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Abstract 

Reclaimed asphalt (RA) is a valuable resource derived from bituminous materials removed from 

roads during pavement repair and reconstruction. It is a material which is not currently used to its 

full potential due to the mechanical and environmental uncertainties surrounding it, including 

concerns about leaching of chemicals that may eventually reach groundwater. The work for this 

thesis comprises three major parts: a laboratory leaching study using established leaching tests, the 

development of a novel leaching test procedure - the “Sawtooth Test” and the development of a new 

numerical leaching model. 

When road construction materials are in contact with water, there is potential for leaching to occur. 

Asphalt, for instance, has inherent contaminants associated with the aggregates and binder. With 

recycled materials such as RA, there is an increased uncertainty surrounding their polluting potential. 

This uncertainty lies in the possible increased range and quantity of contaminants to be released due 

to the previous service life of the material and the presence of coal tar in older materials. 

Three different types of leaching tests were applied to a range of asphalt mixes containing RA during 

the course of this work. They are (i) a batch test at a liquid to solid (L/S) ratio of 10 l/kg, (ii) an up-

flow percolation test which is terminated once a cumulative L/S ratio of 10 l/kg is achieved, and (iii) a 

new procedure - the “Sawtooth Test”. The ‘Sawtooth Test’ was developed in order to avoid the 

disadvantages associated with the up-flow percolation test, whilst providing a more complete 

assessment of leaching behaviour than the batch test. 

Finally, a numerical, conceptual model was developed to simulate leaching from RA during leaching 

tests. The model can simulate both the “Sawtooth Test” and the percolation test. Most importantly, 

with further work, the use of the model and the “Sawtooth Test” in combination may reduce the 

need for conducting the more expensive and time-consuming percolation tests.   
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Contribution to Knowledge  

This study has resulted in the following contributions to knowledge in the field of leaching from 

reclaimed asphalt: 

1. A new and unique dataset has been created containing PAH leaching data from three different 

leaching tests which were performed on a variety of materials. 

2. Through the performance of batch tests, an assessment has been made of the “encapsulation 

effect” of foam and emulsion mixes on PAH leaching. 

3. A new leaching procedure has been proposed which is simple to set up and perform and, when 

used in conjunction with the newly developed leaching model, may reduce the need for 

performing the more complex and time-consuming percolation test.  

4. A new deterministic leaching model has been developed which is capable of modelling 

leaching of all PAHs in the percolation test very well and leaching of some PAHs in the 

Sawtooth Test well. An attempt has been made to relate the parameters from the models of 

the two tests in order to predict leaching in the percolation test using Sawtooth Test data. This 

worked very well for naphthalene. 
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1 Introduction 

1.1 Background, Context and Motivation 

Approximately 50 million tonnes of asphalt are available for recycling annually in Europe (EAPA, 

2017a). The use of this material in new road applications is desirable due to the resulting 

environmental and economic benefits associated with a reduction in waste and landfill requirements, 

a reduction in the demand for virgin aggregates and a reduction in material haulage distances. 

However, there still remains some uncertainty about the mechanical and environmental properties 

of the material.  

There have been a number of European research projects whose objective was to further knowledge 

on various aspects of asphalt recycling. These include: 

(i) PARAMIX – Road Pavement Rehabilitation Techniques Using Enhanced Asphalt Mixtures.  

(ii) DIRECT-MAT – Dismantling and Recycling Techniques for Road Materials – sharing knowledge 

and practices. 

(iii) RE-ROAD – End of Life Strategies of Asphalt Pavements. 

(iv) CoRePaSol – Characterization of advanced cold recycling bitumen stabilized pavement 

solutions. 

(v) AllBack2Pave - towards 100% recycling of reclaimed asphalt in wearing courses. 

(vi) ALTERPAVE – Use of End-of Life Materials, Waste and Alternative Binders as Useful Raw 

Materials for Pavement Construction and Rehabilitation. 

(vii) Biorepavation – Innovation in Bio-Recycling of Old Asphalt Pavements.  

The experimental work carried out for this thesis was carried out primarily through funding from the 

RE-ROAD and CoRePaSol projects.   

RE-ROAD was a research project funded by the European Commission under the Seventh Framework 

Programme which ran from 2009 – 2012, with the objective to develop knowledge and new 

technologies for improving end-of-life strategies for asphalt pavements. The project covered six main 

topics: dismantling strategies, characterization strategies, handling strategies, environmental criteria, 

cost-effective recycling and industrial processes.  

The CoRePaSol Project was part of the CEDR Transnational Road Research Programme, was funded 

under the Call 2012 Recycling programme and focused on cold recycling of asphalt pavements. The 

project objectives were to harmonise mix design procedures, consider performance-based mix 
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design, develop procedures for estimating material parameters, determine the recyclability of cold 

recycled materials and identify tools for assessing environmental stability.  

Both of these research projects had an environmental component, as had many of the other 

European projects listed above and others like them. It is well recognised that whilst recycling of 

asphalt is desirable, it must be determined that the re-use of the material neither causes 

contamination of water bodies nor air pollution, although the latter is outside the scope of this 

thesis. Asphalt, both virgin and reclaimed, has been shown to leach contaminants including heavy 

metals and polycyclic aromatic hydrocarbons (PAHs) (Norin and Stromvaix, 2004) (Brandt and De 

Groot, 2001) (Legret et al., 2005), some of which are detrimental to human health (Abdel-Shafy and 

Mansour, 2016) (Bi et al., 2016) (Ke et al., 2017) (López and Domingo, 2008). There is an increased 

uncertainty surrounding reclaimed asphalts due to the potential for contamination during the 

previous service life of the material and the possibility that they may contain coal tar. Coal tar was 

used as a binder in many countries until late in the 20th century and has a PAH content which is 

thousands of times higher than bituminous binders (Depree and Fröbel, 2009). Some studies, such as 

those reported in (Ellefsen, Westby and Systad, 2005) and (Depree and Fröbel, 2009), assessed 

incorporating reclaimed asphalt, including material containing coal tar, into new mixes bound with 

foam or emulsion binders, in order to reduce leaching.  

There are a variety of means of assessing leaching of contaminants from materials, ranging from 

laboratory studies, to larger scale lysimeter tests to testing of runoff and infiltrating water from 

existing stockpiles and pavements. Lysimeter and field tests are outside the scope of this work. As 

evidenced in the review of literature in Chapter 2, there is a wide variety of existing leaching tests 

which vary in complexity and level of detail in the data generated. Typically, more complex 

characterisation tests, such as the percolation test, are required if detailed, long-term leaching data 

is needed. The requirements are generally more stringent for organic contaminants, such as PAHs, 

than for inorganic contaminants with respect to test conditions and equipment materials. This led 

the author to consider devising a simpler test and using a computer model to predict leaching.  

Modelling of leaching in laboratory leaching tests has historically been heavily focused on inorganic 

compounds (Dijkstra et al., 2008) (Dijkstra, Van der Sloot and Comans, 2006) (Comans and Meima, 

1994). There is a less substantial body of work focussed on modelling organic compounds, as shown 

in Table 2-4 of Chapter 2. This thesis proposes a simple model to simulate the leaching of PAHs in the 

percolation test and the novel leaching test developed in this study and attempts to relate the two. 
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1.2 Objectives 

The objectives of this research were to: 

• Contribute to the understanding of the potential for leaching of PAHs from reclaimed 

asphalt.    

• Present data-based findings on leaching from a range of reclaimed asphalt materials from 

diverse sources. 

• Assess the efficacy of cold mix technology in reducing leaching of PAHs from reclaimed 

asphalt.  

 Consider alternative methods for assessing leaching, in addition to standard laboratory tests.   

 Develop a computer model capable of simulating leaching of PAHs from selected laboratory 

leaching tests. 

1.3 Scope of Work and Approach 

This thesis focuses on the leaching of polycyclic aromatic hydrocarbons (PAHs) in laboratory 

experiments on reclaimed asphalt (RA). Other contaminant types, such as heavy metals, are not 

considered, neither is the transport of PAHs from reclaimed asphalt into the wider environment.  

