromatic hydrocarbons
and polychlorinated biphenyls. The sampling bottle was made of thick‐walled glass and
stainless steel was used for the construction of the valve under the “square
lysimeter“(filter). The filter consists of three fine mesh screens with silica sand of grain
diameters from 1 to 1.5 mm in the upper part and from 0.5 to 1 mm in the lower part
between them. Glass wool designed for chemical analyses sits below this filter to prevent
fine particles from entering the sample. The amount of collected water is detected by
conduction sensors. The system of the sampling bottle, valve and filter needs to be
reinforced before being installed in the bore‐hole because of its susceptibility to damage.
The sampling bottle is put into a plastic tube with a plug underneath. A layer of sand is put
around the bottle and the rest of the free space is filled with concrete up to the filter. This
sampler design combines two different approaches for soil pore water and groundwater
sampling, the square lysimeter and the so called Gillham principle of pneumatic sampling
(Gillham, Johnson 1981; Gillham, O´Hannesin, 1988). The function of this sampler can be
described as follows. Water seeps downwards from the road surface and goes through
separate layers of pavement and embankment (or stockpile) towards a circular “funnel”.
Two layers of silica sand of different grain sizes on fine‐mesh screens prevent mechanical
contamination from entering the sampling bottle where the seeping water is collected.
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When a sufficient amount of water has been collected in the sampling bottle, a gas
(commonly N2) is pumped into the bottle so as to close the valve under the funnel and water
runs into the sampling bottle. A scheme, photographs and the location of the sampler when
used within the pavement are shown in Figure 4‐4 and are also presented in Leitão et al.
(2008).
1 = bore hole in road pavement
and embankment,
2 = cement bed,
3 = sampling bottle (glass),
4 = plug (plastic),
5 = pipe for gas,
6 = pipe for water sample,
7 = sand filter,
8 = conduction sensor,
9 = quick‐acting coupling (blue
for water),
10 = quick‐acting coupling
(black for gas),
11 = connector for conduction
sensor
Figure 4‐4 Scheme of the seeping waters sampler and photograph of the sampling bottle, valve and “area
lysimeter” (Leitão et al., 2008)

4.1.2.2 Meteorological conditions
Meteorological conditions including temperature, relative humidity, wind direction and
velocity (Gill Instruments Limited, UK) and the amount of rainfall were monitored during the
experiment duration. Three samplers for rainfall sampling were used. Two of them were
placed next to the repository at a distance of 3 m and the third one was placed circa 35 m
from the repository in the shadow of some trees to minimize evaporation of rainfall from
the sampler (see Figure 4‐5). The total amount of rainfall during the sampling periods was
calculated on the basis of data received from the climatological observatory operated by the
Czech Hydrometeorological Institute that is situated 1.5 km north of the repository.
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Figure 4‐5 Location of rain fall samplers

4.1.2.3 Chemical analyses
The chemical composition of RA material, leachate from the RA material, rainfall and seeping
water were determined by using ICP‐MS (metals) and GC‐MS (organic compounds)
techniques. Analyses were performed in accordance with standard operation procedures for
both analytical methods.
To determine metal concentrations in the material, samples were digested using a
microwave system speed ware MW‐3+ in closed Teflon containers under high temperature
and pressure. Digestion was performed in nitric acid (suprapure). The analysis of digested
samples as well as material leachates, rainfall and seeping water was performed in
accordance with EN ISO 17294‐2:2004 Water quality ‐ Application of inductively coupled
plasma mass spectrometry (ICP‐MS) Part 2: Determination of 62 elements. This method was
also used in the work task addressing the characterisation of RA. Further details on the test
methods are available in D1.6 “D1.6 “Test Methods for Environmental Characterisation of
Reclaimed Asphalt”.
The concentration of PAHs was determined in accordance with EN 15527 Characterization of
waste – Determination of polycyclic aromatic hydrocarbons (PAH) in waste using gas
chromatography mass spectrometry (GC/MS) and with the Methodological guideline of
Ministry of Environment of the Czech Republic for evaluation of leaching from wastes. The
material is dried (at room temperature and in the dark, to avoid losses of more volatile PAH
due to sunshine). 1g of the material is extracted with DCM (dichloromethane) and
subsequently concentrated by evaporation (using a Turbovap device). The extract is then
cleaned‐up using a solid‐phase silica gel clean‐up procedure. Terphenyl solution is used as
the internal standard. This method was applied to two subsamples of the material which
consisted of material grains sieved to < 1 mm and < 4 mm. Analysis was performed on GC‐
MS Shimadzu QP 2010 (Shimadzu Corporation, Japan).
The leachate from the RA material was prepared in accordance with SIS‐CEN ISO/TS 21268‐
2:2009 “Soil quality – Leaching procedures for subsequent chemical and ecotoxicological
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testing of soil and soil materials – Part 2: Batch test using a liquid to soil ratio of 10l/kg dry
matter (ISO/TS21268‐2:2009)”.
4.1.2.4 Ecotoxicity tests
A set of tests on 4 organisms (freshwater algae Desmodesmus subspicatus, higher vascular
plant seeds Sinapis alba, water arthropod Daphnia magna and freshwater fish Poecilia
reticulata) that represent all trophic levels was carried out to evaluate the possible negative
effects of seeping water on living organisms. Since RA material may under some
circumstances be considered as waste, the obtained results were compared with the limit
values defined in Czech Regulation No. 294/2005 Coll. (as there are no international
ecotoxicological limits for usage of wastes in landfill). This regulation defines limits for
separate ecotoxicological tests, particularly with respect to immobilization of Daphnia
magna, Desmodesmus subspicatus, Poecilia reticulate and Sinapis alba. These limits are
given in Table 4‐1 below. Measured toxicity values are statistically calculated with 95%
probability.
Table 4‐1 Ecotoxicity tests description
Organism

Exposition duration

Measured parameters

Limit value

Daphnia magna

48 hours

immobilization

Max. 30 %

Desmodesmus
subspicatus

72 hours

inhibition / stimulation

Max. 30 %

Poecilia reticulata

96 hours

mortality

Max. 0 %

Sinapis alba

72 hours

inhibition / stimulation

Max. 30 %

Growth Inhibition Test ‐ freshwater Algae
The test was performed in accordance with ČSN EN ISO 8692:2004 “Water quality ‐
Freshwater algal growth inhibition test with unicellular green algae” that is the Czech version
of the European Standard EN ISO 8692:2004. The purpose of this test is to determine the
effects of substances on the growth of freshwater micro algae. Exponentially growing test
organisms are exposed to the test substances in batch cultures over a period of 72 hours or
96 hours. The system response is the reduction of growth in a series of algal cultures (test
units) exposed to various concentrations of a test substance. The response is evaluated as a
function of the exposure concentration in comparison with the average growth of replicate
unexposed control cultures. Growth and growth inhibition are quantified by measuring the
the algal biomass as a function of time or by measuring surrogate parameters of the sample
e.g. using the spectrophotometry method. 100 comparisons were made with control
specimens and a decrease in growth rate was observed in 97 comparisons; this is described
as growth inhibition.
Preliminary and verification tests on undiluted leachates of the tested RA‐materials were
conducted on green algae Desmodesmus subspicatus. Test units (algae cultures) were placed
into the leachates and exposed in this media for 72 hours. The control media was deionised
water. Visual calculation of algal structures was performed to determine the effects of the
tested sample on the algae.
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Test on higher vascular plants ‐ Seedling Emergence and Seedling Growth Test
The test followed the Methodological guideline of the Ministry of Environment of the Czech
Republic for waste ecotoxicity evaluation that is in accordance with OECD Guideline for the
testing of chemicals no. OECD 208/2006 “Terrestrial Plant Test: Seedling Emergence and
Seedling Growth Test”. The test assesses the effects on seedling emergence and early
growth of higher plants following exposure to the test substance in 72 hours. Endpoints
measured are the visual assessment of seedling emergence ‐ mostly the length of growing
roots, biomass (fresh or dry shoot weight, or shoot height) and visual detrimental effects
(chlorosis, mortality, plant development abnormalities, etc.).
Preliminary and verification tests on undiluted leachates were conducted on Sinapis alba
seeds. Seeds were placed on a circle of filter paper on the bottom of the Petri dish (porosity
3.7 µm, filter type 589‐1 Schleicher) saturated with 10 ml of leachate. The control media was
deionised water. The visual measurement of the seeds root length after 72 hours exposure
was chosen to determine the toxic effects of the tested sample on this organism.
Immobilization or reproduction test on water arthropod
The test was performed in accordance with ČSN EN ISO 6341 “Water quality ‐ Determination
of the inhibition of the mobility of Daphnia magna Straus (Cladocera, Crustacea) ‐ Acute
toxicity test” that is identical with the European Standard EN ISO 6341: 1996. The small
crustacean Daphnia magna (a component of river plankton) is used in this test. Young
individuals, aged less than 24 hours at the start of the test, are exposed to the test substance
at a range of concentrations for a period of 48 hours. 20 organisms are used for each
concentration. Immobilisation, that is some state of lethargy or inability of movement in the
water environment, is recorded at 24 hours and 48 hours and compared with the control
non‐exposed group.
Preliminary and verification tests were conducted on undiluted leachate on Daphnia magna
individuals. Visual observation of immobilisation of individuals after 48 hours was performed
to determine toxic effects of 100 % leachate on this organism.
Freshwater fish Poecilia reticulata
The test was performed in accordance with ČSN EN ISO 7346‐2 “Water quality –
Determination of the acute lethal toxicity of substances to a freshwater fish [Brachydanio
rerio Hamilton‐Buchanan (Teleostei, Cyprinidae)] ‐ Part 2: Semi‐static method” that is the
Czech version of the European Standard EN ISO 7346‐2:1997. This test is used for the
evaluation of the effects of chemical compounds, waste waters and waste leachates on fish
behaviour and survival. The test is based on observations of fish behaviour and survival in
graduated concentrations of tested substances over the time period of 48 to 96 hours.
Preliminary and verification tests were conducted on undiluted leachate of the tested RA‐
material on the freshwater fish Poecilia reticulata and its mortality after 96 hours exposition
was observed.
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4.1.3 Results
4.1.3.1 Material testing ‐ Particle size distribution
Material in the repository comes from the milling of different roads in different locations
resulting in particles of different diameters in the repository. Therefore particle size
distribution as one of the main physical parameters was determined to characterise the
material. The analysis was performed in accordance with ČSN CEN ISO/TS 17892‐4
“Geotechnical investigation and testing – Laboratory testing of soil – Part 4: Determination
of particle size distribution” that is Czech version of the Technical specification CEN ISO/TS
17982‐4: 2004.
Results of the sieve analysis are presented in Table 4‐2 and Figure 4‐6. The majority of
particles in the repository had diameters between 4 – 8 mm and between 8 – 16 mm.

Table 4‐2 Sieve analysis results
Sieve size
[mm]

Mass residue on the sieve
[g]

Residue on the sieve
[%]

Cumulative percent sinks
[%]

0.063

37.8

0.7

0.0

0.125

67.8

1.3

0.7

0.250

175.4

3.3

2.0

0.500

340.4

6.4

5.3

1.000

498.5

9.4

11.7

2.000

902.0

17.0

21.1

4.000

1431.4

26.9

38.0

8.000

1355.8

25.5

65.0

16.000

300.7

5.7

90.5

22.400

204.9

3.9

99.6

31.500

0.0

0.0

5314.7

100.0

22.4

0.4

Total
Passed material
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Figure 4‐6 Grain size curve

Material chemical analyses
The concentrations of metals were relatively high especially Mn (13 750 mg/kg) and Cr (1
110 mg/kg) (see Figure 4‐7). The lowest concentrations were determined for Cd (0.62 mg/kg)
and Sb (0.08 mg/kg). The concentration of Pb (27.5 mg/kg) is also noteworthy. This metal is
dangerous due to negative effects on human health and as an inorganic is classified by
International Agency for Cancer Research as probably carcinogenic to humans (group 2A).
The highest concentrations of PAHs in the fraction < 1 mm grain size were determined for
benzo[b]fluoranthene (6.5 mg/kg), fluoranthene (5.1 mg/kg) and pyrene (4.8 mg/kg) (Figure
4‐7). Significant concentrations were measured also for the most dangerous substances
benzo[a]pyrene (5.2 mg. kg‐1) and indeno[1,2,3‐cd]pyrene (4.8 mg/kg). Benzo[a]pyrene, due
to its effects on human health, is classified by the International Agency for Cancer Research
as carcinogenic to humans (group 1) (IARC, 2011) and by the United States Environmental
Protection Agency as a probable human carcinogen (group B2) (RAIS, 2011). Indeno[1,2,3‐
cd]pyrene, due to its effects on human health, is classified by the International Agency for
Cancer Research as possibly carcinogenic to humans (group 2B) (IARC, 2011) and by the
United States Environmental Protection Agency as a probable human carcinogen (group B2)
(RAIS, 2011). On the contrary, very low concentrations were determined for acenaphthylene
(0.008 mg/kg) and naphthalene (0.068 mg/kg). Abbreviations used in Figure 4‐7 are defined
in Table 4‐3.
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Table 4‐3 List of used PAH abbreviations
PAH

Abbreviation

PAH

Abbreviation

Naphthalene

Nap

Benz[a]anthracene

BaA

Acenaphthylene

Ace

Chrysene

Chr

Acenaphthene

Any

Benzo[b]fluoranthene

BbF

Fluorene

Flu

Benzo[k]fluoranthene

BkF

Phenanthrene

Phe

Benzo[a]pyrene

BaP

Anthracene

Ant

Indeno[1,2,3‐cd]pyrene

IcdP

Fluoranthene

Flt

Dibenz[a,h]anthracene

DahA

Pyrene

Pyr

Benzo[ghi]perylene

BghiP

Figure 4‐7 Selected metals and PAH content in the material

PAH concentrations in the fraction < 4 mm grain size were lower than those in the smaller
particle‐size fraction, in some cases orders of magnitude lower. Additionally, the
distribution of PAH concentrations was a little bit different. The highest concentrations were
determined for fluoranthene (1.3 mg/kg) and pyrene (1.2 mg/kg). On the contrary, very low
concentrations were determined for acenaphthene (0.018 mg/kg) and acenaphthylene
which was below the detection limit.
Leachate chemical analyses
In general, concentrations of selected metals were relatively low, some were even under the
detection limit (Table 4‐4). The highest concentrations were determined for V (21 µg/l), Mo
(7 µg/l) and Ni (6 µg/l). On the contrary, concentrations of Cd, Co, Cu, Pb, Zn, Ba and Mn
were below the detection limit. High concentration of DOC and TOC (6 900 µg/l resp. 9 700
µg/l) indicate significant pollution by organic substances.
The repository RA leachate was typical with higher concentrations of fluoranthene (210 ng/l)
and pyrene (250 ng/l) compared to other PAHs. On the contrary, concentrations of
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dibenz[a,h]anthracene, acenaphthene, anthracene and indeno[1,2,3‐cd]pyrene were below
the detection limits.
Table 4‐4 Selected elements and PAH content in the material leachate
Element
Ba
Cd
Co
Cr
Cu
Mn
Mo
Ni
Pb
Sb
V
Zn
DOC
TOC
turbidity

Concentration [µg/l]
<10
<0.5
<1
1
<10
<1
7
6
<0.5
0.9
21
<10
6 900
9 700
1.1 [FAU]

PAH
Naphthalene
Acenaphthylene
Acenaphthene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benz[a]anthracene
Chrysene
Benzo[b]fluoranthene
Benzo[k]fluoranthene
Benzo[a]pyrene
Indeno[1,2,3‐cd]pyrene
Dibenz[a,h]anthracene

Concentration [ng/l]
88.5
4.2
<3.5
29.5
31.8
<3.8
214.0
250.8
51.3
81.6
61.7
9.8
36.0
<1.7
<35

Benzo[ghi]perylene

83.4

Total PAH

943

Ecotoxicological characterization
Ecotoxicological tests performed on the repository RA leachate showed some negative
effects on living organisms. 10% immobilization of the water arthropod Daphnia magna,
8.06% stimulation of Sinapis alba seed growth and green algae growth stimulation of 6.11%
was found. Nevertheless, limit values for all measured parameters were observed.
Table 4‐5 Ecotoxicological characterization of repository material
Organism

Exposition

Measured
parameter

Value

Daphnia magna

48 hours

Immobilization

10

Desmodesmus
subspicatus

72 hours

Inhibition (+)/
Stimulation (‐)

‐ 6.11

Poecilia reticulata

96 hours

Mortality

Sinapis alba

72 hours

Inhibition (+)/
Stimulation (‐)

[%]

0

‐ 8.06

Uncertainty
(%)
LB = 7.0
UB = 14
LB = ‐ 10.71
UB = ‐ 2.61
LB = 0
UB = 4
LB = ‐ 13.79
UB = ‐ 4.34

Limit value
[%]

Evaluation

Max. 30

Below limit

Max. 30

Below limit

Max. 0

Below limit

Max. 30

Below limit

Note: LB = Lower bound; UP = Upper bound.
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4.1.3.2 Meteorological conditions
Meteorological conditions including temperature, relative humidity, wind direction and
velocity and the amount of rainfall were monitored during of the entire experiment
duration, the results of which are presented in Table 4‐6. The amount of rainfall is especially
important for the experiment because it determines the amount of water infiltrating the
repository and affects the volume of the seeping water sample. Because of the wet and cold
summer period, the total amount of rainfall during the first sampling period (29. 6. 2011 – 1.
9. 2011) was 288.4 mm. Unfortunately autumn was very dry, and although the second
sampling period was extended, the total amount of rainfall during the second sampling
period (1. 9. 2011 – 16. 1. 2012) was only 111.6 mm.
The chemical composition of the collected rainfall was also determined to eliminate input /
influx of observed compounds from rainfall for the accurate characterization of leaching
processes in the repository. Most of the selected metals were below the detection limits
except Mn, Ni, Pb and Zn (see Table 4‐7) in the sample collected within the first sampling
period. The sample collected within the second campaign contained higher concentrations
of the metals mentioned above. In particular, the Mn concentration was much higher (59
µg/l vs. 2 µg/l) and the concentration of Zn (58 µg/l vs. 25 µg/l) and Pb (0.7 µg/l vs. 2.9 µg/l)
were also two and three times higher respectively.

Table 4‐6 Mean values of measured meteorological data and sum of rainfall
Parameter
Temperature [°C]

1st sampling period
18.4

2nd sampling period
6.7

76.3

80.3

16948.7

6342

288.4

111.6

7.48

6.96

Humidity [%]
Solar radiation [kj.m‐2]
Rainfall amount [mm]
Rainfall pH

PAH concentrations were in general very low in both rainfall samples (see Table 4‐8). The
majority of PAH concentrations were under the detection limit in the sample from the first
sampling period except naphthalene (13.9 ng/l). This compound was also detected in the
highest concentration in the second sample of rainfall water (72.5 ng/l). This sample also
contained other PAHs whose concentrations were above the detection limits, particularly
benzo[b]fluoranthene (33.8 ng/l), benzo[k]fluoranthene (41.7 ng/l), benzo[a]pyrene (28.9
ng/l) and indeno[1,2,3‐cd]pyrene (23.4 ng/l). The total concentration in the sample from the
second sampling period was an order of magnitude higher than in the first sample (200.2
ng/l vs. 13.9 ng/l).
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Table 4‐7 Mean composition of rain water during sampling periods ‐ metals
Metal
Ba

Concentration [µg/l]
st

1 sampling period
<10

2nd sampling period
<10

<0.5

<0.5

<1

<1

<1

1

<10

<10

2

59

<1

<1

2

23

0.7

2.9

<0.5

<0.5

<1

<1

25

58

Cd
Co
Cr
Cu
Mn
Mo
Ni
Pb
Sb
V
Zn

Table 4‐8 Mean composition of rain water during sampling periods ‐ PAH
PAH

Concentration [ng/l]
st

1 sampling period

2nd sampling period

Naphthalene

13.9

72.5

Acenaphthylene

<0.9

<0.4

Acenaphthene

<1.6

<0.7

Fluorene

<1.9

<0.8

Phenanthrene

<3.2

<1.4

Anthracene

<1.7

<0.7

Fluoranthene

<2.8

<1.6

Pyrene

<1.9

<0.8

Benz[a]anthracene

<3.0

<1.3

Chrysene

<9.4

<4.1

Benzo[b]fluoranthene

<2.3

33.8

Benzo[k]fluoranthene

<2.5

41.7

Benzo[a]pyrene

<2.0

28.9

Indeno[1,2,3‐cd]pyrene

<0.7

23.4

Dibenz[a,h]anthracene

<15

<6.7

Benzo[ghi]perylene

<6

<2.6

Total PAH
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4.1.3.3 Seeping water
The field experiment was conducted between 29. 6. 2011 and 16. 1. 2012. The overall
duration of the experiment was 26 weeks. Two sampling intervals were chosen due to
meteorological conditions. The first was from 29. 6. 2011 to 1. 9. 2011 and the second from
1. 9. 2011 to16. 1. 2012.
It was assumed that water seeps directly down to the samplers so the catchment area was
identical to the area of the samplers’ lysimeter that is 0.0628 m2. Nothing was known about
water paths through the stockpile for example, if there were some "sideways" or "more
horizontal" seepage channels. Thus it was considered that the volume of the water entering
the "cylinder" of material laterally was the same as the volume that seeps out of this
cylinder and the water volume in both cases (upper = catchment area on the surface of
stockpile, bottom base = samplers lysimeter) was the same. Therefore, the estimated
quantity of the RA in contact with sampled water was approximately 0.10048 m3.
During the first period of the field experiment (29. 6. 2011 – 1. 9. 2011) we obtained 874 ml
of seeping water. The amount of water within this sampling period was not the same in both
samplers. There was 620 ml in the sampler located near the peak of the repository (sampler
number 1 in the scheme) and 254 ml in the second sampler placed near the slope of the
repository (sampler no. 2). Both samples were mixed together for subsequent analyses.
Only 370 ml of seeping water was sampled during the second period (1. 9. 2011 – 16. 1.
2012). The amount of water within this sampling period was again not the same in both
samplers. There was 260 ml in the sampler located near the peak of the repository (sampler
no. 1) and 110 ml in the second sampler placed near the slope of the repository (sampler no.
2). Both samples were combined for subsequent analyses.
Such small volumes of sampled seeping water could be the result of high surface runoff from
the repository (nearly conical shape) and high evaporation of rainfall from the repository
surface due to the nature of the stored material. The RA repository material could also have
a low permeability which could change even during storage due to low temperatures etc.
This could also explain the low volume of the seeping water sample at the end of the second
sampling period. The other explanation for the lower sample volume in the second sampling
period could be due to the fact that the samplers were covered after their installation by
“fresh” material and due to its weight it became more compacted with time therefore
changing the water pathways (and its permeability).
Table 4‐9 Measured parameters of sampled seeping water
1st sampling period

2nd sampling period

Temperature [°C]

10.3

6.4

pH

8.1

7.7

Total volume [ml]

874

370

Parameter
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Chemical analyses
The seeping water collected during the first sampling campaign was typical with very high
concentrations of Zn (55 000 µg/l) and high concentrations of Sb (250 µg/l), Ni (195 µg/l) and
Ba (96 µg/l). The seeping water also contained high concentrations of DOC and TOC (42 000
µg/l resp. 51 000 µg/l) which indicates high pollution by organic compounds. Also, the
turbidity value was relatively high (23 FAU). On the contrary, the Cd concentration was
under the detection limit (see Figure 4‐8 and Figure 4‐9).
The second sample of seeping water from the second campaign contained in many cases
different concentrations of elements compared to the first sample. Only the concentrations
of Cu, Mo, Pb, V and Cd and DOC were roughly similar in both samples. Ba concentrations
were two times lower (96 µg/l vs. 43 µg/l), Cr concentrations were nearly four times lower
(42 µg/l vs. 11 µg/l), the Zn concentration was two orders of magnitude lower (55 000 µg/l
vs. 160 µg/l) and the TOC concentration was lower (51 000 µg/l vs. 40 700 µg/l). Also the
turbidity value was nearly two times lower (23 FAU vs. 12 FAU). The Co concentration was
below the detection limit although it was 4 µg/l in the sample from the first sampling period.
On the contrary, concentrations of many metals were significantly higher in the second
sample. The Mn concentration (30 µg/l vs. 465 µg/l) was an order of magnitude higher. The
Ni concentration (195 µg/l vs. 810 µg/l) was nearly four times higher. The Sb concentration
was also higher (250 µg/l vs. 325 µg/l).

Figure 4‐8 DOC and TOC concentrations in seeping water

The sample of seeping water collected within the first sampling campaign contained higher
concentrations of almost all analyzed PAH except benzo[a]pyrene (297 ng/l vs. 316 ng/l). The
total PAH concentration was nearly 5 times higher in the first sample than in the sample
collected during the second sampling period (18 266 ng/l vs. 3 516 ng/l). Concentrations of
some PAH were an order of magnitude higher in the first sample particularly acenaphtene (6
307 ng/l vs. 26 ng/l), fluoranthene (3 322 ng/l vs. 225 ng/l) and pyrene (2 512 ng/l vs. 342
ng/l). Significant differences in concentrations between samples was determined also for
phenanthrene and benzo[ghi]perylene whose concentrations were nearly 6 times higher in
the first sample (608 ng/l vs. 130 ng/l, 640 ng/l vs. 105 ng/l). Concentrations of
indeno[1,2,3‐cd]pyrene was nearly 4 times higher in the first sample (328 ng/l vs. 74 ng/l).
Concentrations of other PAH were approximately 2 times higher in the first sample than in
the sample collected within the second sampling period.
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The highest concentration in the first sample was determined for acenaphthene (6 307 ng/l)
and high concentrations were measured for fluoranthene (3 322 ng/l) and pyrene (2 512
ng/l). On the contrary, anthracene and dibenz[a,h]anthracene concentrations were below
the detection limit.
The highest concentrations in the second sample were measured for chrysene (738 ng/l) and
benzo[b]fluoranthene (618 ng/l). On the contrary, concentrations of acenaphthylene,
anthracene and dibenz[a,h]anthracene were below the detection limit.
Concentrations of several metals were recalculated after the detection of possible input
fluxes of these elements with infiltrating rainfall. This was conducted by determining the
concentration in the rainfall and deducting this from the metals concentration in the
leaching water, so as to only represent metals that have leached from the material. In
particular, Mn concentrations were recalculated in both samples and were lower by 2 µg/l in
the first sample of seeping water and lower by 59 µg/l in the second one. Also 25 µg/l were
deducted from concentration of Zn in the first sample and 58 µg/l in the second sample and
Pb concentrations are lower by 0.7 µg/l in the first sample of seeping water and. lower by
2.9 µg/l in the second one.

Figure 4‐9 Selected metals and PAH concentrations leached from RA repository material

The concentrations of some PAHs were recalculated due to their input to the RA repository
with rainfall. Naphthalene concentrations were recalculated in both samples and are lower
by 13.9 ng/l in the first sample and lower by 72.5 ng/l in the second sample of seeping
water. The total PAH concentration in the first sample thus decreased by 13.9 ng/l because
naphthalene was the only recalculated PAH in the first sample. However, in the second
sample of the seeping water concentrations of benzo[b]fluoranthene (lower by 33.8 ng/l),
benzo[k]fluoranthene (lower by 41.7 ng/l), benzo[a]pyrene (lower by 28.9 ng/l) and
indeno[1,2,3‐cd]pyrene (lower by 23.4 ng/l) were also recalculated. The total PAH
concentration thus decreased by 200.2 ng/l in the sample from the second sampling period.
The metal and PAH concentrations summarised in Figure 4‐9 thereby represent
concentrations released from the RA repository material.
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Ecotoxicological tests
The same set of tests as for ecotoxicological characterization of repository RA material
leachate was performed on the seeping water samples. The seeping water was tested on 4
organisms (freshwater algae, higher vascular plant seeds, water arthropod and freshwater
fish) that represent all trophic levels.
Unfortunately, the ecotoxocological tests were performed on only one sample from the first
sampling period. There was not enough water in the samplers after the second sampling
period to perform ecotoxicological tests.
Results of the ecotoxicological characterization of the seeping water show differences in its
effects on living organisms (see Table 4‐10). There was no effect on freshwater fish, Poecilia
reticulate mortality, therefore the limit value was observed (0 % mortality). Neither was any
effect determined on the water arthropod, Daphnia magna. The limit value represented by
30 % immobilization was also observed. Surprisingly, stimulation effect was observed for
green algae, Desmodesmus subspicatus growth (4.15 %) and also for the growth of the
higher vascular plant Sinapis alba seeds. However, these did not exceed the specified limits
of 30 % inhibition / stimulation. Seeping water was thus not considered dangerous and did
not have significant negative effects on freshwater ecosystem and living organisms.
Table 4‐10 Ecotoxicological characterization of seeping water
Organism

Exposition

Measured
parameter

Value

Daphnia magna

48 hours

Immobilization

0

Desmodesmus
subspicatus

72 hours

Inhibition (+)/
Stimulation (‐)

Poecilia reticulata

96 hours

Mortality

Sinapis alba

72 hours

Inhibition (+)/
Stimulation (‐)

[%]

‐ 4.15

0

‐ 3.45

Uncertainty
(%)
LB = 0
UB = 2
LB = ‐ 6.02
UB = ‐ 2.15
LB = 0
UB = 4
LB = ‐ 5.07
UB = ‐ 1.63

Limit value
[%]

Evaluation

Max. 30

Below limit

Max. 30

Below limit

Max. 0

Below limit

Max. 30

Below limit

Note: LB = Lower bound; UP = Upper bound.