The approach to the work was to first carry out a selection of standard leaching tests on a range of 

RA materials. A batch leaching test and an up-flow percolation test were selected and each type of 

test was performed on multiple materials. This led to the generation of two new datasets and 

multiple data subsets. The batch test data was further utilised to assess the effects on leaching of 

incorporating RA into new foam and emulsion mixtures. The percolation test data was analysed 

according to the methodology set out in CEN/TS 16637-3 (European Committee for Standardization, 

2016) in order to determine the process which governs the leaching of each PAH.  

The complexity and time-consuming nature of setting up the percolation test from first principles led 

the author to consider an alternative approach. This resulted in the development of a new leaching 

test procedure, called the Sawtooth Test, which is comparably shorter and does not require 

specialised apparatus. A deterministic leaching model was then developed which is capable of 

simulating both the percolation and Sawtooth Test results. The utilisation of this model in 

conjunction with the Sawtooth Test offers a promising alternative to the percolation test.    

1.4 Organisation of the Thesis 

This thesis is comprised of eight chapters, the first being this introduction, and a series of 

appendices. Chapter 2 contains a review of the literature consulted in the preparation of this thesis. 
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The review begins with an overview of reclaimed asphalt, the drivers for its use and the associated 

environmental concerns. The chapter continues with a review of literature on polycyclic aromatic 

hydrocarbons and their impact on living organisms. Next, literature on a range of leaching tests is 

discussed, followed by the processes controlling leaching and an overview of leaching tests which 

have been performed on reclaimed asphalt to date. The chapter concludes with a discussion of 

modelling work which has been carried out in relation to laboratory leaching experiments. 

Chapter 3 describes the methodology employed in carrying out the experimental work for this thesis. 

Following a description of the materials subjected to the tests, the procedure for preparing the test 

samples is set out. A simple order of magnitude permeability test method is outlined, followed by a 

discussion on the selection of suitable materials for testing apparatus to be used with PAHs. The 

methodology for the batch, percolation and Sawtooth Tests is then described in detail. The chapter 

concludes with a description of the data processing carried out on the laboratory testing data.  

Chapter 4 contains the results of the batch tests carried out on nine materials and a discussion of 

their repeatabilities. Then observations are made on the “encapsulating effects” of foam and 

emulsion mixes in relation to PAH leaching. 

Chapter 5 contains the results of the three percolation tests, including the establishment of leaching 

patterns from the data. 

Chapter 6 begins with a discussion of the data generated using the novel Sawtooth Test procedure. 

This is followed by a comparison of the batch, percolation and Sawtooth Tests in relation to a single 

material on which all three test methods were performed. 

Chapter 7 describes the development of a simple deterministic model which is capable of modelling 

the percolation and Sawtooth Tests. The relationship between the model parameters for each of the 

tests is then examined in order to relate the tests to each other. 

Chapter 8 contains conclusions and recommendations for further work. This thesis concludes with a 

series of appendices which include raw data from all of the batch, percolation and Sawtooth Tests 

and model curves which are not included in the body of the thesis. 
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2 Literature Review 

2.1 Reclaimed Asphalt 

Reclaimed asphalt (RA) is a valuable resource derived from bituminous materials removed from 

roads both during pavement remediation and demolition. There are considerable uncertainties 

surrounding its mechanical and environmental properties. Due to the rising demand for suitable 

aggregates internationally (the worldwide growth rate was estimated to be 4.7% in 2007 (Bleischwitz 

and Bahn-Walkowiak, 2007)), in addition to Construction and Demolition (C&D) waste recycling 

targets, such as the Waste Framework Directive (EU Commission, 2008) target of 70% recycling of 

non-hazardous C&D waste by 2020, the use of RA is increasing. The re-use of asphalt in pavements 

has environmental benefits including a reduction in the demand for virgin aggregate and a reduction 

in material haulage distances (Anthonissen, Van den Bergh and Braet, 2016).  A European Asphalt 

Pavement Association (EAPA) position paper from 2017 (EAPA, 2017a) asserts that 50 million tonnes 

of reclaimed asphalt are available in Europe annually and 57% of this is reused in road pavements. In 

a 2005 report from the Federal Highway Administration (FHWA) (Harrington, 2005) it was reported 

that the US recycled 33 million metric tonnes of asphalt in highway applications annually.    

Every road construction has a limited service life, the length of which is dependent on many 

parameters including the environment in which it is placed, drainage conditions, how well the road 

was constructed, material properties and traffic loading. It therefore becomes necessary to repair or, 

in some cases, replace the road. Material may be removed from the road surface by the process of 

cold milling or scarification or the road may be broken up into large chunks if the entire road depth is 

to be replaced. This material, RA, can be recycled into new road layers by cold, warm or hot 

recycling. The author is not aware of any standard procedures for the methods of extracting the 

material from an existing road, however, in Europe, asphalt containing RA must conform to the 

material specifications set out in BS EN 13108-8: 2016 (European Committee for Standardization, 

2016).  

Recycling may take place in-situ i.e. incorporating material removed from a particular site back into 

the road without moving the material off-site for processing, or it may take place ex-situ, where 

material is removed and then transported to a processing plant for use in another location. Recycling 

in-situ has the added benefit of reducing both CO2 emissions and costs, as the need for transport of 

material from the site is reduced. In-situ asphalt recycling in both bound and unbound layers can 

reduce transport requirements by approximately 90% (Arm et al., 2014).    
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Figure 2-1 contains a breakdown of asphalt figures in 2017 for 13 European countries in addition to 

the USA, and shows the number of tonnes of RA produced per country and the percentage of the 

total available RA which was used in unbound layers and the percentages recycled using cold, half-

warm and warm and hot recycling. The percentages of the total which were used in other civil 

engineering applications and placed in landfill are also shown.

 
Note: Cold recycling includes stabilisation with bitumen emulsion, foamed bitumen and/or cement 

Figure 2-1: Breakdown of European Asphalt Recycling and Global Figures for USA 
Source: (EAPA, 2017b) 

In Europe, asphalt recycling began in the 1970s (European Asphalt Pavement Association, 2008) and 

was precipitated by the oil crisis at the time which inflated all construction costs but particularly the 

cost of bitumen (Karlsson and Isacsson, 2006). The European Asphalt Pavement Association (EAPA) 

estimates that 50 million tonnes of RA is produced annually but also postulates that it is possible to 

re-use (incorporate into new asphalt mixes) or recycle (use as construction fill or in lower road layers 

i.e. base or sub-base layers as shown in Figure 2-2) 100% of all asphalt which is produced (European 

Asphalt Pavement Association, 2014). Unfortunately, RA is a valuable road construction material 

which is currently largely under-utilised. For instance, in Ireland in 2006, there were 48,000 tonnes of 

RA available for re-use or recycling, however only 38% of that material was used in hot recycling, 

resulting in only 2.1% of total hot mixes produced that year containing RA (European Asphalt 

Pavement Association, 2008). Up until recently, usage of the material in roads largely consisted of 

unbound granular layer applications and usage in lower layers. RA is also used as general loose fill 

material in other construction scenarios. Such applications result in a substantial undervaluation of 

the material as the properties of the binder are not utilised.  
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Figure 2-2: Typical Road Cross Section 
Source: Encyclopaedia Britannica, http://www.britannica.com/technology/road/The-modern-road 

Cold recycling involves the rehabilitation of asphalt without significant heat requirements (Ameri et 

al., 2018). Traditionally, foamed bitumens or bitumen emulsions have been added to the reclaimed 

aggregates during cold recycling, although many researchers have also assessed the suitability of 

alternative binders (Hugener, Partl and Morant, 2014) (Judele et al., 2017). Bitumen emulsions, a 

dispersion of bitumen and water using surfactants (Depree and Fröbel, 2009), may be anionic or 

catatonic and these differ from one another by the electrical charge around the bitumen particles 

(Pouliot, Marchand and Pigeon, 2003). Foamed bitumens are prepared by adding small amounts of 

pressurised air and water to a hot bituminous binder, resulting in a temporary transformation from 

the liquid state to a foam (He and Wong, 2008). Cold recycling is commonly used when it is known 

that an asphalt contains tar, as high temperatures during processing can cause emissions of 

hazardous substances into the air (Andersson-Sköld et al., 2007) (Hugener, Emmenegger and Mattrel, 

2010). 