4.1.3.4 Comparison of seeping water and material leachate
Chemical analyses
The composition of the repository RA material leachate prepared in the laboratory was
different to the samples of the seeping water. When comparing these materials, it should be
noted that no allowance is made for particle size. The pH of the water used for the
laboratory leaching tests was however adjusted to match the pH of the seeping water; a pH
of 7.7 was used. The DOC concentration in both samples of seeping water was nearly 6 times
higher than in the material leachate prepared under laboratory conditions (42 000 µg/l and
38 400 µg/l vs. 6 900 µg/l). The TOC concentration in both samples of seeping water (51 000
µg/l and 40 700 µg/l) was 5 and 4 times higher respectively than in the material leachate (9
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700 µg/l). Turbidity was higher in the samples of seeping water by an order of magnitude (23
FAU and 12 FAU vs. 1.1 FAU). The higher concentrations of DOC and TOC and the higher
value of turbidity are probably caused by the different origins of the analysed samples. The
material leachate was centrifuged for 5 hours at 2 500 g to separate suspended particles in
accordance with the Technical specification SIS‐CEN ISO/TS 21268‐2:2009. This process was
not applied to samples of the seeping water to better characterize the product of the
leaching process in the repository body and the possible effects of water leaving the
repository body.

Figure 4‐10 Comparison of DOC and TOC concentration and turbidity in seeping water and material leachate

In general, the laboratory material leachate contained very low concentrations of metals
while the seeping waters contained the same metals in much higher concentrations (some
two orders of magnitude higher). The material leachate prepared in the laboratory
contained the highest concentration of V (21 µg/l) whereas the seeping water from the 1st
sampling period was typical with a very high concentration of Zn (55000 µg/l) and the
seeping water from the 2nd sampling period contained high concentrations of Sb (325 µg/l),
Ni (810 µg/l) and Mn (465 µg/l). Additionally, these metals were below or very close to the
detection limit in the laboratory material leachate. Most similar were determined
concentrations of V (44 µg/l in the first seeping water sample, 31 µg/l in the second seeping
water sample and 21 µg/l in the material leachate).
Concentrations of PAHs were also much lower in the material leachate prepared in
laboratory compared to the seeping water samples. But there were also big differences
between separate seeping water samples from different sampling periods. There were also
differences in the PAH distribution among samples. The highest concentrations in the 1st
seeping water sample were determined for acenaphthene (6307 ng/l), fluoranthene (3321.5
ng/l) and pyrene (2512.5 ng/l) whereas the 2nd sample of seeping water contained the
highest concentrations of chrysene (737.6 ng/l), Benzo[b]fluoranthene (584.4 ng/l) and
Benz[a]anthracene (472.6 ng/l). Material leachates prepared in the laboratory contained the
highest concentrations of fluoranthene (214 ng/l) and pyrene (250.8 ng/l), thus this
distribution is relatively similar to the 1st sample of seeping water.
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Figure 4‐11 Comparison of metals and PAHs concentration in seeping water and material leachate

Ecotoxicological tests
The same set of tests was performed for ecotoxicological characterization of both the
seeping water and the material leachate. Results summarised in Table 4‐11 show some
interesting differences in the effects on living organisms. The biggest difference was in the
test on water arthropod Daphnia magna. 10% immobilization of the water arthropod
Daphnia magna was found for the material leachate prepared in the laboratory but no effect
on this organism was observed for sample of seeping water. Stimulation effect was observed
for the green algae, Desmodesmus subspicatus. Growth was seen in both samples but was a
little bit higher in the material leachate compared to the seeping water sample (6.11 % vs.
4.15 %). A stimulation effect on the growth of the higher vascular plant Sinapis alba seeds
was also found in both samples but the value was twice as high in the material leachate
compared to the seeping water sample (8.06 % vs. 3.45 %). No effect was found from either
samples on the freshwater fish, Poecilia reticulata, mortality (0 % mortality).
Material leachate prepared in the laboratory could be more dangerous for freshwater
ecosystems and living organisms compared to seeping water from a RA material repository
under real conditions although no significant negative effects were found.
Table 4‐11 Comparison of ecotoxicity test results of seeping water and material leachate
Value [%]

Uncertainty

Organism

Exposition

seeping
water

material
leachate

Remark

Daphnia magna

48 hours

0

10

Immobilization

Desmodesmus
subspicatus

72 hours

‐ 6.11

Inhibition (+)/
Stimulation (‐)

Poecilia
reticulata

96 hours

Sinapis alba

72 hours

‐ 4.15

0

‐ 3.45

0

‐ 8.06

Mortality
Inhibition (+)/
Stimulation (‐)

seeping
water

material
leachate

LB = 0

LB = 7.0

UB = 2

UB = 14

LB = ‐ 6.02

LB = ‐ 10.71

UB = ‐ 2.15

UB = ‐ 2.61

LB = 0

LB = 0

UB = 4

UB = 4

LB = ‐ 5.07

LB = ‐ 13.79

UB = ‐ 1.63

UB = ‐ 4.34

Note: LB = Lower bound; UP = Upper bound.
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4.1.4 Conclusions
The material contained high concentrations of some metals particularly Mn and Cr and
PAHs. The seeping water contained very high concentrations of Zn in the first sampling
period and was highly polluted with organic compounds represented by high concentrations
of DOC and TOC in both seeping water samples.
Higher PAH concentrations in seeping water in the sample from the first sampling period
could be due to their greater release from the “fresh” material at the beginning of the
experiment.
Knowledge of the chemical composition of the materials leachates is important because it
shows the potential for environmental pollution due to the release of substances from
materials in contact with water. However, it cannot characterize the effects of materials on
living organisms. It is therefore appropriate to complement chemical analyses with
ecotoxicity tests that can identify important information on possible effects on living
organisms. Chemical analyses thus identify which compound could be responsible for these
effects.
The first sample of seeping water was relatively highly polluted with selected compounds,
nevertheless the water had almost no negative effects on living organisms. Larger negative
effects were identified in the material leachate prepared in laboratory although
concentrations of analysed compounds (metals and PAHs) were much lower. The difference
between laboratory testing and field testing was significant for Daphnia magna, but less so
for other organisms. It is possible that the leachate could contain “unknown” substances
originating during the leaching process in the laboratory that were not analysed and could
occur in high concentrations. These substances may be responsible for toxic effects on living
organisms.
This study has demonstrated the benefits of ecotoxicity tests for the evaluation of the threat
posed by the materials to fresh water ecosystems. It is acknowledged that there is some
uncertainty with the test results, but it should be noted that ecotoxicity testing gives
information that is not available using chemical tests alone.
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4.2 SGI particle experiment
During recycling of RA, particles can be released as a result of airborne fugitive dust
emissions and through spillages and losses during the production, handling and storing of
RA. The amount of particles being released can vary greatly and depends on how the
production, handling and storing of the RA are performed and on the actions taken to
counteract the release of particles. In addition, the temporal and site specific weather
conditions, such as rain fall and wind speed, do also influence the emissions.
The aim of the field study was to assess emission of RA‐particles due to spillages and losses
during the production of RA. Since it can be assumed that the choice of sweeping procedure
after milling may have an impact on the emissions of particles it was decided to include two
different sweeping operations: Case study A and Case study B. The specific objectives, of
each case study, were to (i) quantify the amount of particles released per square meter and
kg of milled asphalt pavement and (ii) to characterise the particle size distribution and the
binder content of these different particle fractions.
This type of data combined with information on amount of hazardous compounds in
different types of RA and their potential to leach will then be the foundation of the risk
assessment.
The milling operation (at both case studies) was performed with a Wirtgen W 2000 milling
machine equipped with water nozzles to prevent the formation of fugitive dust and a local
exhaust ventilation to evacuate the dust generated through a stack with its emission point at
the top end of the machine.
Sampling of particles was performed using a cyclone vacuum cleaner (Dyson) on the milled
surfaces and on adjacent road surfaces Figure 4‐12. The samples collected are summarised
in Table 4‐12.
Additional observations of loss of particles during production of RA where performed on an
occasional basis.
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Figure 4‐12 Cyclone vacuum cleaner used for sampling of particles, on milled surfaces and on adjacent road
surfaces

4.2.1 Countryside Road Sampling, Case study A
The first case study was conducted on a one lane countryside road (R50, north of Alvastra,
Sweden), Figure 4‐13. Milling was performed at night and traffic was passed on by the
adjacent lane by a pace car (to reduce the speed of passing vehicles). The milled surface was
closed to traffic until repaved the next morning. Milling depth was 9 cm and the milled RA
was frontloaded to trailers. A dry vacuum sweeping machine was used to collect spillages of
RA from the milled surfaces during the milling operation and wet vacuum sweeping was
performed the next morning prior to paving to ensure a clean surface.
The temperature during the milling operations was; 12‐15 ˚C. Strong wind gusts were
frequent during the start of the sampling, but rapidly declined during the sampling period.
The wind speed was estimated to approx. 8 m/s at the start of the sampling and decreased
to approx. 4 m/s at the end of the sampling period.
At the start of the sampling it was observed that RA‐particles were swept off from the front
loading operation. These particles were deposited on the adjacent trafficked lane (see area
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marked in red in Figure 4‐13). The particles deposited quickly, but were swirled up by the
traffic and further windblown to the side of the road. To allow sampling of these windblown
RA particles the traffic was stopped and the downwind lane adjacent to milling operations
was sampled.
Sampling of these windblown particles was performed at three different occasions with
different wind speeds. These samples are denoted Windblown 1, 2 and 3 (Table 4‐12). In
addition, reference sampling where performed at two areas of the road where no milling
operations were performed.
Additional sampling of RA spillage was performed the next morning at the upwind paved
support strip of the milling site (area marked in yellow in Figure 4‐2). Sampling was
performed at three different locations nearby the areas which had been sampled for
windblown RA–particles the night before. These samples are denoted Road strip 1, 2 and 3.
Additional reference sampling where performed at one area where no milling operations
had been performed.
Furthermore, sampling was also performed on the milled surfaces that had been treated
with the wet vacuum sweeping after drying (see area marked in white in Figure 4‐13). Two
samples denoted Surface 1 and 2, were taken from this area.

Figure 4‐13 Case study A: Overview of the countryside road R50, north of Alvastra, Sweden and the sampling
areas (picture to the left). Sampling of RA spillage at the support strip of Road R50 after dry and wet vacuum
sweeping (picture to the right).
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Table 4‐12 Samples collected at case study A and B
Samples collected at Case study A Sampled
(Alvastra)
length (m)
Windblown from front loading
Sample 1 (wind speed ca 8 m/s)
Sample 2 (wind speed ca 6 m/s)
Sample 3 (wind speed ca 4 m/s)

1.0
2012-11-12

PU

Samples collected at Case study
B (Linköping)

Sampled
length (m)

Milled surface after front
loader broom
Sample 1
Sample 2
Sample 3

3.0
2.2
3.0

Milled surface after vacuum
sweeping machine
Sample 1
Sample 2
Sample 3

2.0
3.0
3.4

7.8
7.8
7.8

Reference sample 1
Reference sample 2
Road strip after sweeping

7.8
7.8

Sample 1
Sample 2
Sample 3

7.8
7.8
7.8

Reference site 1
Milled surface after sweeping

7.8

Sample 1
Sample 2

3.8
3.8
3.8

4.2.2 City Road Sampling, Case study B
The second case study was a two lane city street, located in Linköping, Sweden, (Figure
4‐14). Milling was performed at day and traffic was let on to the milled surfaces promptly
after milling operations. Milled surfaces were open for traffic for several months before the
new pavement was applied. Milling depth was 3 cm and milled RA was frontloaded to
trailers. Spillage of RA was collected using both a rotary broom front loader (Figure 4‐14) and
a dry vacuum sweeping machine.
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Figure 4‐14 Case study B: City street in Linköping, Sweden. Sweeping measures, using a rotary broom front
loader, was conducted to collect spillage

The temperature during the sampling operation was rather high (25 ˚C). The sampling was
performed in the afternoon with clear sky and a low wind speed (approx. 2 m/s).
During the sampling no windblown loss of RA particles during front loading operation from
the milling machine to trailers was observed. The milled RA and the asphalt surface were
sticky due to the milling operation and the weather condition (high temperature, strong
sunshine and low wind speed). As a result, RA‐particles tended to adhere to the milled
surface and resisted the sweeping and sampling measures (Figure 4‐15). Sampling of the
milled surface and adjacent paved surfaces was performed both after cleaning the surface
with a rotary broom front loader and then again after cleaning with a vacuum sweeping
machine. These samples are denoted Rotary broom 1, 2 and 3 and Sweeping Machine 1, 2
and 3. No reference sampling was performed.
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Figure 4‐15 Sticky RA particles adhering to the milled surface after sweeping

4.2.3 Results
Samples on release of RA particles during cold milling of road surfaces where characterised
on three properties:
1) The amount released per square meter and mass of milled asphalt pavement.
2) The particle size distribution
3) The binder content of different particle fractions
The release of RA particles during cold milling of the countryside road (Alvastra) is shown in
Table 4‐13. The remnant fraction of RA‐particles (spillage) on or directly adjacent to the
milled surface after sweeping is very small; 0.004‐0.01 kg/m2. The values obtained for the
city street (Linköping), 0.02‐0.04 kg/m2 milled surface, Table 4‐14, are higher probably
caused by a less efficient sweeping process. Another cause of increasing spillage is odd
localised failures of sweeping operations. One such incident was recorded and sampled at
the city street case study in Linköping. Sample 1 for milled surface after vacuum sweeping
machine is clearly elevated compared to all other samples, Table 4‐14. A local finite “hot
spot” deposit of milled RA was also observed at that sampling site. Similar “hot spots” was
also observed In Case study A (at the countryside road case study north of Alvastra) but not
sampled, see Figure 4‐16.
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Table 4‐13 Release of RA particles during cold milling of countryside road (Alvastra). Milling depth 3 cm
mass
Samples
Sampled
Sampled mass per Sampled
mass
of
length (m) milled
surface per
milled RA
(kg/m2)
Windblown from front loading
Sample 1 (wind speed ca. 8 m/s)
7.8
0.080
0.036%
Sample 2 (wind speed ca. 6 m/s)
7.8
0.036
0.016%
Sample 3 (wind speed ca. 4 m/s)
7.8
0.0070
0.0031%
Reference sample 1
Reference sample 2
Road strip after wet vacuum sweeping
Sample 1
Sample 2
Sample 3

7.8
7.8

0.00064
0.00028

0.0003%
0.0001%

7.8
7.8
7.8

0.0093
0.0048
0.011

0.0041%
0.0021%
0.0050%

Reference site 1
Milled surface wet vacuum sweeping
Sample 1
Sample 2

7.8

0.00061

0.0003%

3.8
3.8

0.0040
0.0087

0.0018%
0.0039%

Table 4‐14 Release of RA particles during cold milling of city street (Linköping). Milling depth 3 cm
mass
Samples
Sampled
Sampled mass per Sampled
mass
of
length (m) milled
surface per
milled RA
(kg/m2)
Milled surface front loader broom
Sample 1
3
0.022
0.029%
Sample 2
2.2
0.039
0.051%
Sample 3
3
0.024
0.032%
Milled surface vacuum sweeping
Sample 1*
2
0.15
0.20%
Sample 2
3
0.048
0.064%
Sample 3
3.4
0.022
0.030%
* At this sampling site sweeping had been unsuccessful leaving a local finite deposit “hot spot” of milled RA.

Beneficiary - WP3.1 partners
Author : WP3.1 partners

Page 62 of 110

Grant SCP7-GA-2008-218747
File : Re-road_D3.3

Re - Road

WP 3

Deliverable 3.3
Risk Assessment of Reclaimed Asphalt

1.0
2012-11-12

PU

Figure 4‐16 Occasional odd spillage sites – hot spots”‐ as a result of misses in the RA recovery operations at
road R50 (Alvastra). Picture to the left is an example on spill from the conveyor in the front loading
operation. Pictures to the right are examples on misses in the sweeping operation.

The city street case study did not reveal any differences in the sweeping efficiency using a
front loader broom versus a vacuum sweeping machine (Table 4‐14). But it should be noted
though that the weather conditions at the time of the study caused RA particles to adhere to
the milled surface and resist sweeping. One would expect that vacuum sweeping is a more
efficient measure which may very well be the case at other conditions.
Traffic was let on to the milled city streets before paving. Observations of nearby milled
street surfaces ‐ that had been milled previously on another occasions using the same milling
approach ‐ revealed that RA‐spillage had accumulated along kerbs or the milling edge, Figure
4‐17. These RA‐particles had probably been sticking to the milled surface but been detached
and released from the milled surface by traffic when the surface cold off during night. No
sampling of these sites was possible but it is estimated that they represent a substantial
increase in the release of particles compared to the lower values given in Table 4‐14 –
probably by an order of magnitude.

Figure 4‐17 RA particles from cold milling operations on city streets (Linköping) accumulated along curbs and
the milling edge
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A substantial increase in the spillage at the countryside road (Alvastra) could also be
documented at elevated wind speeds where RA‐particles are windblown during frontloading
operation (from milling machine to trailer). Based on estimated wind speeds it seems that a
wind speed of approx. 8 m/s can cause an increase of the RA‐ particles lost by an order of
magnitude. The total mass of the particles loss is still limited though approx. 0.080 mg/m2
milled surface. However, the workmen at the countryside road case study reported that they
had experienced an even higher degree of spillage at higher wind speeds e.g. where
complaints had been received on staining of parked cars by windblown RA‐particles.
The results obtained at the different (estimated) wind speeds (Table 4‐15) indicate that wind
speeds at 6 m/s, and above, can cause a substantial increase in the spillage. This finding is
also supported by observations of the cold milling operations on a traffic roundabout in
Linköping (2010‐07‐01) where hefty emission of airborne dust was observed, Figure 4‐18.
Milling was performed at daytime and traffic was let on to the milled surfaces promptly after
milling operations. Milled surfaces were swept using a rotary broom front loader. The
emissions were caused by the milling operations and traffic on the milled surface. The
average wind was estimated to 6‐7 m/s (based on data from a nearby weather station,
Linköping/Malmslätt).

Figure 4‐18 Dust emission during cold milling of a traffic roundabout in Linköping
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Spillages or losses can also occur as a result of conscious dumping of material. During cold
milling operations at a local street in Linköping (2010‐11‐04) conscious dumping of RA at a
site for excavated material was observed, Figure 4‐19. Milled surfaces were swept in turns
by a rotary broom front loader. In one case the material collected in one sweeping turn was
dumped since no trailer to load was present.

Figure 4‐19 Dumping of RA‐particles by a rotary broom front loader during cold milling operations

The particle size distribution of the samples is presented in Table 4‐15 and Figure 4‐20. With
the exception of the samples on windblown RA particles, samples representing different
sweeping operations were pooled in order to obtain a sample mass large enough to perform
sieving. The restricted sample mass also made the particle size distribution at particle sizes
larger than 4 mm highly uncertain and these data where thus not recorded. The particle size
distributions in Table 4‐15 are for most samples distinctly separate from normal milled RA
particle size distribution (Table 4‐2) with lower fraction of coarse particles (> 4 mm).
Table 4‐15 Cumulative particle size distribution of RA particles released and sampled in case study A and B
<0.063 <0.125
<0.250 <0.50
<1 mm
< 4 mm
Sample
mm
mm
mm
mm
mass (g)
Countryside road case R50 (A)
Windblown from front loading
Windblown 1 (8 m/s)
0.26%
1.2%
5.0%
19%
46%
90%
1400
Windblown 2 (6 m/s)
1.4%
4.4%
15%
37%
63%
96%
610
Windblown 3 (4 m/s)
1.3%
4.9%
16%
30%
42%
69%
120
Road strip wet vacuum
2.6%
6.1%
13%
24%
32%
68%
430
sweeping
Milled surface wet vacuum
1.46%
6%
12%
19%
27%
56%
100
sweeping
City street case study (B)
Front loader broom sweeping 0.47%
2%
5%
12%
30%
83%
680
Vacuum machine sweeping
5.46%
13%
24%
39%
55%
82%
350
* This sample was biased by a finite occasional deposit ‐ “hot spot” ‐ of milled RA.
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An in depth study on the particle distribution of the particles < 4 mm (Figure 4‐21) from case
study A reveals that the wind speed influences the particle size distribution. Wind speeds at
approx. 4 m/s increases the release of particles >0.125 and < 0.5 mm; wind speeds at
approx. 6 m/s increases the release of particles >0.25 and < 1 mm; wind speeds at approx. 8
m/s increases the release of particles >0.5 and < 4 mm.
100%
Road strip after sweeping

90%

Wet vacuum sweeping
80%

Windblown 1 (8 m/s)
Windblown 2 (6 m/s)

70%

Windblown 3 (4 m/s)

Pass

60%
50%
40%
30%
20%
10%
0%
0.0625

0.125

0.25

0.5

1

2

4

Particle size, mm
Figure 4‐20 Non‐cumulative particle size distribution for particles < 4 mm. Samples from countryside road
case study A. Wind speed numbers are estimates

An in depth study on the particle distribution of the particles < 4 mm (Figure 4‐21) from both
case study A and B reveals that stickiness of RA particles due to warm weather conditions
noted for case study B influences the particle size distribution. The low fraction of fine
particles < 0.5 mm after the front loader broom sweeping action is likely caused by the fact
that small bitumen or bitumen coated particles are more easily trapped on the milled
surface during “sticky conditions. Indications on this effect could also be seen during
handling of samples in the laboratory were small RA particles seemingly are lost during
handling probably as a result of aggregation to larger particles. The vacuum sweeping
sample from study B is biased by a finite occasional deposit ‐ “hot spot” ‐ of milled RA and is
probably more representative for the RA particle size distribution that are generated during
milling.
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Figure 4‐21 Non‐cumulative particle size distribution for particles < 4 mm. Samples from countryside road
case study (A) and city street case study (B). Vacuum sweeping sample biased by a finite occasional deposit ‐
“hot spot” ‐ of milled RA

The bitumen or TOC content was measured for each particle size fractions < 4 mm from case
study A and B. The TOC measurements were performed to complement bitumen
measurements for samples with a small sample size. The regression between TOC and
bitumen content was calculated using a second order polynomial and forced through origo,
Figure 4‐22. The correlation between bitumen content and TOC was very good and bitumen
content was calculated based on TOC data for samples where measurements on the
bitumen content was missing, Table 4‐16.
An in depth study on the bitumen content distribution of the particles < 4 mm from case
study A (Figure 4‐23) reveals that the bitumen content varies considerably. Samples on RA
particles windblown at low wind speed and remaining after wet vacuum sweeping of the
road strip or milled surface are showing particle size versus binder content patterns that are
essentially the same. But the absolute amount of binder content varies systematically
between the samples. Samples on RA particles windblown at moderate and high wind speed
(6‐8 m/s) show a distinctly deviant pattern for the particle fraction > 1 mm with clearly
elevated bitumen content. The release process obviously is of importance for the bitumen
content in the released particles but the process related mechanisms are not easily
recognised.
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Figure 4‐22 Relationship between TOC and binder content in RA particles. Samples from countryside road
case study (A) and city street case study (B)

Table 4‐16 Bitumen content in RA particles released and sampled in case study A and B. Numbers in bold
indicate measured bitumen content while numbers in italics indicate calculated bitumen content based on
regression from Figure 4‐22
Particle size
<0.063
<0.125
<0.250
<0.50
<1 mm < 4 mm
mm
mm
mm
mm
Countryside road case R50 (A)
Windblown from front loading
Windblown 1 (8 m/s)
5.0%
5.8%
5.4%
4.7%
6.6%
10.3%
Windblown 2 (6 m/s)
7.2%
6.5%
6.0%
6.2%
8.3%
11.5%
Windblown 3 (4 m/s)
6.2%
6.8%
6.4%
7.3%
9.0%
6.3%
Road strip wet vacuum
5.1%
5.6%
5.5%
5.9%
7.8%
6.7%
sweeping
Milled
surface
wet
4.5%
4.9%
4.1%
3.8%
5.7%
5.1%
vacuum sweeping
City street case study (B)
Front
loader
broom
2.7%
2.4%
2.7%
4.2%
5.9%
6.1%
sweeping
Vacuum
machine
2.4%
2.0%
2.4%
3.2%
4.5%
5.5%
sweeping *
* This sample was biased by a finite occasional deposit ‐ “hot spot” ‐ of milled RA.
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Figure 4‐23 Bitumen content in RA particles released and sampled in countryside road case study (A)

An in depth study on the bitumen content distribution of the particles < 4 mm from case
study B (Figure 4‐24) reveals that the bitumen content varies considerably but with a
distinctly different pattern compared to case study B. Both samples on RA particles
(remaining after front loader broom sweeping and vacuum sweeping) show the same
pattern with lower binder content in the < 0.125 mm particle size fraction and higher in the
> 0.5 mm particle size fraction. The absolute amount of binder content after front loader
broom sweeping is systematically higher than after vacuum sweeping. It should be noted
that the vacuum sweeping sample is biased by a finite occasional deposit ‐ “hot spot” ‐ of
milled RA that contributes to larger part of the RA mass in the sample. The release process
obviously is of importance for the bitumen content in the released particles but the process
related mechanisms are not easily recognised. One possible explanation of the low binder
content in the fine grained particle fraction is the warm weather conditions during sampling
and the observed stickiness of the RA. Small bitumen or bitumen coated particles are
possibly trapped and aggregated on the surface of larger particles while mineral particles
with a low coating of bitumen remains in the fine grained particle fraction.
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Figure 4‐24 Bitumen content in RA particles released and sampled in city street case study (B). Vacuum
sweeping sample is biased by a finite occasional deposit ‐ “hot spot” ‐ of milled RA

4.2.4 Discussion
The field sampling case studies and other field observations shows that the release of RA‐
particles to the environment during production of milled RA aggregates is a complex process
that is extremely dependant on e.g. the weather conditions, the management of the
sweeping actions and if traffic is let on to the milled surfaces before paving. Strong winds
during cold milling operations can release RA particles from loading operations and cause
fugitive dust from broom sweeping operations. Warm weather during milling operations can
cause ”sticky” RA particles to adhere to the milling surface and resist sweeping actions. If
traffic is let on to the milling surfaces before paving they can release the RA‐particles that
are deposited on the milled surface or adjacent paved surfaces. While ambitious sweeping
actions efficiently can reduce the release of RA particles during cold milling (e.g. wet vacuum
sweeping) less ambitious actions (e.g broom sweeping) and involuntary or accidental spillage
or conscious dumping at the road site can result in a substantial release. Based on the results
of the case studies and observations in the Re‐Road project the potential RA particle release
during cold milling operations could tentatively be grouped into three different categories
a) Low release of RA 0.01 kg per m2 milled surface (0.01 % of milled RA mass). This
release can be achieved with ambitious sweeping actions and at favourable weather
conditions (e.g. low wind speed < 4 m/s)
b) Medium release 0.05 kg per m2 milled surface (0.05% of milled RA mass). This release
is normally achieved with moderate sweeping actions and at normal weather
conditions (e.g. wind speed < 8 m/s)
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c) High release 0.5 kg per m2 milled surface (0.5% of milled RA mass). This release is
achieved with failing sweeping actions or substantial involuntary or accidental
spillage or conscious dumping and at extreme weather conditions (e.g. wind speed >
10 m/s)
It is commonly recognised that small particles are more easily spread in the environment
and more available for human or ecological receptors. Release of small particles therefore
represents a larger risk than the release of large particles. The bitumen binder content of RA
and the adhesive properties of RA particles causes small particles to aggregate and hence
counteracts the release of small particles (< 0.063 mm). However, the binder itself can
contain contaminants e.g. tar related contaminants such as PAH. The particle size
distribution and the binder content of the particle size fractions have been shown to vary
considerably depending on the RA release mechanisms and conditions. This can have a
substantial effect on the rate of release of contaminants.
Based on the particle size distribution of released RA in the case studies is reasonable to
assume that the RA particles released during production of RA largely will be deposited in
the direct vicinity of the road i.e. at the side of the road or in the road ditch. Precipitation
diverted from the road surface and into the road ditch will cause the released RA‐particles to
be exposed to a very high liquid/solid (L/S) leaching ratio. A yearly L/S ratio of at least 100
l/kg is reasonable. This means traditional leaching data on RA which are generated at L/S
values of 2 or 10 l/kg are inoperable for a risk assessment.
A conservative approach for evaluation of the significance of RA release during RA
production on the emissions of contaminants to the road environment is to compare:
a) estimates on the long‐term leaching emissions from the road construction with
b) the emission of contaminants due to released RA.
The long‐term leaching emissions from the road construction can be approximated with the
RA production over a maintenance life cycle times the emissions generated in a traditional
leaching test at L/S 10 (Equation 4.1)E
m
∗
/
. The emission of
contaminants due to released RA can be calculated as the total content in the released RA
(Equation 4.2).
E

m

∗

/
∗

/

Equation 4.1

∗

/

Equation 4.2

Where
/
is the cumulative release of a substance at L/S 10 per mass of dry RA in
a leaching test.
is the mass of RA recovered and recycled during a recycling operation.
m
f
/
is the fraction of RA released during a cold milling operation (RA release
category).
C
/
is the total content of a substance per mass of dry RA.
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Comparing the fraction of RA release with the fraction contaminate release according to
Equation 4.3 will give an indication on which process is leading. In Table 4‐17 these
indicators has been calculated for a contaminated RA material that was examined in Re‐
Road deliverable D1.6. The contaminated RA contained elevated levels of PAHs and the
leaching of PAHs from this material was also shown to be considerably higher compared to
studied uncontaminated RA materials. Hence, the emissions of PAHs from this material can
be seen as a worst case scenario and are thus appropriate for a conservative assessment.
The results for the contaminated RA shows that the release of metals associated with RA‐
release outweighs the release associated with leaching. Lead is an exception where the
emission through leaching from the road construction and the release of RA is equivalent at
least at low or moderate RA release. For the release of PAH leaching outweighs the
emissions compared to RA‐release at least at low and moderate release.
Table 4‐17 Indicator on environmental significance of RA release compared to leaching from the road
construction. Road leaching indicator based on UCD leaching data for contaminated RA‐sample in D 1.6 “Test
Methods for Environmental Characterization of Reclaimed Asphalt”. RA release indicator based on tentative
RA release categories. Dominating release mechanisms are highlighted in bold
Compound
Road leaching indicator RA‐release indicator
Quotient LS10/
Low
Moderate
High
Total content
release
release
release
Cd
0.0001%
0.01%
0.05%
0.5%
Co