The re-use and recycling of RA, reduces the need both for landfill space (if it were to be disposed of 

otherwise) and for virgin aggregate. This is of environmental and financial benefit as a waste source 

is significantly reduced, the demand on a finite resource is diminished and incorporating RA into a 

new asphalt mixture is less expensive than producing an entirely new mix. A lifecycle assessment of 

warm mix and hot mix asphalt pavements showed that the addition of 15% recycled asphalt resulted 

in a 13% - 14% reduction in all end point impacts in addition to climate change, fossil depletion and 

total cumulative energy demand (Vidal et al., 2013). 

Previous research (Tabaković et al., 2010) (Celauro, Bernardo and Gabriele, 2010) clearly illustrates 

the technical suitability of RA for re-use in road layers, however before its widespread use can be 

encouraged, it is first imperative that a definitive appraisal of the environmental implications of the 

use of the material is undertaken.  
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Whenever any material is in contact with water, there is potential for leaching to occur – that is, the 

migration of chemicals from the material into water. Depending on the nature of the chemicals and 

of the aquatic environment into which they have been leached, some or all of them may then be 

available for uptake by plants, animals or indeed humans. Leaching is influenced by the 

characteristics of the chemicals, the material from which they are leaching and the environment in 

which this is taking place (Ogunro and Inyang, 2003). It is always undesirable when harmful 

constituents are leached into water or released into the air. With particular regard to RA, there are a 

range of chemicals which must be considered; these include PAHs, some of which are carcinogens 

(Baird, Hooven and Mahadevan, 2005), and some heavy metals, many of which are toxic (Jarup, 

2003). This thesis focuses on the leaching of PAHs from RA.   

There is potential for all types of road construction materials to release harmful compounds into the 

environment. Asphalt, for instance, has inherent contaminants associated with the aggregates and 

binder. Although all asphalts contain similar compounds, their exact composition varies according to 

the source of the crude oil that is distilled to produce the asphalt and how the crude oil was 

processed (Kriech, Kurek et al., 2002) (Manoli and Samara, 1999). Bitumen is composed of 82-87% 

carbon, in addition to hydrogen, nitrogen (<1%), oxygen (<1.1%) and sulphur (<7%), as well as small 

amounts of iron, vanadium or nickel depending on the origins of the material (Pribanic, 1994). 

In the case of recycled materials such as RA, there is an increased uncertainty surrounding their 

polluting potential. This uncertainty lies in the possible increased range and quantity of contaminants 

potentially released due to the previous service life of the material. When a pavement is in place, 

many different substances may be deposited on it. For example, rubber from the wearing of tyres 

(Lindgren, 1996), engine oil and gasoline (Townsend and Brantley, 1998), brake lining material 

(Lindgren, 1996) and deposits from exhaust fumes, amongst others. Each type of deposit may have 

one or multiple contaminants associated with it. In addition to PAHs inherently associated with 

asphalt materials, vehicle exhaust, lubricating oils, diesel, gasoline and particles worn from tyres are 

additional sources of PAHs that recycled asphalts may contain (Legret et al., 2005). A recent study 

carried out in Florida (Azah, Kim and Townsend, 2017) found that street sweepings leached levels of 

benzo(a)pyrene which were above Florida’s Soil Cleanup Target levels, although they were below the 

Groundwater Cleanup Target Levels.  A recent Swedish study has shown that approximately 2% - 6% 

of the PAHs deposited on a road surface are transported to stormwater and that the transported 

load contained a higher proportion of hazardous PAHs (Markiewicz et al., 2017).  

Asphalt reclaimed from legacy roads may contain coal tar and such tar-containing asphalts, with a 

coal tar content greater than 0.1%, are classified as hazardous waste in the European Waste 
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Catalogue (EPA, 2001) (EAPA, 2005) due to their high PAH content. Coal tar was used as a binder in 

asphalt mixes in many countries worldwide until late in the 20th century until its toxic properties 

became known and bitumen became economical enough to replace it (Turk et al., 2014) (Andersson-

Sköld, 2007). The PAH content of coal tar is thousands of times higher than that of bitumen binders 

(Depree and Fröbel, 2009). 

2.2 Polycyclic Aromatic Hydrocarbons 

PAHs are a group of compounds which are characterised by the presence of two or more benzene 

rings in their structure that are bound together by a shared pair of carbon atoms (Nagpal, 1993). 

PAHs are also known as polynuclear aromatic hydrocarbons (PNAs), polynuclear hydrocarbons and 

polyaromatic hydrocarbons. There are over 100 individual known PAHs compounds (Dabestani and 

Ivanov, 1999). In their pure solid form, PAHs are colourless, white or light yellow/green (Brouwers, 

1997). PAHs are found in tar and fossil fuels such as oil and coal and are mainly formed during the 

incomplete combustion of organic matter. They are also produced for example, in power generators 

and from the production of coal tar, asphalt and petroleum (Dabestani and Ivanov, 1999). It is 

thought that in industrialised and highly populated areas of the USA, car exhausts generate 35% of 

total PAH emissions (Dabestani and Ivanov, 1999). PAH movement in the environment depends on 

the water solubility of the compound and its ability to evaporate into the air (Brouwers, 1997). In 

2004, the total global emission of 16 EPA PAHs from industrial, agricultural, air, soil, water, food and 

other miscellaneous sources was 520 giga grams, with 8% and 9.5% attributable to North America 

and Europe, respectively (Rengarajan et al., 2015). 

PAHs are solid at room temperature, readily dissolve in many organic solvents but are often 

reasonably insoluble in water (Dabestani and Ivanov, 1999). The United States Environmental 

Protection Agency (USEPA) compiled a list of 16 Priority PAHs which often serves as a target 

compound list for researchers studying PAHs. These are acenaphthene, acenaphthylene, anthracene, 

benzo(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene, benzo(ghi)perylene, 

benzo(k)fluoranthene, chrysene, dibenz(ah)anthracene, fluoranthene, fluorene, indeno(123-

cd)pyrene, naphthalene, phenanthrene and pyrene. Coronene is the 17th PAH which is also 

considered toxic by the EPA. Many of these compounds are thought to be more harmful than other 

PAHs and humans tend to be exposed to them more frequently than others (Brouwers, 1997). Figure 

2-3 shows the chemical structures of the 16 EPA priority PAHs and Table 2-1 shows their physical 

chemical characteristics. Low molecular weight PAHs such as naphthalene, acenaphthene and 

fluorene tend to be more volatile and more water soluble than higher and medium molecular weight 



10 
 

PAHs such as fluoranthene, chrysene, and benzo(a)pyrene. PAHs tend to sorb to particles in the 

environment due to their low aqueous solubilities. 