0.005%

0.01%

0.05%

0.5%

Cu

0.002%

0.01%

0.05%

0.5%

Mn

0.0003%

0.01%

0.05%

0.5%

Ni

0.005%

0.01%

0.05%

0.5%

Pb

0.02%

0.01%

0.05%

0.5%

Zn

0.0005%

0.01%

0.05%

0.5%

PAH

0.1%

0.01%

0.05%

0.5%

In the Nordic countries (Sweden, Finland and Norway) a substantial wear of the pavement is
caused by the use of studded tires. The wear is proportional to the traffic load and for roads
with a large traffic load of approx. 20 000 vehicles per day and lane the wear is in the order
of 0.5 mm per year. This amount can be compared to the cold milling RA release categories.
Recalculating these categories assuming a thickness of the wearing course of 4 cm and a
maintenance frequency of every third year gives a loss of 0.012. 0.06 and 0.6 mm per year.
The loss of asphalt pavement during cold milling is substantially lower than the loss caused
by surface wear from studded tires with the exception of the high RA release category
(failing sweeping operations or extreme weather).
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5 Risk Assessment
5.1 Effect on groundwater quality
The modelling approach undertaken to assess the effect of RA on water quality was outlined
in section 3.1. A probabilistic approach was employed, utilising the Monte Carlo simulation
approach. A standard pavement was identified and deterministic parameters were
identified, including pavement length and width. Normal distributions were assigned to
variable parameters such as pavement depth, density and leaching behaviour. The
pavements were then subjected to 18 years of rainfall data, based on the rainfall data set
associated with Dublin Airport from 1990‐2008. Percolation test data was used to
characterise the leaching process and 20,000 simulations were conducted for each
pavement type. The pavement types were:








Pavement constructed using a tar containing RA material (TCA)
Pavement constructed using material from a mixed source stockpile (MSS)
Pavement constructed using Ref Mix 1 (0% RA)
Pavement constructed using Ref Mix 2 (15% RA)
Pavement constructed using Ref Mix 3 (30% RA)
Pavement using a mixture containing 50% RA and a rejuvenator (Storbit)
Pavement constructed using the RA material used in the stockpile experiment
described in Section 4.1.

It is recognised that there are significant differences between the materials. These include
the fact that the TCA, MSS and stockpile materials are unbound and not mixed with fresh
bitumen, whereas the reference mixtures and the Storbit mixtures do contain fresh bitumen.
The intention is to highlight the range of behaviours that can be expected from RA materials.
It is also acknowledged that the number of samples for which test data is available is
relatively low. The scope of work described in this report did not involve conducting new
tests but instead made use of the data produced in D1.6 “Test Methods for Environmental
Characterisation of Reclaimed Asphalt”.
5.1.1 Organic contaminants after 1 year
The results of the analysis for PAH leaching are in the form of a distribution and these can be
seen in Figures 5.1 – 5.15 below. In each case the results correspond to 1 year of rainfall and
2 graphs are presented: a frequency distribution and a cumulative distribution of quantity
leached per square meter of road area. In all cases the leaching model is based on equations
derived from leaching test data, as described in Section 3.1.1.4. It should be noted that the
cumulative curves are asymptotic towards 100% and do not reach this value. As a
management tool they should be considered as the probability of the quantity leached being
less than the indicated amount.
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Figure 5‐1 Results of Monte Carlo simulation of naphthalene leaching after 1 years rainfall
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Figure 5‐2 Results of Monte Carlo simulation of fluorene leaching after 1 years rainfall
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Figure 5‐3 Results of Monte Carlo simulation of acenaphthene leaching after 1 years rainfall
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Figure 5‐4 Results of Monte Carlo simulation of acenaphthylene leaching after 1 years rainfall
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Figure 5‐5 Results of Monte Carlo simulation of anthracene leaching after 1 years rainfall
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Figure 5‐6 Results of Monte Carlo simulation of phenanthrene leaching after 1 years rainfall
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Figure 5‐7 Results of Monte Carlo simulation of fluoranthene leaching after 1 years rainfall
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Figure 5‐8 Results of Monte Carlo simulation of pyrene leaching after 1 years rainfall
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Figure 5‐9 Results of Monte Carlo simulation of benz[a]anthracene leaching after 1 years rainfall
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Figure 5‐10 Results of Monte Carlo simulation of chrysene leaching after 1 years rainfall
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Figure 5‐11 Results of Monte Carlo simulation of benzo[b,k]fluoranthene leaching after 1 years rainfall

TCA

4

TCA

100

3

Ref Mix 1
Ref Mix 2

2

Ref Mix 3
Storbit

1

MSS
Propability (%)

Frequency (%)

MSS
75

Ref Mix 1
Ref Mix 2

50

Ref Mix 3
Storbit

25

Stockpile
0
0.E+00

2.E‐04

4.E‐04

Quantity Leached (mg/m2)

Stockpile
0
0.E+00

2.E‐04

4.E‐04

Quantity Leached (mg/m2)

Figure 5‐12 Results of Monte Carlo simulation of benzo[a]pyrene leaching after 1 years rainfall
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Figure 5‐13 Results of Monte Carlo simulation of indeno[1,2,3‐cd]pyrene leaching after 1 years rainfall
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Figure 5‐14 Results of Monte Carlo simulation of dibenz[a,h]anthracene leaching after 1 years rainfall
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Figure 5‐15 Results of Monte Carlo simulation of benzo[ghi]perylene leaching after 1 years rainfall
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Based on the results shown in Figures 5.1 – 5.15 there are a number of clear points that can
be made concerning leaching behaviour.
1. The highest leaching levels are associated with the TCA and MSS materials which
consistently leach significantly more than the other materials. Conversely, the lowest
leaching levels are associated with the materials bound in fresh bitumen. Given that
the leaching behaviour is governed by the measured PAH content of each material,
this was expected.
2. There is no clear pattern discernible that could be considered to apply across all PAH
compounds. For the majority of PAHs, the highest leaching was associated with the
TCA material, but this did not apply to all PAH compounds. For example, the results
in Figure 5‐3 and Figure 5‐8 show that higher leaching of acenaphthene and pyrene
are associated with the MSS material. This makes the risk assessment process more
complex as multiple PAH components must now be considered in the analysis.
Of particular interest to the Re‐Road project was the relative performance of materials
containing varying quantities of RA. The results in Figures 5.1 – 5.15 show that:
1. In all of the cases described above, the leaching levels associated with Ref. Mix 2 and
Ref. Mix 3 were either equal to or less than those associated with Ref. Mix 1. These
levels were all very low, but it is noteworthy that the use of RA within the reference
materials resulted in no increase in PAH leaching. Similar behaviour was also
observed for the Storbit material which contained 50% RA.
2. The variability of the leaching associated with the RA was not found to be significant.
When conducting the risk assessment, coefficient of variation of 11%, 20% and 30%
were applied to the materials containing 0%, 15% and 30% RA so as to address
potential concerns regarding increased variability associated with using recycled
materials. The models have shown that the increased variability used did not lead to
any increased leaching behaviour.
3. The increased variability associated with the leaching of PAH‐H compounds had no
impact on the modelling process and similar trends were observed for these
contaminants.
5.1.2 Inorganic contaminants after 1 year
The results of the risk assessment for 1 years leaching are shown in Figures 5.16 – 5.18. As
was highlighted earlier, data for the reference materials is not included as they fall below the
detection limits of the analysis equipment.
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Figure 5‐16 Results of Monte Carlo simulation of copper leaching after 1 years rainfall
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Figure 5‐17 Results of Monte Carlo simulation of zinc leaching after 1 years rainfall
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Figure 5‐18 Results of Monte Carlo simulation of lead leaching after 1 years rainfall

Examination of the data presented in the figures above show that there is considerable
variability in the materials. As expected, the TCA material displays the higher inorganic
leaching levels. This material was selected for inclusion within the Re‐Road project as it was
known to be quite contaminated.
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5.1.3 Organic contaminants after 18 years
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It was also possible to extend the results of the modelling to include the influence of
leaching over time. Monte Carlo simulations were extended to allow for the inclusion of 18
years of rainfall data and mean values for quantities leached were determined. It should be
noted that the L/S values associated with 18 years of rainfall remain below 10 l/kg, meaning
that the use of the percolation test data is still valid. These are presented below in Figures
5.19– 5.22. In some cases, such as Figure 5‐20 (a), it may appear that some lines are missing;
in these cases the lines are simply overlapping very closely.
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Figure 5‐19 Results of 18 year leaching simulations for (a) naphthalene and (b) fluorene
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Figure 5‐20 Results of 18 year leaching simulations for (a) acenaphthylene and (b) acenaphthene
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Figure 5‐21 Results of 18 year leaching simulations for (a) phenanthrene and (b) anthracene
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Figure 5‐22 Results of 18 year leaching simulations for (a) fluoranthene and (b) pyrene

As was the case for the 1 year data, the quantities leached by the reference mixtures were
significantly lower than for the TCA and MSS materials. It should be noted that in all of the
graphs above, the data on the Y‐axis is presented using a log scale. When one takes a closer
look at the data, it can be seen that there remains very little difference between the curves
for the various reference mixtures. As was stated previously, this was expected as the
models are based on total PAH test data which showed similarly low PAH levels in all of the
reference mixtures. It is however worth highlighting that no increase in risk was associated
with the use of increased RA contents.
5.1.4 Summary statistics
Based on the Monte Carlo simulations, it is also possible to produce a range of summary
statistics that describe the results of the model. Figures 5.1 to 5.15 described a range of
distributions for PAH leaching levels, based on a typical pavement road construction. While
the data does describe the range of values produced, it does not allow useful comparison
with water quality guidelines. The data presented in Table 5‐1 represents a summary of the
data from Figures 5.1 to 5.15. The values represent an upper 95% fractile of the distributions
presented in the earlier figures, i.e. a value with a 5% chance of being exceeded. This data is
then converted to PAH concentration in water, by making use of the pavement area and
volume of infiltrating water, both of which are already known. These summary statistics will
be used for comparison later with other water quality parameters.
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Table 5‐1 Summary of 95% fractile of leaching distributions
Concentration (μg/l)
TCA

MSS

Ref Mix 1

Ref Mix 2

Ref Mix 3

Storbit

Stockpile

Naphthalene

0.811

0.009

0.014

0.013

0.011

0.010

0.007

Fluorene

0.1429

0.1216

0.0082

0.0003

0.0003

0.0013

0.0005

Acenaphthene

0.1151

0.3271

0.0050

0.0002

0.0001

0.0009

0.0005

Acenaphthylene

0.0712

0.0372

0.0027

0.0002

0.0002

0.0005

0.0001

Anthracene

0.0249

0.0265

0.0032

0.0001

0.0001

0.0004

0.0001

Phenanthrene

0.2278

0.0918

0.0079

0.0003

0.0002

0.0039

0.0014

Fluoranthene

0.1429

0.1216

0.0082

0.0003

0.0003

0.0013

0.0005

Pyrene

0.0117

0.0142

0.0003

0.0000

0.0000

0.0003

0.0003

Benzo(a)anthracene

0.0004

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

Chrysene

0.0003

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

Benzo(b,k)fluoranthene

0.0006

0.0001

0.0000

0.0000

0.0000

0.0000

0.0000

Benzo(a)pyrene

0.0005

0.0001

0.0000

0.0000

0.0000

0.0000

0.0000

Indeno(1,2,3‐cd)pyrene

0.0003

0.0000

0.0001

0.0000

0.0000

0.0000

0.0000

Dibenzo(a,h)anthracene

0.0003

0.0000

0.0001

0.0000

0.0000

0.0000

0.0000

Benzo(g,h,i)perylene

0.0003

0.0001

0.0002

0.0000

0.0000

0.0000

0.0001
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5.2 Effect on air quality
Three airborne contaminant parameters has been chosen to evaluate RA quality on the
emissions of contaminants from the RA recycling process TOC, BSM and the sum of PAH in
particulate and gas phase.
A comparison with literature data on the emission of TOC linked to potential asphalt fume
emitting activities and data from the sequential mixing protocol is given in Table 5.2. It is
obvious that the fume generator sequential mixing protocol underestimates the emissions
per kg of asphalt for all activities. The underestimation is larger for activities related to
mixing of the asphalt (about 50 times or more) than for activities related to non‐mixing of
the asphalt (about 5 times or more).
Emissions from the asphalt plant are difficult to evaluate because literature data are more
related to the emissions from the burner and combustion process than to emissions from
addition of RA in the process. Assuming that the sequential mixing protocol underestimates
the emission in the asphalt plant mixing by a factor of 100 laboratory fume generator data
indicates that emissions from the asphalt mix is an important source of airborne organic
contaminants. Whether these are emitted or not will depend on the removal efficiency in
the plant process and air pollution control devices. Laboratory data from the fume generator
indicates that VOCs are an substantial share of TOCs emitted from mixes in the first mixing
sequence (asphalt plant) and removal efficiency for VOCs in asphalt plant air pollution
control devices (cyclone and bag filter) are low (Lee et al 2004). There are a number of
different asphalt plant technical designs for addition of RA in the mixing process; these will
have an impact on how organic compounds emitted from added RA are disposed in the
combustion zone. This makes it difficult to draw any general conclusions on how emissions
from added RA will affect emissions from the plant stack. It seems reasonable though that
plant and combustion design is more important than the quality of added RA.
Fugitive air emission from the asphalt processing and paving (activities from filling in silos to
paved surface) makes up a substantial part of total emissions of airborne contaminants,
approximately 40‐70%, depending on the plant process type and design.
A comparison with literature data on the emission of PAH linked to potential asphalt fume
emitting activities and data from the sequential mixing protocol is given in Table 5‐3. It
should be remembered that laboratory data on PAH emissions are highly uncertain (see
section 3.2.2) and that it is assumed that the PAH emissions in the sequential mixing
protocol decreases in the same manner as TOC emissions. A large uncertainty is probably the
case also for literature data due to variation in sampling and analytical techniques and the
low concentrations normally encountered.
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Table 5‐2. Emission of asphalt fumes in mg/kg asphalt measured as TOC in flied applications related to
laboratory fume generator data
Laboratory fume generator
Quotient
Activities with emissions to air
Literature
1)
2)
data
Lit./Lab.
data
Emissions from the asphalt plant
7
0.097
dryer and mixer – Batch mix facility
Emissions from the asphalt plant
20
0.097
dryer and mixer – Drum mix facility
Filling and storage in silo
10
0.041
240
Emissions from transfer of asphalt
to trucks
Emissions form loaded trucks prior
to departure from plant and during
transport to paving site
Emissions from transfer of asphalt
to paver
Emission from paver hopper area
Emission from paver screed area
Emission from newly paved surface

3

0.030

100

1

0.025

40

13)

0.020

50

0.1

0.019

5

1

0.017

60

0.1

0.016

6

1) Aggregated values from Table 3‐8
2) Average values from Re‐Road Deliverable D 1.6.
3) The emission from transfer of asphalt from truck to paver is assumed to be the same as from
paver screed area.