 

Figure 2-3: Chemical Structure of 16 EPA Priority PAHs. From (Maigari and Maigari, 2015) 

Table 2-1: Physical-Chemical Characteristics of 16 US EPA PAHs. Reproduced from (Birgisdóttir et 
al. 2007) 

 Ring no. Mol. weight Log KOW KH S (mg/l) 

Naphthalene 2 128.2 3.36 1.7 x 10-2 31 

Acenaphthylene 3 152.2 4.1 4.8 x 10-3 3.93 

Acenaphthene 3 154.2 3.92 6.0 x 10-3 3.47 

Fluorene 3 166.2 4.18 4.1 x 10-3 0.19 

Phenanthrene 3 178.2 4.57 1.6 x 10-3 1.18 

Anthracene 3 178.2 4.54 2.4 x 10-3 0.0434 

Fluoranthene 4 202.3 5.22 - 0.265 

Pyrene 4 202.3 5.18 4.4 x 10-4 - 

Benzo(a)anthracene 4 228.3 5.61 - 0.014 

Chrysene 4 228.3 5.91 - 0.0018 

Benzo(bjk)fluoranthene* 5 252.3 6.6 - - 
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Benzo(a)pyrene 5 252.3 6.5 - 0.0038 

Indeno(123-cd)pyrene 6 276.3 7.66 - 0.062 

Dibenzo(ah)anthracene 5 278.4 6.9 - 0.0005 

Benzo(ghi)perylene 6 276.3 6.5 - 0.00026 

Note: KOW = Octanol-water partitioning coefficient, KH = Henry’s law constant (atm m3 mol-1), S = 
Solubility (mg/l). 
* It was not possible to distinguish between benzo(b)fluoranthene, benzo(j)fluoranthene and 
benzo(k)fluoranthene, these are therefore reported as a sum.  

2.3 Impact of PAHs on Living Organisms 

There are many ways that surface waters may be contaminated by PAHs including: atmospheric 

fallout, urban runoff, municipal effluents, industrial effluents and oil spills. Atmospheric deposition 

and urban runoff are both considered significant contributors to the PAH content of surface waters. 

Urban runoff, including runoff from roads, contains PAHs which were deposited on impervious urban 

surfaces as well as those from gas and oil spills, exhaust fumes, abraded tyre particles and asphalt 

from road surfaces. Surface water contaminated with PAHs can in turn contribute to groundwater 

contamination. Groundwater contamination may also be caused by contaminated soil and leachates 

from waste disposal sites, as well as agricultural activities (Manoli and Samara, 1999).  

Amphipods exposed to harbour sediments containing PAHs have been found to accumulate 

phenanthrene in their bodies (Hellou, Johnston et al., 2009). Acute toxicity due to PAHs in aquatic 

organisms tends to be associated with lower molecular weight PAHs as they are more water soluble 

(Dijkstra, Van der Sloot and Comans, 2006). Molluscs (mussels etc.) may accumulate high levels of 

PAHs. This is especially true of bivalve molluscs due to their inability to biologically process and 

excrete PAHs (Eisler, 1987). It has been shown that there is a correlation between PAH 

concentrations in sediment and liver neoplasms in fish that feed and live above the sediment 

(Baumann and Harshbarger, 1995). In general, crustaceans are most vulnerable to PAHs (Eisler, 

1987). 

It is possible that contaminated surface water or groundwater containing PAHs may be used as a 

source of drinking water. PAHs have been reported in many drinking water samples (Zhu, Chen and 

Zhou, 2008) (Stackelberg, Gibs et al., 2007) (Kabziński, Cyran and Juszczak, ,2002). European 

Community directive 80/778/EEC (European Economic Community, 1980) set a drinking water limit 

value of 0.2µg/l for the following PAHs; fluoranthene, benzo(a)pyrene, benzo(b)fluoranthene, 

benzo(k)fluoranthene, benzo(ghi)perylene and indeno(123-cd)pyrene. This directive was superseded 

by Council Directive 98/83/EC (European Communities, 1998) which imposed a reduced limit of 
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0.01µg/l for benzo(a)pyrene in drinking water and of 0.1µg/l for the sum of 4 compounds; 

benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(ghi)perylene and indeno(123-cd)pyrene.  

Humans may be exposed to PAHs in soils, water, air or foodstuffs and may inhale or ingest them or 

be exposed through dermal contact (Eisler, 1987). Once absorbed, PAHs can enter the body’s lymph 

and circulate with the blood (Burchiel and Luster, 2001). Metabolization then occurs mainly in the 

kidneys and liver (Eisler, 1987). PAHs have been found in breast milk (Somogyi and Beck, 1993) (Çok, 

Mazmanci et al., 2012), where they can be passed on to a feeding infant. Metabolites of PAHs are 

excreted in urine (Jacob and Seidel, 2002). Many health issues have been reported in people around 

the globe with long-term exposure to PAHs (Abdel-Shafy and Mansour, 2016) (Bi et al., 2016) (Ke et 

al., 2017) (López, Schumacher and Domingo, 2008). These include cataracts, kidney and liver 

problems, a lowered immune response, breathing difficulties and lung problems, in addition to skin 

problems, if dermal contact occurs (Rengarajan, Rajendran et al., 2015). PAHs can cause cancer when 

they interact with deoxyribonucleic acid (DNA) to cause mutations during cell replication (Farmer, 

Singh et al., 2003) (Rengarajan, Rajendran et al., 2015). Higher instances of certain types of cancer 

(bladder and lung) have been reported in people with an occupational exposure to PAHs 

(Mastrangelo, Fadda et al., 1996). Occupations which are considered to have an increased level of 

exposure to PAHs include aluminium workers, asphalt workers, works in certain factories, road and 

railroad workers and firemen, to name a few. 

Benzo(a)pyrene and benzo(a)anthracene are classified as known animal carcinogens by the United 

States Department of Health and Human Services (HHS) and as probable human carcinogens by both 

the International Agency for Research on Cancer (IARC) and the USEPA (Gehle, 2009). 

Benzo(b)fluoranthene, benzo(k)fluoranthene, chrysene, dibenz(ah)anthracene and indeno(123-

cd)pyrene are also classed as probable human carcinogens by the USEPA. 

All of the significant health impacts discussed above indicate that any potential source of PAHs 

should be rigorously assessed. In relation to the potential of PAHs to leach from RA, this may be 

carried out using the laboratory leaching tests, described below. 

2.4 Leaching Tests 

Laboratory leaching experiments are a useful tool in the assessment of the threat posed to the 

aqueous environment by a given material. There exists a variety of different leaching test methods 

which may be used depending on the type of material being considered and the level of data 

required. Each type of leaching test has inherent advantages and disadvantages and it is not 

generally appropriate to compare concentrations across test types.  
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Rather than measure the total PAH content of RA, as was commonplace when assessing the 

environmental properties of soil and waste products in the past, only that part of the total content 

that may pass into water in contact with the material is considered in this thesis i.e. the leaching 

potential of the material. It has been argued that this approach delivers more realistic information 

for impact assessment, for example (Hansen et al., 2005) as the total PAH content of a material is not 

a good indicator of its potential environmental impact (Roskam and Comans, 2009). 

In this study, a range of laboratory tests were considered to assess the leaching of PAHs from a 

selection of reclaimed asphalts and asphalt mixes containing RA. These include leaching tests i.e. 

batch tests, static monolithic leaching tests, dynamic monolithic leaching tests, percolation tests, 

recirculated column tests and also availability tests, which generally involve an extraction procedure. 

Typically, concentrations are reported at a prescribed Liquid to Solid (L/S) Ratio, which is defined by 

CEN in EN 12457-4 as the “ratio between the total amount of liquid (L in litre), which in a leaching test 

is in contact with the waste, and the dry mass of the sample (S in kg of dry matter) abbreviated L/S 

and expressed in l/kg” (European Committee for Standardization, 2002b).    

Previous research on leaching from soils, asphalt and waste products leaching (Roskam and Comans 

2009) (Brunori, Balzamo and Morabito, 2001) (Hjelmar et al., 2000) (Van der Sloot, 1996) provides 

some comparison between different leaching test types. There are numerous advantages and 

disadvantages associated with each test type. For instance, whilst batch tests are quick, cheap and 

easy to perform, they do not provide data on the leaching characteristics of the material under 

examination over a period of time. Additionally, the processes involved with batch testing e.g. 

stirring or agitation of the leachant can affect the detection of organic compounds, such as PAHs, due 

to the formation of colloids (through the grinding together of material particles) (Bergendahl, 2005) 

to which PAHs tend to sorb.  

In Europe, a hierarchy of testing methods has been developed for waste materials by the European 

standardisation body CEN (European Committee for Standardization, 2006). The testing methods 

include both thorough characterisation tests through to quick compliance tests to assess adherence 

to regulatory limits for materials that have already been characterised. Another tranche of test 

methods, this time for construction products were also under development and were in draft form at 

the time the experimental work for this thesis was carried out e.g. the percolation test performed on 

a selection of RAs (European Committee for Standardization, 2010). Again, these methods are largely 

based on those originally developed for soil and waste materials but have been modified to be 

suitable for assessing both organic and inorganic contaminants. As RA is to be considered a 

construction product rather than a waste material, suitable percolation (European Committee for 
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Standardization, 2010) and batch (European Committee for Standardization, 2002) were applied to 

the RAs under consideration in this work. In 2016, the percolation test standard was published in its 

final form (European Committee for Standardization, 2016b) and this in further discussed in Chapter 

3. 

Compliance tests are used to ensure that materials adhere to certain guidelines like specific 

reference values. The batch leaching test set out in BS EN 12457-4 (European Committee for 

Standardization, 2002b) is an example of a compliance test. Batch leaching tests have been used 

extensively to assess the leaching of PAHs and other contaminants such as heavy metals from soils 

(European Committee for Standardization, 2008) (Kim and Osako, 2003) (Hansen et al., 2004) and 

more recently from asphalt and other C & D waste (Brandt and De Groot, 2001) (Bowen, de Groot 

and Brandt, 2000) (Kalbe et al. 2008) (Al-Abed et al., 2008). Batch methods provide an estimation of 

the concentrations of PAHs in the eluate generated under equilibrium conditions. Equilibrium 

conditions are generally thought to have been achieved in batch tests with durations over 24 hours 

however, the same cannot be said of percolation tests depending on test conditions (Kalbe et al., 

2008). In batch methods, the contents of the container are agitated in order to achieve equilibrium 

between the soil or waste material and the leachant. Generally, the eluate is separated from the 

solid material in the batch test container by either centrifugation or filtration.  

Batch tests do not require the use of expensive pumps or proprietary glassware or stainless-steel 

apparatus which are necessary for percolation tests assessing organic contaminant leaching. Instead, 

standard Pyrex bottles and roller tables, which tend to be readily available in most laboratories, form 

the majority of the equipment required in order to carry out a batch test. Batch tests are quick and 

easy to perform. In addition, the number of samples generated by the batch test is less than 20% of 

those generated by the percolation test, resulting in lower costs for sample analysis. However, batch 

tests yield only limited data on leaching, providing just a snapshot at one point in time.  

Some studies show that batch tests have a similar repeatability for organic contaminants as 

inorganics (Hansen et al., 2004). Batch tests are an example of a static extraction test i.e. the 

leachant is not renewed during the test procedure. Column tests, on the other hand, are a type of 

dynamic extraction test, as the leachant is renewed continually during the entire duration of the test. 

DS/CEN/TS 14405 (European Committee for Standardization, 2004) and Draft prEN 15863 (European 

Committee for Standardization, 2008) are examples of characterisation tests for wastes. According to 

(Van der Sloot and Dijkstra, 2004), data from characterisation tests may be used in the following 

ways: 
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 To determine if a material used in a specific scenario fulfils certain criteria; 

 To gain insight into the release mechanisms of contaminants from a material under a range 

of ‘environmental conditions and application scenarios’; 

 To assess the potential variability in measured values by repeating tests; 

 To determine the expected maximum and minimum release for applications in a specific 

scenario; 

 To characterize the material in order to improve its quality; and 

 To draw a relationship between characterisation tests and compliance tests. 

In the United States, one of the most commonly performed leaching tests is the US Environmental 

Protection Agency Toxicity Characteristic Leaching Procedure (TCLP) (U.S. Environmental Protection 

Agency, 1990). This test was originally designed to simulate leaching from waste in landfills and is a 

modification to the EPA extraction procedure test (Townsend, Jang and Tolaymat, 2003). It was 

created to simulate the worst-case scenario when household waste placed in a landfill along with 

hazardous waste (Bergendahl and Grasso, 1998). The procedure involves extracting 100g of size-

reduced waste at L/S=20 l/kg for 18 hours at 30 rpm. The type of leachant used depends on the 

alkalinity of the material of interest. 

The pH static leach test is one type of leaching test standardised by Working Group 6 of CEN- TC 292.  

A pH static leaching test is carried out at an L/S =10 l/kg. It involves increasing the pH of the leachant 

at pre-determined levels, usually from pH 4 – 12, in separate tests, with each test generally 

terminating after 24 hours. PH static leach tests are thought to yield more information than 

percolation and batch tests, although they are expensive and if each part of the tests is run 

consecutively, the entire test duration is approximately 4 weeks (Comans and Meima, 1994).  

Other common tests in the US include the USEPA Multiple Extraction Procedure (MEP) (U.S. 

Environmental Protection Agency 1986), the USEPA Synthetic Precipitation Leaching Procedure 

(SPLP) (U.S. Environmental Protection Agency, 1994) and the American Society for Testing and 

Materials (ASTM) test (Townsend, Jang and Tolaymat, 2003). 

The ASTM standard sequential leaching test for extracting waste with water (ASTM International, 

2009) involves 10 extractions of the same waste sample with water at an L/S ratio of 20 l/kg. The 

resulting leachant is separated from the waste following each extraction and then analysed for 

contaminants of interest. The sequential leaching test mentioned in (Roskam and Comans, 2009) 

(also called a cascade test) is a modification to the standard batch test which involves running it for a 

much longer time and completely draining the leachate periodically and adding fresh leachate. Every 

24 hours, the leachate is drained and fresh leachate added. Each time, the L/S ratio is increased (2 



16 
 

l/kg, 10 l/kg, 20 l/kg, 50 l/kg, 100 l/kg, 500 l/kg, and 1000 l/kg) up to a cumulative L/S ratio of 1000 

l/kg. It is typically used when assessing a material up to L/S ratios higher than those standard in the 

percolation test (L/S 0.1 --> 10). If the percolation test was extended above L/S 10, the test duration 

would be very long so the sequential batch test is used instead. Sequential leaching methods such as 

those described above may be referred to as ‘serial batch methods’ and also include the US EPA’s 

Multiple Extraction Procedure (USEPA, 1986) and the ASTM’s Standard Test Method for Sequential 

Batch Extraction of Waste with Acid (ASTM International, 2009). 

Construction products are often divided into two types where leaching is concerned – monolithic 

products and granular products. Leaching from monolithic products is often diffusion controlled 

whereas leaching from granular products is more likely to show percolation dominated release of 

contaminants (Van der Sloot and Dijkstra, 2004). 

Monolithic leaching tests involve subjecting a monolithic sample i.e. a cube or cylinder of material to 

a leachant. Leaching is assumed to occur by dissolution from material at the surface of the monolith 

only (results are expressed in mg/m2 of surface area). A monolithic leaching test (European 

Committee for Standardization, 2008) was considered to characterise a selection of RAs for this 

thesis but was subsequently rejected due to the high saturated hydraulic conductivities (ksat) of the 

cylindrical cores of RA tested. Values obtained from a proprietary permeability test described in 

Chapter 3 and published in Appendix 3 of (Enell et al., 2012a), ranged in magnitudes from 10-4 to 10-5 

m/s. These values are 3 to 4 orders of magnitude higher than the upper limit of permeability given in 

the monolithic test i.e. 10-8 m/s. If this test is applied to a high permeability material then leaching 

occurs both from the surface and from within the monolith. Leaching is therefore overestimated and 

so this method was considered unsuitable. 

Availability tests provide information on the maximum amount of each contaminant that may be 

leached from a test portion of a material i.e. the fraction of the total contaminant content of the 

material that may ultimately be leached (Roskam and Comans, 2009). In a report on leaching tests 

for organic contaminants (Comans et al., 2001), the authors propose an availability leaching test 

using an alkaline leachate at pH=12 with a DOC content as high as the material could be expected to 

encounter in the environment in order to reflect the importance of the effect of DOC on PAH 

leaching. PAH leaching from asphalt granulate in the availability test was found to be 3.9±0.3% of the 

total PAH content. The levels of DOC leaching from the asphalt granulate were found to be low 

(Comans et al., 2001). 