The scarcity of data in the literature and the uncertainty of the laboratory data make it
difficult to evaluate the relevance for the data generated by the sequential mixing protocol.
Laboratory data from the fume generator indicate that tar contaminated RA has a strong
influence on the emission of PAH during the paving process; this is also supported by
literature data from field measurements. The tar contamination in RA related to field data is
much higher (by an order of magnitude) than contamination related to the laboratory fume
generator though which makes it difficult to directly compare these values. There is no
validated model available that makes it possible to extrapolate data generated on low
contamination to high contamination. Data on emissions from tar containing binders
(Hugener 2007) and large datasets on paving occupational exposure measurements (Burstyn
and Kromhout 2000) indicate a linear relationship between tar contamination and PAH in
asphalt fumes. Taking the exponential PAH‐content and PAH emission relationship from
laboratory fume generator in to consideration would give laboratory emissions from newly
paved surfaces in the same magnitude as literature data from field measurements for tar
contaminated RA. Laboratory data for uncontaminated RA also gives an emission that is in
the same magnitude as literature data from field measurements on newly paved surfaces.
These findings for PAH emission are contradictory to result for TOC emission above where
laboratory results are lower than literature field data. A possible explanation is that the PAH
emissions related to sequential activities in the asphalt recycling process (Table 5‐3) declines
more steeply than TOC‐emission and that the assumption of a similar decrease that was
used to calculate sequence specific laboratory emission for the sequential mixing protocol
was faulty.
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Table 5‐3. Emission of PAH in asphalt fumes in µg/kg asphalt in flied applications related to emissions from
bituminous mixtures fume generator
Laboratory fume generator data2)
Activities with emissions
Literature data 1)
3)
to air
Tar 4)
Tar
Uncontaminated
Uncontaminated
Contaminated
Contaminated
Emissions from the asphalt
0.02
0.2
20‐140
plant dryer and mixer –
Filling and storage in silo
0.007
0.08
14
Emissions from transfer of
0.005
10
asphalt to trucks
Emissions form loaded
0.004
trucks
Emissions from transfer of
0.003
asphalt to paver
Emission from paver
0.003
20
hopper area
Emission from paver
0.003
40‐140
screed area
Emission from newly
0.003
0.0007‐0.004
20
paved surface
1) Aggregated values from Table 3.9.
2) Average values from Re‐Road Deliverable D 1.6.
3) Tar content in RA 2300‐5600 mg/kg and RA –fraction in mix 50‐65%.
4) Tar content in RA approx. 300 mg/kg and RA –fraction in mix 15‐30%.

0.06
0.05
0.04
0.04
0.04
0.03

Table 5‐4. Airborne asphalt fumes BSM (mg/m3) exposure levels in paving activities compared to
concentrations in bituminous mixtures fume generator.
Pavers
Rakers
Screeders
Rollers
Normal work tasks 1)
0.16
(0.12‐0.21)
30% tar RA
PAH 180 mg/kg

0.10
(0.08‐0.11)
65% tar RA
PAH 2300 mg/kg

0.17
(0.10‐0.24)
50% tar RA
PAH 5600
mg/kg

0.3‐0.6

0.6‐3.9

0.3‐1.7

n.d.

0.7‐3.8

0.1‐2.8

Bitumen binder
not contaminated

Bitumen binder
SBS modified

15% tar RA
PAH ~300
mg/kg

30% tar RA
PAH ~300
mg/kg

Mixing 3:rd & 4:th

0.5

4

3

16

Non‐mixing 3:rd & 4:th

0.2

1.4

0.9

5

Tar contaminated RA2)

Stationary sampling
Personal sampling
Laboratory fume generator
data3)

0.04
(0.03‐0.06)

1) EAPA and NAPA 2011, large data set on personal exposure data United States open paving sites.
The 95% confidence interval given in parenthesis.
2) Hugener et.al. 2009. Toluene soluble matter (TSM) assumed to be equivalent to BSM. Exposure
measured at a tunnel paving site (65% tar RA with PAH at 2300 mg/kg ) and an open paving site
(50% tar RA with PAH at 5600 mg/kg).
3) Average values from Re‐Road Deliverable D 1.6 recalculated assuming that the depletion of BSM‐
emissions shows the same pattern as the depletion of TOC‐emissions. Mixing 3rd and 4th data
relate to emissions from transfer of asphalt to paver and paver screed area and non‐mixing 3rd &
4th data relate to emission from paver hopper area and newly paved surface, see Table 5‐3.
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Emissions from the asphalt plant are even more difficult to evaluate because literature data
are more related to the emissions from the burner and combustion process than to
emissions from addition of RA in the process se discussion on TOC emissions above.
A comparison with literature data on the occupational exposure concentrations of BSM
linked to potential asphalt fume emitting activities and data from the sequential mixing
protocol is given in Table 5‐4. It should be remembered that laboratory data on BSM in the
sequential mixing protocol have been calculated based on an assumption that it decreases in
the same manner as TOC emissions (see section 3.2.2).
The laboratory BSM concentrations for uncontaminated bitumen in air related to paving
activities (Table 5‐4) are at least 20 times larger than the exposure concentrations given in
the literature. This is not unexpected since fumes are diluted at the worksite and exposure
control systems (e.g. evacuation systems) have been installed to counter exposure (EAPA
and NAPA 2011). It is noteworthy that both the experimental data and the exposure data
indicate a higher exposure at mixing activities compared to non‐mixing activities (pavers,
rakers and screeders compared to rollers). Occupational exposure in cases where tar
contaminated RA has been recycled show a distinctly higher exposure, by an order of
magnitude compared to normal exposure although there is a large variability (by an order of
magnitude). These exposures are well above the commonly adopted threshold limit value
for BSM at 0.5 mg/m3. Laboratory fume generator data for tar contaminated RA also shows a
large increase compared to not contaminated RA. This increase seems even larger than the
increase from occupational exposure data taking the very large tar contamination of RA in
the latter case in consideration. No data on occupational exposure specific for SBS modified
bitumen binders has been found in the literature but laboratory data indicate that BSM
concentrations could be 8 times higher than for the non‐modified binder. If this increase in
release of benzene soluble particulates in the fumes is relevant also for exposure in the field
and for modified binders in general, it would mean that modified bitumen binders could
induce exposure above the commonly adopted occupational threshold limit value for BSM at
0.5 mg/m3. It is unlikely that it is the addition of SBS that causes an increase of emissions,
but rather we believe that it is due to a difference in the characteristics of the base bitumen
used to produce the modified binder compared to the non‐modified binder, e.g. the base
bitumen for the SBS modified binder could be softer or could be of different chemical
character compared to the non‐modified binder. Further investigation is needed to make
clarify the reason for this behaviour. The laboratory BSM values given in Table 5‐4 are
uncertain though since they have been measured cumulative for all mixing sequences and
recalculated to separate mixing activities based on an assumed correlation to TOC. If BSM
emissions related to sequential activities in the asphalt recycling process (Table 5‐3) declines
more steeply than TOC‐emission the outcome could have been different.
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5.3 Discussion of results
5.3.1 Comparison with trafficking effects
The predicted leaching of both PAHs and heavy metals from RA using the risk assessment
model is low. To put the predicted values in context, Table 5‐5 shows a sample of literature
values for measured road runoff concentrations.
Table 5‐5 Road runoff concentrations
Contaminant
(Singh and
(Legret and
(µg/l)
Suverkropp
Pagotto
2003)
1999)

(Göbel,
Dierkes et
al. 2007)

(Barrett,
Zuber et al.
1993)

(Helmreich,
Hilliges et al.
2010)

(Crabtree,
Moy et al.
2006)

Cu
Cu dissolved
Zn
Zn dissolved
Pb
PAH
Naphthalene
Acenaphthylene
Acenaphthene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene

21‐140
‐
15‐2000
‐
11‐525
0.24‐17.10
‐
‐
‐
‐
‐
‐
‐
‐

22‐7033
‐
56‐929
‐
73‐1780
‐
‐
‐
‐
‐
‐
‐
‐
‐

191
‐
847
‐
56
‐
‐
‐
‐
‐
‐
‐
‐
‐

41.00
20.58
140.30
57.49
23.05
‐
0.11
0.02
0.02
0.03
0.08
0.05
0.16
0.16

1‐9500
‐
3‐1017
‐
0.2‐414
‐
‐
‐
‐
‐
‐
‐
‐
‐

45
‐
356
‐
58
<0.096
‐
‐
‐
‐
‐
‐
‐
‐

When one compares these values to the summary statistics presented in Table 5‐1, some
points become very clear.
1. There is a significant absence of data with respect to PAH leaching arising from road
trafficking effects. While road runoff has been studied in quite an amount of detail,
the focus has usually been on inorganic contaminants. It should be noted that it has
been widely proposed that leaching from the road surface in these scenarios is
negligible due to the short contact time between water and particle. Instead, what is
observed is the washoff of contaminants associated with road trafficking.
2. In the majority of cases, the effect of leaching is quite low and comparable to that
associated with road trafficking. For the particular case of the tar containing asphalt,
it can be seen that the level of PAH leaching exceeds trafficking effects for
naphthalene, fluorene, acenaphthene, acenaphthylene and phenanthrene. The
reverse is seen for anthracene, fluorene and pyrene.
3. In all cases the levels of leaching associated with the reference mixtures (presented
in Table 5‐1) is below that presented due to trafficking in Table 5‐5. This trend is
confirmed, regardless of RA content.
4. The data presented above in corresponds to washoff following 1 storm after a dry
period; there may be several such instances in 1 year. These values are being
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compared to leaching levels associated with the pavement materials being in service
for 1 year.
5. The predicted concentrations of copper, zinc and lead in the infiltrating water from
the RA materials were below or in a similar range to the measured concentrations in
the road runoff studies included in Table 5‐5. In most cases, the concentrations
associated with leaching were significantly below that associated with road runoff.
This suggests a low level of environmental risk associated with using RA in a road
surface.
5.3.2 Water quality guidelines
Guideline groundwater limits set out by the Irish EPA, set out in (Environmental Protection
Agency, 2003) for the selected heavy metals and PAHs included in the model are shown in
Table 5‐6 and Table 5‐7 respectively.
Table 5‐6 Heavy metal interim guideline values
Parameter
Interim Guideline Value
Lead
0.01 mg/l
Zinc and its compounds
0.1 mg/l #
Copper and its compounds
0.03 mg/l #
#
Note: Standard where hardness of water is >100mg/l Ca CO3

Table 5‐7 PAH interim guideline values
Parameter
Interim Guideline
Value
Naphthalene
1.0 µg/l
Fluorene

‐

Acenaphthene

‐

Acenaphthylene

‐

Anthracene

10000 µg/l

Phenanthrene

‐

Fluoranthene

1.0 µg/l

Pyrene

‐

Benzo(a)anthracene

‐

Chrysene

‐

Benzo(b,k)fluoranthene

0.5 µg/l

Benzo(a)pyrene

0.01 µg/l

Indeno(1,2,3‐cd)pyrene

0.05 µg/l

Dibenzo(a,h)anthracene

‐

Benzo(g,h,i)perylene

0.05 µg/l

Note: * According to Annex II of the Directive 2008/105/EC)
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When one compares the data presented in Table 5‐1 to the limits observed in Table 5‐7, a
number of comments may be made.
1. The levels of leaching associated with the TCA material lead to naphthalene
concentrations in the infiltrating water that approach the EPA guidelines. After 1
years leaching the levels are below the guidelines, but this concentration will
diminish over time. All other PAH levels are significantly below the guideline values.
2. The levels of leaching associated with the Re‐Road reference mixtures are
significantly below the guideline values. These materials will not exceed the EPA
guideline values under any circumstances.
3. It should be noted that the leaching model assumes no degradation of PAHs,
meaning that the quantity of PAH leached will not diminish with time. In practice this
is not the case, meaning that the model used is conservative.
5.3.3 Stockpile leaching
Section 4 outlined an experiment conducted on a stockpile in the Czech Republic. Material
was stored in a stockpile with approximate dimensions of 27m length, 7m width and 2.1m
height. A section of the stockpile was monitored, and the height of this remained reasonably
constant at 1.6m. To relate the theoretical leaching behaviour to that observed in the
stockpile, some assumptions must be made.
1. The stockpile material is not compacted, and will therefore contain quite a large
amount of air voids. A pore space of 25% between the RA particles will be assumed.
Porosity is typically given the symbol φ.
2. No information is available on the leaching behaviour of the material in this stockpile.
For analysis purposes, it will be assumed to behave in a similar manner to the MSS
material – material from a mixed source stockpile in Ireland.
3. A relative density of 2.65 will be assumed; this is typical for RA materials. This is given
the symbol ρRA.
When one considers the area being monitored, the density of the stockpile (ρSP) this may be
calculated from:
Equation 5.1

Using the parameters described above, a stockpile density of 1987kg/m3 will be used as a
typical value.
When one next considers the mass of the stockpile in the area under consideration, where
the height is 1.6m, the mass of material will then be approximately 3180kg/m2.
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Figure 5‐23 Cumulative leaching of PAH‐L and PAH‐M in percolation tests performed by SGI and UCD [µg/kg]. For
comparison the result from SGI batch test is also included (L/S=2). Taken from D1.6 “Test Methods for Environmental
Characterization of Reclaimed Asphalt”.
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Information on the recorded rainfall conditions were also provided in Table 4‐6. The
monitoring of the stockpile was divided into 2 periods. In the first period there was 288mm
of rainfall, and 111mm in the second. The total monitoring period was from 29th June 2011
to 16th January 2012 – just over 6 months. When one considers 1 square meter of the
stockpile, this then equates to liquid amounts of 288 l/m2 and 111 l/m2. Assuming that all of
this water is available to infiltrate through the stockpile, this will then lead to cumulative L/S
ratios of 0.09 and 0.13 l/kg.
To assess the real world implications of this, Figure 5‐23 contains a series of test results
taken from Deliverable D1.6 “Test Methods for Environmental Characterization of Reclaimed
Asphalt”. These results are derived from percolation tests conducted within WP1 and
describe how the leaching process progresses with increasing L/S ratio. In observing these
results, it is clear to see that the L/S ratios associated with the stockpile experiment
conducted in the Czech Republic are located at the very beginning of the data curves. In this
context it can clearly be seen that the quantity of PAHs leached by the infiltrating rainwater
is significantly smaller than the total quantity of PAH available. Given that the stockpile was
left intact for 6 months, it is clear that the time require for appreciable leaching of the PAHs
is significantly longer.