The up-flow percolation method selected (European Committee for Standardization, 2010), 

(European Committee for Standardization, 2016b) is a type of column test in which the leachant is 
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pumped upwards through the column during testing in order to ensure that saturation of the 

material in the column is achieved. The flow rate is prescribed and was selected so that a distinction 

can be made between substances being washed out from the material of interest and those which 

are released having first interacted with the matrix of the material (European Committee for 

Standardization, 2010). The time taken for equilibrium to be achieved in percolation tests is 

dependent on pore size distribution and L/S ratio (Kalbe et al., 2008) and may not necessarily be 

achieved for each contaminant in the time frame of the standard test (approximately 3 weeks). 

Advantages of the method include the quantification of contaminants of interest with time and the 

production of sufficient volumes of eluate for both inorganic and organic analysis. Disadvantages 

include the long duration of the test (approximately 22 days at a target flowrate of 48ml/hr), the 

uncertainty surrounding the time for eluate collection (based on reaching prescribed liquid to solid 

ratios (L/S)). It has also been postulated that if the flowrate in the percolation test is too high, local 

equilibrium may not be achieved, resulting in an underestimation of short term leaching from the 

early eluate fractions of the test (Hansen et al., 2005). On balance, this test (European Committee for 

Standardization, 2010) was considered by the author to provide the most useful results for the long-

term leaching of contaminants from RA.  

The disadvantages are outweighed given the additional data that longer-term column leaching tests 

provide; this includes the identification of leaching mechanisms associated with each contaminant 

and an increased understanding of the long-term leaching behaviour of the material of interest. It 

can also be argued that the conditions in column tests are closer to ‘natural’ conditions that the 

material might be exposed to in the environment i.e. gravity flow of an aqueous eluate through the 

material body (Reemtsma and Mehrtens, 1997). 

Percolation tests are usually long in duration, cumbersome to set up and require either more 

extensive or custom-made glassware or stainless-steel apparatus. Issues with the operation of the 

column test such as channels forming in the columns or clogging have been reported (Townsend, 

Jang and Tolaymat, 2003). In fact, the author experienced challenges with the operation of the 

column test including leaks and tubing difficulties. They are long in duration and generate the most 

samples of the three test types performed for this thesis, so therefore have the highest costs for 

sample analysis. Percolation test data provide a more complete overview of leaching from the 

material of interest than batch test data. This is to be expected, as the former is a characterisation 

test and the latter a compliance test. Additionally, discrete samples taken during percolation tests 

provide a snapshot of material leaching at distinct points in time, rather than simply an overview 

composite sample taken at the end of the test- another advantage over the batch test. 
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Column tests have been used by researchers to assess the leaching of PAHs from soil (Enell et al., 

2004) (Reemtsma and Mehrtens, 1997) and waste materials (Comans et al., 2001). The column test is 

a dynamic test, as the leachant and test material are under continuous flux. PAH leaching from 

column tests performed on contaminated soils has been found to be 0.044% of the total PAH content 

of the material (Comans et al. 2001). 

The use of different leaching procedures renders it difficult to compare results and ensure 

compliance with regulations. The European Standardization Committee (CEN) is the authority 

responsible for standardising leaching tests under the Construction Products Directive (EEC, 1989).  

Harmonization work on leaching tests by the CEN Committee began in the 1990s. A significant 

attempt has been made to streamline the number of test types used and to generate a hierarchy of 

leaching tests for construction products (Van der Sloot and Dijkstra, 2004) such as RA. Van der Sloot 

and Dijkstra (2004) postulate that the reason for the large number of leaching tests in existence is 

that the many of them were designed to simulate specific leaching scenarios i.e. that they are 

‘conditional’ tests and suggests that a better methodology would be to define a set of tests that can 

assess a material across a wide range of scenarios and identify contaminant release mechanisms. 

Although this particular study focuses on inorganic contaminants, the same logic applies for organic 

contaminants with the stipulation than many test methods must be modified to be suitable for this 

purpose.  

More than a decade ago, a network for harmonising leaching and extraction tests in Europe was 

established. The reason for the establishment of the network was confusion over the vast number of 

different leaching tests in use to assess the environmental properties of materials. The issues 

identified were as follows (Van der Sloot, 2001); 

 ‘there are too many leaching tests addressing largely the same question 

 there is a too limited relationship between test conditions in regulatory tests and the actual 

release under field conditions 

 the use and relevance of the vast amount of leaching test data generated annually in the 

industry for regulatory purposes is too limited’. 

2.5 Processes Controlling Leaching 

Leachants such as water, running along the surface of a material or percolating through a granular or 

porous material can pick up contaminants and carry them off by the process of advection.  Stationary 

leachants in contact with a material can pick up contaminants due to the movement of molecules - a 

process called diffusion. Diffusion occurs for example, in the pore water of low porosity monolithic 
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material. Surface washoff is a specific term used to describe the initial removal of particle-bound and 

soluble contaminants from the surface of a monolithic material for example, the first rain washing 

contaminants from a road surface following an antecedent dry period.  

Leaching from construction products is governed by both physical and chemical factors. Physical 

factors include permeability, size/shape of particles, tortuosity and porosity (Van der Sloot and 

Dijkstra, 2004), (Kalbe et al., 2008) in addition to others such as flow rate, L/S ratio, contact time with 

leachant and temperature. Chemical and biological factors include pH, redox, precipitation, organic 

carbon content alkalinity, complex ion effect and complexation (Townsend, Jang and Tolaymat, 

2003). Table 2-2 below is a very useful summary of chemical, physical and external factors which 

influence organic contaminant leaching from construction (and other) materials. 

Table 2-2: Summary of the Main Factors Influencing Release. Reproduced from (Van der Sloot and 
Dijkstra, 2004) 

Chemical Processes Physical factors External factors 

 Dissolution  
 pH 
 Chemical form 
 Total composition/ 

availability 
 Redox 
 Acid-base buffering 
 DOC 
 Composition water 

phase/ ionic strength 
 Temperature 
 Time 

 Percolation 
 Diffusion 
 Surface wash off 
 Granular/ monolithic 
 Size (particles or 

monoliths) 
 Porosity 
 Permeability 
 Tortuosity 
 Erosion 

 Amount of water 
 Contact time 
 pH of environment 
 Temperature 
 Redox of environment 
 DOC/ Adsorption 

One study on leaching of PAHs and heavy metals from RA found the major factors influencing 

leaching to be the RA particle size and the leachant flowrate (Legret et al., 2005). Leaching of organic 

compounds such as PAHs is controlled by three processes i.e. dissolution, sorption and the presence 

of DOM and colloids (Hansen et al., 2004). If the material under consideration has a free organic 

phase, then dissolution can occur from the free phase into the aqueous phase. Otherwise, the 

contaminant concentration in the aqueous phase is controlled by sorption and the presence of DOC 

and colloids (Hansen et al., 2004). 

L/S ratio describes the ratio of the volume of leachant to the mass of solid matter at a particular 

point in time during a leaching test. For a one-step batch test, the L/S ratio remains constant 

throughout the test whereas for a column test, the L/S ratio varies with time, for instance from L/S 

=0 l/kg at the beginning of the test to L/S=10 l/kg at the end of the test. An L/S ratio of 2l/kg 
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represents a material with limited throughput of water whilst an L/S ratio of 10l/kg represents a 

material with a higher throughput of water (Wahlström, 1996). 

Equilibrium conditions are achieved more quickly in samples with smaller particle sizes than larger 

sizes. This is due to the longer time taken for diffusion to occur from the insides of larger particles 

into the leachant (Wahlström, 1996). Leaching of PAHs is governed by both the fraction in the solid 

phase of the material that is reversibly bound or available and PAH solubility (Comans et al., 2001). 