Table 5‐8 Comparison of PAH content of rainwater and infiltrated water
PAH Concentration (ng/l)
Rainwater

Infiltrating water

1st period

2nd period

1st period

2nd period

Naphthalene

13.9

72.5

317.5

128.5

Acenaphthylene

<0.9

<0.4

11.3

<0.49

Acenaphthene

<1.6

<0.7

6307.5

26.0

Fluorene

<1.9

<0.8

73.9

27.9

Phenanthrene

<3.2

<1.4

608.3

130.3

Anthracene

<1.7

<0.7

<0.77

<1.0

Fluoranthene

<2.8

<1.6

3321.5

224.9

Pyrene

<1.9

<0.8

2512.5

342.3

Benz[a]anthracene

<3.0

<1.3

683.3

472.6

Chrysene

<9.4

<4.1

1173.8

737.6

Benzo[b]fluoranthene

<2.3

33.8

1383.9

584.4

Benzo[k]fluoranthene

<2.5

41.7

593.9

198.9

Benzo[a]pyrene

<2.0

28.9

296.8

286.8

Indeno[1,2,3‐cd]pyrene

<0.7

23.4

327.9

51.0

Dibenz[a,h]anthracene

<15

<6.7

<7.0

<8.8

Benzo[ghi]perylene

<6.0

<2.6

640.1

104.7

Total PAH

13.9

200.2

18252.0

3316.1
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Of particular interest in the stockpile experiment was the effect of any PAH leaching on the
infiltrating rainwater. Chemical analyses of both the rainwater and infiltrating water were
conducted, and these were earlier presented in Table 4‐8 and Figure 4‐9. This information is
combined and presented in Table 5‐8 above. This comparison shows that there is an increase
in PAH content associated with the leaching process. This was observed for the majority of
PAHs and in some cases the increase is very significant. When these values are compared to
the limiting values presented in Table 5‐7 there is a clear cause for concern. The water
collected after passing through the stockpile exceed the specified groundwater values with
respect
to
Benzo(a)pyrene,
Benzo(g,h,i)perylene,
Benzo(b)fluoranthene,
Benzo(k)fluoranthene, Fluoranthene and Indeno(1,2,3‐cd)pyrene.

When one combines these values with the trends presented in Figure 5‐23 Cumulative
leaching of PAH‐L and PAH‐M in percolation tests performed by SGI and UCD [µg/kg]. For
comparison the result from SGI batch test is also included (L/S=2). Taken from D1.6 “Test
Methods for Environmental Characterization of Reclaimed Asphalt”.Figure 5‐23, the
following points may be made:
 It is possible to observe appreciable levels of leaching associated with water
infiltrating stockpiles of RA;
 Percolation test data shows that cumulative leaching progresses continuously up to
an L/S value of 10 l/kg. The particular case of this stockpile only obtained an L/S value
of 0.13 l/kg, suggesting that there remains significant quantities of PAH available for
leaching.
In this context, the risk associated with storing the RA appears high, and consideration
should be given towards the impact of the leaching water on its receiving environments.
5.3.4 Airborne emissions
The health hazard related airborne bitumen fume generation is primarily relevant for paving
crews while there is little opportunity for exposure related to asphalt plant workers.
Exposures to asphalt fume have declined since the 1970th and is normally bellow
occupational threshold limits. Given the uncertainty about health risks posed by asphalt
fumes, it is important reduce exposures as much as possible (Burstyn and Kromhout 2003).
Recycling of RA and introduction of additives can potentially create new exposures and
health concerns. The complex chemical composition of asphalt fumes and the high variability
in exposure makes the occupational assessment of bitumen fume susceptible to large
variability in magnitude and constituent for a variety of influencing factors e.g;
 Climate, (wind speed and direction, temperature etc)
 Work tasks (paving, screeding, raking, rolling etc).
 Ambient environment,
 Asphalt application (type, source, temperature, engineering controls etc ),
 Sampling device (type, rate, duration etc),
 Metric under examination ( TPM, BSM, CSM, TOC, SVOC etc)
 Analytical method (extraction, calibration standard etc),
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This high variability in occupational exposure can mask significant changes in emissions and
makes it very difficult to relate quality and quantity of bitumen fumes to the quality of RA or
quality of binder and binder additives. The laboratory bituminous mixtures fume generator
makes it possible to isolate and identify the impact of RA and asphalt binders on quality and
quantity of emitted bitumen fumes. The sequential mixing protocol further makes it possible
to relate these emissions to specific parts of the RA recycling cycle e.g. paving or asphalt
plant. Such data can either be used as input for risk assessment of critical parts of the life
cycle (paving activities) or as input for life cycle assessments.
The evaluation and comparison of data from the laboratory bituminous mixtures fume
generator with data on emissions from the literature shows that the laboratory data
reproduces the decline in bitumen fume emissions with the progression of the recycling
cycle due to depletion of VOC:s and SVOC:s. But the mixing protocol underestimates the
emissions of bitumen fumes. This is particularly pronounced for the parts of the mixing
protocol that is aiming to reproduce mixing activities where emissions are underestimated
by at least factor of 50. This is a drawback since mixing activities are the main opportunities
of emissions and a dominating source in relation to health hazards. The underestimation of
emissions might also give false representation of the quality of bitumen fumes in the latter
parts of the mixing protocol activities (paving activities) since it might underestimate the
depletion of specific VOC:s or SVOC:s. The laboratory bituminous mixtures fume generator
and the mixing protocol is further not sensitive enough to allow the identification of specific
and from the risk assessment point of view important substances such as PAH and BSM in
the latter part of the mixing protocol activities (paving activities).
The laboratory bituminous mixtures fume generator still has yielded interesting results.
Addition of uncontaminated RA in the process does not seem to increase the total emissions
of bitumen fumes in a significant way. Data on tar contaminated RA shows that it is more
emissive especially for PAH, which is in agreement with earlier findings, but also for BSM.
Both PAH and BSM are critical substances in relation to health risks. The effect is
pronounced even for RA with a rather limited contamination of PAH at approx. 300 mg/kg.
Data on the use and recycling of modified binders (SBS‐modified) indicate a pronounced
increase in the emission of BSM. This increase is so large that it indicates that occupational
exposure limit values might be exceeded. Literature data on the effect on RA addition on the
asphalt plant emissions are contradictory. Re‐Road experimental data indicate that RA can
be a source of airborne organic contaminates to the process. The emissions will depend on
the removal efficiency in the plant process and how RA is introduced in the asphalt plant.
The laboratory bituminous mixtures fume generator is an important tool to relate quality
and quantity of bitumen fumes to the quality of RA or binder and binder additives but still
has flaws and should be developed. More calibration of laboratory test data with
measurements in the field is needed. Preferably the same set of materials should be tested
both in the laboratory and in the field. The possibilities of modifying the method so that
emissions related to mixing activities are higher should be investigated.
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The existing sequential mixing protocol relates primarily to plant RA recycling. An important
alternative technique for surface pavements is in situ hot recycling. The high temperature
achieved for the pavement surface in situ hot recycling contributes to fume generation.
Occupational exposure assessment of in situ hot recycling shows a substantial increase in the
exposure to bitumen fume and PAH, especially when the RA is contaminated (Burstyn and
Kromhout 2003). A second sequential mixing protocol should be developed and calibrated to
resemble the recycling activities of in situ hot recycling.
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6 Conclusions
The previous chapters have presented a thorough approach to assessing the environmental
risks associated with the use of RA in road construction. These have been discussed at
various stages throughout the report and some concluding remarks may now be made.
1. A probabilistic approach to risk assessment modelling was developed and sought to
include material and construction variability within its framework. This was used to
assess the effect of using differing materials in pavement construction and appears a
useful tool.
2. The use of RA within bound pavement mixtures resulted in no increase in
environmental risk. Bituminous bound mixtures containing 0%, 15%, 30% and 50% RA
all produced similarly low levels of leaching, significantly below the groundwater limit
values for contaminants such as PAH and heavy metals.
3. There was no clear pattern discernible that could be considered to apply across all
PAH compounds. If a material was leaching low quantities of lighter PAHs, this did
not mean that the behaviour would also be observed for the heavier PAHs. In this
context, it is recommended that future risk assessments should include all of the 16
EPA priority PAHs.
4. The highest leaching levels were associated with the tar containing RA,
demonstrating that re‐use of tar containing RA in road constructions should be
preceded by site‐specific risk assessment and testing of total and leachable amounts
of PAHs.
5. The variability of the leaching associated with RA was not found to be significant.
When conducting the risk assessment, increasing coefficients of variation were
assigned to materials with higher RA contents, in an effort to address potential
concerns regarding variability associated with using recycled materials. The models
have shown that this increased variability did not lead to any increased leaching
behaviour.
6. The stockpile experiment showed that it is possible to observe appreciable levels of
leaching associated with water infiltrating stockpiles of RA. When one combines this
information with the percolation test data, it can be deduced that there still remains
significant quantities of PAH available for leaching. In this context, the risk associated
with storing the RA outdoors appears high, and consideration should be given
towards the impact of the leaching water on its receiving environments.
7. It should be noted that the leaching model assumes no degradation, sorption or
dilution of PAHs. This means that the model used is very conservative.
RA particle release to the environment during cold milling operations could tentatively be
grouped into three different categories
a) Low release of RA: below 0.01 kg/m2 of milled surface (0.01 % of milled RA mass).
This release can be achieved with ambitious sweeping actions and at favourable
weather conditions (low wind speed < 4 m/s)
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b) Medium release of RA: up to 0.05 kg/m2 of milled surface (0.05% of milled RA mass).
This release is normally achieved with moderate sweeping actions and at normal
weather conditions (wind speed < 8 m/s)
c) High release of RA: above 0.5 kg/m2 of milled surface (0.5% of milled RA mass). This
release is achieved with failing sweeping actions or substantial involuntary or
accidental spillage or conscious dumping and at extreme weather conditions (wind
speed > 10 m/s). The loss of asphalt pavement during cold milling is substantially
lower than the loss caused by surface wear from studded tires with the exception of
the high RA release category (failing sweeping operations or extreme weather).
Asphalt fume emission data from Deliverable D 1.6 shows that the laboratory asphalt fume
generator gives valuable input to both LCA and risk assessment. The total emission of
asphalt fumes during plant hot recycling (measured as TOC) does not change substantially
due to addition of RA. The quality of fumes (e.g. PAH and BSM content, both of which are
critical substances with respect to health risks), changes in relation to both binder and RA
quality. Tar contaminated RA is more emissive by orders of magnitude; especially for PAH;
this is in agreement with earlier findings. Similar behaviour was also observed for BSM.
Laboratory data on the use of modified binders (SBS‐modified) indicate a pronounced
increase in the emission of BSM. This increase is so large that it indicates that occupational
exposure limit values might be exceeded.
Finally, as a result of utilising the data arising from Deliverable D1.6, it can be stated that
there is a need for the development of test methods that better represent the leaching
process associated with materials used in pavements. Many of the leaching test methods
available have originally been defined for soils, and there are a number of uncertainties with
respect to utilising this information. Of particular concern is the issue of particle size and
grading. While this is a critical issue for pavement engineers, it is described very loosely in
the leaching test standards. Given that the RA material must be processed before the
leaching test, some guidance on preparation methods would reduce uncertainty and add
value to the test. It was however found that the percolation test, which provided regular
information up to a L/S value of 10, was a valuable tool for modelling asphalt. Such data
(obtained over increased L/S‐values) is appropriate for the describing the water infiltration
process over a pavements lifetime and can form the basis for future risk assessments.
There is a need also for further development and calibration of the laboratory fume
generator and emission protocols to improve its sensitivity for emissions related to paving
activities and consistency with field data.
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Appendix 1
Pesticide Fate Models
An Agricultural Chemical Transport Model (ACTMO) (Frere, Onstad et al. 1975)
ACTMO is a watershed‐scale model for pesticides which was developed in the Corn Belt area
of the USA. The infiltration process can be modelled as well as pesticide application,
degradation and redistribution by cultivation. Pesticides can be transported by water or
sediment with the ACTMO model however inorganic chemicals such as heavy metals are not
included. Data requirements include rainfall and temperature data, watershed data, storm
data, soil data, erosion data, soil texture, hydrological data, chemical data including the
amount and type of application, the treated area, soil‐chemical interactions and critical
levels. Outputs include chemical loss in runoff and eroded sediment, chemical
concentrations in the runoff and the behaviour of each chemical in each compartment of the
watershed. ACTMO was not considered by the authors to be suitable for use in Re‐Road due
to the data requirements, model complexity as well as the solely rural applications of the
model.
Agricultural Nonpoint Source Model (AGNPS) (Young, Onstad et al. 1989)
AGNPS is an agricultural non‐point source pollution model which considers hydrology,
erosion, sediment and nutrient transport and can also include point sources of water,
sediment, nutrients and chemical oxygen demand (COD). It is an event‐based model which
can be used to model watersheds ranging in size from several hectares to 20,000 hectares.
Data requirements are extensive and include watershed cell area, precipitation data, SCS
curve number, average land slope, field slope length, Manning’s roughness coefficient, soil
erodibility amongst many others. Outputs include runoff volume, peak runoff rate, sediment
yield, sediment concentration, sediment particle size distribution, upland erosion, amount of
deposition, sediment associated mass of P and N, concentration of soluble material P and N,
COD concentration and COD mass. AGNP was not pursued as an option for Re‐Road due to
the extensive data requirements, the lack of an organics component and the assumed
difficulty in modifying the model to meet Re‐Road’s requirements.
Agriculture Runoff Management (ARM) (Donigian and Davis 1978)
ARM is an agricultural runoff model developed in Georgia, USA and also tested on
agricultural catchments in Michigan, USA. Hydrological processes as well as sediment
production and pesticide and nutrient transport processes can be modelled using ARM.
Infiltration can be simulated with the model as can pesticide and organic chemicals
degradation, attenuation, adsorption and desorption. However, inorganic chemicals such as
heavy metals are not included. ARM was developed for use solely with agricultural and rural
catchments and therefore was not considered suitable for use in Re‐Road.
Chemicals, Runoff and Erosion from Agricultural Management Systems
(CREAMS)/Groundwater Loading Effects of Agricultural Management Systems (GLEAMS)
(Leonard, Knisel et al. 1987)
Beneficiary - WP3.1 partners
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GLEAMS is a modified version of the CREAMS model which includes a groundwater
component. It is a physically‐based, agricultural, non‐point source pollution model with
rainfall and irrigation as contaminant drivers which transport contaminants to the ‘edge‐of
field’. Pesticides are transported both dissolved in water and with sediment and vertical flux
of pesticides can be simulated. Some contaminant processes which can be modelled using
GLEAMS are adsorption to and desorption from sediment and pesticide degradation. There
is no heavy metals component. Data requirements include soil porosity, soil water retention
characteristics, soil profile description, crop data, organic matter data, soil layer thickness,
soil texture, soil water content and soil cover amongst many others including precipitation
data. Outputs include hydrology, erosion and pesticide parameter files. As with many of the
models reviewed in this report, GLEAMS and CREAMS were rejected for Re‐Road use due to
data requirements, model complexity and hence the assumed difficulty involved in
modifying the model to make it suitable for Re‐Road use.
Stormwater Models
Hydrological Simulation Program – Fortran (HSPF) (Bicknell, Imhoff et al. 1996)
HSPF is an agricultural non‐point source pollution model for modelling water quality and
hydrology in urban and rural watersheds, on pervious and impervious surfaces. The process
of infiltration can be modelled using HSPF and pesticide processes including adsorption to
and desorption from sediment as well as degradation can also be simulated. Contaminants
can be transported both dissolved in water and sorbed to sediment using the model. The
data requirements of the model are very extensive and include precipitation, evapo‐
transpiration, air temperature, wind speed, solar radiation, dew‐point temperature and
cloud cover data. The model was rejected for use in Re‐Road due to the extensive data
requirements and model complexity.
Irish et al. (Ragab, Rosier et al. 2003)
Irish et al. developed a linear regression models for runoff and transport of typical runoff
contaminants from a road surface. The model was developed using meteorological and
other site specific data from Texas, USA. Contaminants which can be modelled include
metals such as iron (Fe), zinc (Zn), lead (Pb) and copper (Cu), as well as phosphorus (P) and
nitrate (N) and oil and grease. Contaminants are transported with either sediment or water
to the edge of the pavement. Infiltration is not considered in the model. Data requirements
include total storm duration, flow per unit area of watershed, intensity, vehicle numbers
travelling during each storm event, duration of the antecedent dry period and vehicle
numbers driving in the antecedent dry period. Outputs include loadings of total and volatile
suspended solids (TSS, VSS), COD, biochemical oxygen demand (BOD5), oil and grease, P, N,
Fe, Zn, Pb and Cu (g/m2). Irish et al’s model is considered potentially suitable for Re‐Road but
will require modifications to include dissolved and particle‐bound PAH transport and
possibly infiltration into the road surface.
Kim et al. (Kim, Kayhanian et al. 2005)
Kim et al. developed a semi‐empirical stormwater runoff model which includes the first flush
phenomenon using data from California, USA. Contaminants, nutrients and water quality
Beneficiary - WP3.1 partners
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parameters modelled include oil and grease, TSS, COD, total organic carbon (TOC), total
phosphorus (TP), total Kjeldahl nitrogen (TKN), hardness and alkalinity although it should be
noted that oil and grease are not well described by the model. Data requirements include
highway watershed area, average daily traffic, antecedent dry days, storm duration and total
rainfall volume. Outputs include TSS, COD, TOC, TKN, TP, oil and grease, hardness and
alkalinity event mean concentrations (EMCs) (mg/l). The authors consider this model to be
potentially suitable for Re‐Road with modifications to enable modelling of particle‐bound
and dissolved heavy metals and PAHs and possibly infiltration into the road surface.

LEACHM (Hutson 2003)
LEACHM is a deterministic model to simulate solute and chemical movement downwards
through soils profiles (typically agricultural soils with plants growing at the surface). The
model is coded in ANSI standard FORTRAN and requires an operating system of at least
WinXP. As LEACHM is a research model rather than a management model it requires a large
number of specific inputs that may not be routinely known. The spatial scale of the model is
up to field scale (several hectares) and unlimited in the vertical direction. Data requirements
include daily rainfall, soil texture (% sand, silt and clay), soil temperature, crop type and
associated management factors, initial moisture content, hydraulic conductivity, bulk
density, wilting point and field capacity, background concentrations of any chemical to be
simulated, vapour densities and solubilities and mass chemical application rates. Model
outputs include cumulative rain and irrigation, actual transpiration and evaporation, depth
to the water table, water and chemical contents for three specific depth intervals (or macro‐
segments) in the profile as well as for a user‐defined fourth depth (a fourth depth segment,
the whole root zone profile etc.) and water and chemical fluxes across the soil surface and
across the lower boundaries of the macro‐segments. The model is validated and the source
code is available. It is possible that the model can be modified for use in Re‐Road if a road
surface can be adequately described using soil characteristics and if leaching from the road is
the major process of interest.
MIKE SHE (Yan, Zhang et al. 2001)
MIKE SHE is a deterministic, distributed, physically‐based model for small to large catchment
scale water management which is fully integrated with GIS and can model surface and
groundwater flows with equal precision. As a proprietary model, modifications are not
possible. Additionally, add‐on modules are required for chemistry and erosion processes and
road surfaces are not a typical land use. MIKE SHE can simulate pesticide movement in
solution and with particulates. Nutrients such as N and BOD can also be modelled. Chemical
processes which can be modelled include sorption, aqueous complexation, ion exchange,
dissolution, oxidation/reduction and degradation. Data requirements are extensive and
include catchment parameters and precipitation data. Model outputs include surface and
groundwater yield, water table levels, mass delivery of selected contaminants and DOC
concentrations. The model has been verified with data sets from Europe and the USA. MIKE
SHE has been considered by the authors not to be suitable for use in the Re‐Road project.
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Murakami et al. (Murakami, Nakajima et al. 2004)
Murakami et al. attempted to validate a distributed model originally developed for TSS in the
runoff from roads and roofs for particle‐bound PAHs and further improved the model by
including two fractions of road build‐up with different mobilities. The data used was from a
highly populated area in Japan and the model incorporated a single linear reservoir model
for surface runoff with a washoff model and HydroWorks v8.0 which was used for the runoff
and contaminant analyses. SS and PAHs sorbed to fine particles were modelled quite well
expect during periods of heavy rainfall. The model by Murakami et al. may potentially be
considered for use in the Re‐Road project as it is one of the few runoff models which the
authors are aware of which consider PAHs at all. However, PAHs considered by the model
are only those which build‐up on the surface of the road and not those intrinsic to the
material as is the case with reclaimed asphalt (RA).
Storage, Treatment, Overflow, Runoff Model (STORM) (Corps of Engineers 1977)
STORM can be used to model runoff quantity and quality from urban and rural watersheds.
Runoff is simulated on a continuous time‐scale and the processes simulated include rainfall
and snowmelt, surface runoff, dry weather flows, pollutant build‐up and washoff, surface
erosion, runoff treatment rates and detention reservoir storage. Neither organics nor heavy
metals are included in the model; the water quality parameters which are modelled are
suspended solids, settleable solids, BOD and total coliform and also orthophosphate and TN.
Model outputs include statistical information on the quantity and quality of surface washoff
and overflow and also pollutographs for individual storm events. STORM is not considered
by the authors to be suitable for Re‐Road.
Stormwater Management Model (SWMM) (Huber, Dickinson et al. 1988)
SWMM is a physically‐based model for modelling urban runoff quantity and quality in storm
and combined sewer systems. The model can simulate urban surface and subsurface runoff
quantity and quality problems and also control options for the stormwater including cost
estimates. It is suitable for a range of catchment sizes and can be used to model a single
event or to perform a continuous simulation. Data requirements are extensive and include
precipitation records, evaporation data, watershed area, imperviousness, slope, width,
depression storage, infiltration parameters, subsurface porosity, field capacity, hydraulic
conductivity, initial pollutant concentrations, street sweeping intervals, antecedent dry days
and pollutant surface loadings amongst many others. Once again the data requirements
were considered too great and the model too complex for use in the Re‐Road project.
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Model name

CREAMS/GLEAMS

AGNPS

PRZM

Available
from
Geographic
Origin
Coding

www.tifton.uga.edu/

http://go.usa.gov/KFO

http://www.epa.gov/ceam
publ/gwater/przm3

Model
Overview

Physically‐based.
Agricultural non‐point
source

Agricultural non‐point source
pollution watershed Hydrology,
erosion, sediment & chemical
transport, COD

Spatial Scale
Temporal
Scale
POC

Field
Daily time‐step

Watershed, a few ha to 20,000ha
Event‐based

Edge of field

Watershed outlet

Contaminant
driver
Infiltration

Rainfall, irrigation

Rainfall

Minnesota
Fortran 77
Dynamic, 1‐D, finite‐
difference, compartmental
model Pesticides &
organic chemicals, surface
& groundwater, point &
non‐point sources

Limitations

Organics
Type
Processes

Daily loadings over 36 year
period

Yes

Yes

Yes

Yes

Pesticides

COD

Transport

Adsorption, desorption,
degradation
With water & sediment

Inorganics

No

Deposition, adsorption,
desorption, degradation

Type
Other wq
parameters
Sediment

Yes

Nutrients

Yes

Model inputs

Porosity, water
retention
characteristics, soil
profile description, crop
data, organic matter,
layer thickness, rainfall,
soil texture, soil water
content

Watershed id, cell area, no. of cells,
precipitation, energy‐intensity, cell
no., no. of drainage cells, SCS curve
no., avg. land slope, slope shape
factor, field slope length, channel
slope, channel side slope, Mannings
n, soil erodibility, cropping factor,
practice factor etc

Model
outputs

Hydrology files, erosion
files, pesticide
parameter files

Runoff volume, peak runoff rate,
fraction runoff generated within the
cell, sediment yield, sediment conc.,
sediment particle size distribution

Model
validated?

Chemical & soil properties,
pesticide application data,
environmental fate data,
PCA, daily weather
patterns, rainfall,
hydrology, management
practices

Yes
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SWMM

Available from

Temporal Scale

Fortran 77
Physically‐based. Urban runoff quantity &
quality in storm & combined sewer systems
Quantity & quality problems & control
options for urban stormwater runoff &
combined sewer overflow incl cost
estimates.

Small to large multiple catchments
Single event or continuous simulation

POC

LEACHM

ANSI Standard FORTRAN
Deterministic model to simulate solute
and chemical movement downwards
through soil profiles (typically agricultural
soils with growing plants at surface)

Requires a large number of specific inputs
that may not be routinely known
Vertical scale unlimited; areal scale up to
“field” size, ca. a few ha
Day
Any depth in soil profile (and edge of field)

Contaminant
driver
Infiltration

Precipitation

Rainfall

Yes

Yes

Organics
Type
Model inputs

PU

USA and Australia

Limitations
Spatial Scale

2012-11-12

Flinders University, AU

Geographic
Origin
Coding
Model Overview

1.0

Yes
Precipitation record , evaporation, area,
imperviousness, slope, width, depression
storage, Manning’s n, Horton/ Green‐Ampt
infiltration parameter, subsurface porosity,
field capacity, wilting point, hydraulic
conductivity, initial water table elevation,
groundwater outflow parameter, ‘stage‐
area‐volume‐outflow relationship’, hydraulic
characteristics of outflows, land use, total
curb length, catch basin volume and initial
pollutant concentrations, street sweeping
intervals, efficiency and availability factor,
antecedent dry days, pollutant removal
eqns, particle size distribution, max flow
rates, size of unit, outflow characteristics,
optional dry weather flow data, etc

Model outputs

Cumulative (rain + irrigation), actual
transpiration and evaporation, depth to
water table, water and chemical contents
for three specified depths intervals (or
macro‐segments) in the profile as well as
for a user‐defined fourth depth, and water
and chemical fluxes across the soil surface
and across the lower boundaries of the
macro‐segments
Yes

Model
validated?
Beneficiary - WP3.1 partners
Author : WP3.1 partners

Pesticides
Daily rainfall; soil texture (%sand, silt and
clay); soil temp; crop type and associated
management factors; initial soil moisture
content; hydraulic conductivity; bulk
density; wilting point and field capacity;
background concentrations of any
chemical to be simulated; vapour
densities and solubilities; mass chemical
application rates;
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HydroWorks

Model Overview

www.crwr.utexas.edu

www.mikebydhi.com/

Denmark

Denmark

Professional engineering
software package for the
simulation of surface runoff,
flows, water quality and
sediment transport in urban
catchments and sewer
systems Build‐up & washoff

Unknown (not open source
code)
Deterministic, distributed,
physically‐based for
catchment scale water
management; fully integrate
with GIS. Handles surface
and groundwater flows with
equal precision

Event‐based

Modifications are not
possible
Catchment scale (small to
large)
Minutes to days

Limitations
Spatial Scale
Temporal Scale

PU

MIKE SHE

UK

General‐purpose
distributed model Build‐up
& washoff

2012-11-12

MOUSE

Available from
Geographic
Origin
Coding

1.0

Event‐based

POC

Catchment outlet (and
possibly edges of grid cells)
Rainfall, proportioned into
overland and groundwater
Yes

Contaminant
driver
Infiltration
Organics

Yes

Type
Processes

Transport

Pesticides
Sorption/degradation;
precipitation/dissolution;
oxidation/reduction
Solutes and particulate

Inorganics

Yes

Type

N (and perhaps others)

Other wq
parameters
Sediment

BOD
Yes

Yes

Yes

Nutrients
Model inputs

N
Initial surface sediment mass, surface sediment mass at the
end of the antecedent dry weather period, maximal
attainable mass of the surface sediment, decay rate,
accumulation rate, rain intensity, mass of surface sediment,
rainfall erosion coefficients, rain intensity, rain intensity
constant, power exponent, detachment rate, fine sediment
porosity, sediment density

Model outputs

Surface and ground water
yield; water table levels; mass
delivery of selected
contaminants
Yes, Europe and USA

Model
validated?
Beneficiary - WP3.1 partners
Author : WP3.1 partners

Extensive list of catchment
parameters and precipitation
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Model name

STORM

1.0
2012-11-12

ARM

ACTMO

Georgia, Michigan

US

PU

Available from
Geographic
Origin
Coding
Model Overview

Quantity and quality of
runoff from urban and
non‐urban watersheds

Limitations

Soil moisture profile may be too
coarse
Watershed

Spatial Scale
Temporal Scale

Hydrology, sediment production,
pesticide & nutrient processes

Continuous simulation

POC
Contaminant
driver
Infiltration

Watershed (single rainfall
input)
Watershed outlet

Precipitation, dry
weather flow
Yes

Yes

No

Yes

Yes

Type

‐

Pesticides & organic chemicals

Pesticides

Processes

‐

Transport

‐

Degradation, attenuation,
adsorption, desorption
With water & sediment

Application, degradation,
redistribution by cultivation
With water & sediment

Inorganics

No

No

No

Other wq
parameters
Sediment

Suspended & settled
solids, total coliform
Yes

Yes

Yes

Yes, P & N

N,

Organics

Nutrients
Model inputs

Model outputs

Yes. Orthophosphate &
TN
Precipitation record,
daily average or
max/min temp,

Statistical info on
quality and quantity of
washoff and overflow,
pollutographs for
selected individual
events

Model
validated?
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Author : WP3.1 partners
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Rainfall, temp., pan
evaporation, watershed data,
storm data, soil data, erosion
data, hydrological data,
chemical data (incl. date,
amt. & type of application,
treated area, soil chemical
interactions & critical levels)
Chemical loss in runoff &
erosion, chemical conc in
runoff, behaviour of chemical
in each compartment,
location and peak in each
compartment)
Yes
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