PAHs leached from soils and asphalts may be dissolved in the leachate or they may be bound to small 

particles or colloids which break off from the material. L/S ratio influences the time it takes to reach 

equilibrium in batch and column leaching tests (Kalbe et al., 2008).  

Chemical mechanisms resulting in leaching of inorganic contaminants from a material include 

dissolution of a contaminant controlled by its solubility in a leachant, adsorption processes and the 

instantaneous dissolution of readily dissolving contaminants, which is controlled only by the available 

amount of contaminant in the material (Van der Sloot and Dijkstra, 2004). With regard to organic 

contaminants, volatilisation and degradation must also be considered in addition to the presence of 

DOC to which organic compounds can bind.  

Leaching mechanisms dominating the release of individual compounds from a material can be 

inferred from the cumulative release (mg/kg) patterns as shown in Figure 2-4 below. Solubility 

control is indicated when the concentration of the contaminant leached is constant over most of the 

L/S range. If the cumulative release is plotted against L/S ratio, the slope of the line is 1 ± 0.08. Wash-

out is the term used when a contaminant washes out easily from the matrix in which it is fully 

dissolved. This occurs mostly at L/S=1 and so the cumulative release vs. L/S ratio line plateaus above 

L/S= 1.     
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Figure 2-4: Examples of Patterns Distinguishing Dominant Leaching Mechanisms. From (Van der 
Sloot and Dilkstra, 2004) 

Colloids are tiny, microscopal and sub-microscopal inorganic and organic particles which may be 

suspended in solutions (Hansen et al., 2004). They are generated in batch type tests through the 

generation of shear forces due to vigorous agitation. (Bergendahl and Grasso, 1998) found this to be 

true with the TCLP test and as PAHs tend to sorb to colloidal particles this can lead to over-prediction 

of PAHs in the eluate. It is generally accepted that in order to achieve consistent and reliable results 

from batch tests, the particles and colloids should be removed from the eluate before chemical 

analysis (Hansen et al., 2004). However, some authors suggest that it may also be important to be 

able to include the effects of naturally occurring colloids in the batch test as their presence has the 

potential to improve the mobility of contaminants (Hansent et al., 2005). Most references to colloids 

in leaching test literature are found in relation to testing on soils rather than on asphalt.  

Dissolved organic matter content can influence the leaching of organic constituents (Grathwohl et al., 

2003) (Van der Sloot and Dijkstra, 2004). It was found that DOC had a significant influence on 
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leaching at a concentration of greater than 50mg/l and only on highly hydrophobic compounds 

(Grathwohl et al., 2003).  

Sorption is not always an instantaneous process, possibly due to the particles of the material having 

an internal structure to which organic particles can sorb (Hjelmar et al., 2000). Previous research has 

indicated that PAH sorption and desorption from soil consists of a rapid phase followed by a slower 

phase (Schlebaum, Schraa and Riemsdijk, 1999). Further to that, it has been shown that desorption 

during the fast phase occurs linearly whilst desorption during the slow phase shows ‘non-linear 

Langmuir-type behaviour’ (Cornelissen, 1999).  

It has been suggested that the more soluble PAHs (i.e. lower molecular weight PAHs) have two types 

of leaching behaviour; below L/S ≈ 0.5 l/kg PAHs are released quickly and at higher L/S ratios slow 

release dominates (Hjelmar et al., 2000). Previous studies suggest that dissolution is the controlling 

mechanism in the leaching of semi-volatile contaminants from RA and that the transport of PAHs 

from RA surface to water is a diffusion process, (Norin and Stromvaix, 2004).  

According to a Nordtest report (Hansen et al., 2004), the concentration of an organic compound in an 

aqueous phase due to dissolution from a material  may be described according to Equation 1 

provided the material has a free phase which contains only one organic compound. 

𝑪𝒊    𝒙𝒊  − 𝑺𝒊           Equation 1 

Where: 

Ci = the equilibrium concentration of compound i in the aqueous phase; 

xi = the mole fraction of compound i in the free phase; 

Si = the aqueous solubility of compound i. 

(Van der Sloot and Mulder, 2002) suggests a method to estimate the time needed for “full exchange” 

between a contaminant in a particle of known size with the solution it is surrounded by, as shown in 

Equation 2. The effective diffusion coefficient, D0, is smaller for retained species and larger for more 

mobile contaminants. 

𝒙 =  (𝟐𝑫𝟎.𝒕)           Equation 2 

Where: 

x = particle size (mm); 

D0 = effective diffusion coefficient (m2/s); 
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t = time required for equilibrium (days). 

Table 2-3 below shows values calculated according to Equation 2 above. The mobile diffusion 

coefficient relates to the component which is free to diffuse and the retained coefficient relates to 

the immobilised component which takes much longer to diffuse.  

Table 2-3: Time for Equilibrium to Take Place. Reproduced from (Van der Sloot and Mulder, 2002) 

Particle size (mm) 
Mobile (10-10 m2/s) 

Time for equilibrium (days) 

Retained (3.10-12 m2/s) 

Time for equilibrium (days) 

4 1 29 

10 6 184 

20 23 736 

40 93 2942 

2.6 Conceptual Model of Leaching of PAHs from RA 

Previous research (Endo et al. 2008) (Mahjoub et al. 2000) has shown that PAHs are released from 

coal tar-contaminated soil through dissolution, which is described by Raoult’s Law. Raoult’s Law can 

be simplified as shown in Equation 3 to describe the leaching of an individual component from an 

organic mixture (Liu et al., 2009). However, when a mixture contains multiple components, those 

components behave differently with respect to dissolution and partitioning behaviour than when 

they exist as a single pure compound (Liu et al., 2009). Additionally, the presence of particles and 

colloids may impact the freely dissolved aqueous concentrations (Liu et al., 2009). 

𝑪𝒊,𝒘 =  𝑿𝒊,𝒐  × 𝜸𝒊,𝒐 × 𝑺𝒊               Equation 3 

Where: 

Ci,w = the equilibrium concentration of component, i, in water (mg/l); 

Xi,o = the mole fraction of component, i, in the organic mixture; 

γi,o = the activity coefficient of component, i, in the organic mixture; 

Si = the aqueous solubility of the pure component, i (mg/l).  

PAH desorption kinetics typically exhibit an initial period of rapid desorption, followed by a period of 

slow desorption (Schlebaum, Schraa and Riemsdijk, 1999). PAHs first migrate from the solid matrix 

into the water film surrounding the solid particles and then into the leachate. Both fast and slow 

desorption occur in the water film but it is assumed that only fast desorption occurs in the leachate 

(Comans et al., 2001). Slow desorption can occur over decades (Schlebaum, Schraa and Riemsdijk, 
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1999) and equilibrium conditions can be present over extended periods of time for compounds 

which sorb strongly to solid particles (Grathwohl and Susset, 2009).  

In a percolation test, the concentration gradient between the material of interest and the leachate is 

very steep at the beginning of the test which results in high mass transfer rates (Grathwohl and 

Susset, 2009). After an extended period of leaching, concentrations in the leachate decline and this 

may indicate non-equilibrium conditions or depletion of the substance of interest, particularly if it is 

highly-soluble (Grathwohl and Susset, 2009). Following the equilibration period at the beginning of 

the percolation test, the pump is switched on and the pore water is displaced by a clean front of 

water moving through the column. Contaminant transport is then assumed to occur both by the 

process of advection due to percolation of the leachate and by diffusion in the column.  

The simple conceptual model shown in Figure 2-5 below has been adopted for this thesis to describe 

the leaching of PAHs from RA, where DDFast and DDSlow refer to fast and slow desorption and 

dissolution respectively. 

 

Figure 2-5: Conceptual Model of PAH Leaching from RA 

2.7 Overview of Leaching Studies Performed on RA 

Many studies have compared results obtained from different leaching methods. One such study, 

compared results from a column test and a sequential batch test in addition to two types of 

availability tests (Roskam and Comans, 2009). As expected, leached concentrations in the eluates 

from the availability test were much higher than those in the column and sequential batch test. 

Leaching tests yield data on the concentrations of contaminants to be expected in solutions in 

contact with the material of interest. Sometimes these can be quite low, for instance the authors of a 

report on developing leaching tests for use with organic contaminants found that only 0.06% of the 
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total amount of PAHs in an asphalt granulate was leached in a leaching test at L/S=1- l/kg (Comans et 

al., 2001).   

(Kriech, 1991) applied the TCLP to 6 RA materials collected from various locations in Illinois. The 

leachates from the TCLP were analysed for Semi-Volatile Organic Compounds (SVOCs), PAHs and 

metals. SVOCs were not detected and PAHs were only found in trace amounts or not at all. Barium, 

chromium and lead were detected but generally in very low levels. The authors note that one of the 

leachates from a particular site met the Resource Conservation and Recovery Act criteria for 

hazardous material but did not meet national drinking water standards, although another leachate 

from material collected on a different part of the same site met both.  

An earlier study on a selection of RAs collected from asphalt plants in Florida assessed the leaching of 

volatile organic contaminants (VOCs), heavy metals and PAHs from the materials (Brantley and 

Townsend, 1999). Both batch and column tests were performed and aside from raised levels of lead 

(15 µg/l), the concentrations of all measured contaminants in the leachates were no higher than 

typical groundwater concentrations. 

As previously discussed, there are several potential sources of leachable contaminants associated 

with RA, the aggregate, the binder and those contaminants present in the material due to the 

previous service life of the material. In 2001, a study was conducted to assess leaching from various 

bitumen types, and also tested an asphalt and the aggregate ingredient of that asphalt (Brandt and 

De Groot, 2001). They reported leaching values for a range of individual PAHs from below 0.01 ng/l 

(detection limit) for benzo(b)fluoranthene to 371 ng/l for naphthalene.  The concentration in the 

leachate from the bitumen alone contained higher concentrations than that from the asphalt 

containing the bitumen e.g. 35 ng/l compared to 32 ng/l for naphthalene, 4.1 ng/l compared to 1.2 

ng/l for phenanthrene and 0.3 ng/l compared to 0.09 ng/l. This is in line with expectations, showing 

that PAH leaching from the aggregate is at a lower level that from the bitumen. 

In 2004, a study was carried out on milled asphalt samples, some of which had been stored prior to 

being tested and others which were tested directly after removal from the road surface. All of the 

material was size-reduced to 2mm for testing (Norin and Stromvaix, 2004). As part of the study, 

column leaching tests were carried out. The columns were constructed of Teflon and glass and were 

operated under saturated conditions. They were 1m high and had an internal diameter of 12cm. 

Samples were taken at L/S = 0.05 l/kg for un-stored RA, L/S = 0.07 l/kg for stored asphalt in addition 

to L/S=1.0 l/kg for both material types. The concentration of total PAHs in the leachate from the 

column experiments at L/S =1.0 l/kg was 1.8 µg/kg for the un-stored RA and 0.9 µg/kg for RA that 

had been stored for two years. For all of the PAHs measured, leaching from the stored asphalt 
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ranged from equal to, to significantly less than that from the un- stored material, indicating leaching 

from the RA during storage. 

Published in 2005, a French study on leaching from RA included both batch tests and column tests in 

addition to several other test types (Legret et al., 2005). The RA particle size for the batch 

experiments was 4mm and for the column tests was 20mm. The batch tests were performed under 

continuously stirred conditions according to AFNOR XP X 31-210 (Hiller, Jurkovič and Bartal, 2008) 

and lasted either 24 hours or three 16-hour tests were carried out consecutively. The column test 

was under saturated conditions with a column length of 35cm and diameter of 10 cm. The L/S ratio 

ranged from 0.5 l/kg to 30 l/kg during testing and eluate was collected at 1.2, 10, 25, 50 and 75 days. 

The highest total PAH concentration in the eluate from the batch extraction tests (3 x 16-hour 

method) was 62 µg/l. Most individual PAHs were at or below detection limits with the exception of 

phenanthrene which had a concentration of 0.3 µg/l. Concentrations in the eluate from the 24-hour 

test ranged from 160 µg/l for total hydrocarbons, benzo(a)anthracene was measured at 0.013 µg/l 

and fluoranthene at 0.120 µg/l. Eluates from the column tests had total hydrocarbon concentrations 

of 95 µg/l after 2days of testing and 175 µg/l after 10 days and were below detection limits at days 

25, 50 and 75. Most PAHs were not detectable in the column test eluate apart from 

benzo(ghi)perylene, dibenzo(ah)anthracene, indeno(123-cd)pyrene, benzo(a)pyrene, 

benzo(b)fluoranthene and chrysene. Benzo(a)pyrene concentrations were 0.02 µg/l after 2 days and 

0.015 µg/l after 10 days. 

In 2012, a report from the RE-ROAD project was published which assessed a selection of leaching test 

methods for use with RA (Enell et al., 2012a). Batch, percolation and recirculated column methods 

were applied to a range of RAs from several European countries including Germany, Sweden and 

Ireland. The leachates from the RAs were tested for a range of heavy metals in addition to PAHs and 

benzothiazole in the case of rubber-containing RAs. The PAH content of the RA materials was also 

measured. All test methods applied were found to have a sufficient repeatability although there 

were only a limited number of samples tested. 

A risk assessment conducted as part of the RE-ROAD project concluded that the use of 0%, 15%, 30% 

and 50% of RA in bound pavement mixes produces levels of leaching below groundwater limits for 

PAHs and heavy metals (Enell et al., 2012b). However, the report notes that it is possible for 

significant levels of leaching to occur from stockpiles of RA which are stored outdoors. 

2.8 Further Usage of Percolation Test Data 

Data from laboratory leaching tests are just one piece in a complex puzzle when assessing the threat 

to water bodies posed by the leaching of a material under consideration. Laboratory leaching test 
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data simply determine the source term in a source-path-receptor model (Kalbe et al., 2008) (EEC, 

1989). According to a policy brief on the usage of a particular leaching test in the context of the 

Construction Products Directive (EEC, 1989), test results cannot be used directly to determine the 

environmental impact of a material as they do not take into account the ‘path’ aspect of the model 

(Van Zomeren et al. 2013). As such, either testing of the material on this pathway and/or modelling 

work is required to assess the polluting potential of a specific material in a specific environment.  

Draft standard CEN/TC 351 N 0272 (European Committee for Standardization, 2010) and the 

published standard CEN/TS 16637-3 (European Committee for Standardization, 2016b) outline 

several ways in which the data generated through the performance of the prescribed percolation test 

can be utilised to provide additional leaching information regarding the tested material. Using 

Equation 4, the release of a contaminant at a specific L/S ratio can be calculated if the release at 

another L/S ratio is known i.e. measured during testing. 

𝑼
𝑳

𝑺𝒙
 = 𝑼

𝑳

𝑺𝒚
   ×  𝟏 − 𝒆

𝒌(
𝑳

𝑺𝒙 
)

/ 𝟏 − 𝒆
𝒌(

𝑳

𝑺𝒚
)

     Equation 4 

Where: 

𝑈  = Release in mg/kg dry matter at target L/S ratio, 

𝑈  = Release in mg/kg dry matter at reference L/S ratio, 

  = Target L/S ratio, 

 = Reference L/S ratio,  

𝑘 = constant that represents the speed of the release (release increases when 𝑘 decreases). 

Also outlined in draft standard CEN/TC 351 N 0272 (European Committee for Standardization, 2010) 

is a method to predict the long-term release of a contaminant to the material tested in the 

percolation test. The L/S is related to the timescale by the infiltration rate, the density and the depth 

of the material in its real-world use. See Equation 5. 

𝑻 =  
𝑳

𝑺
 × 𝒅 × 

𝒉

𝑵
         Equation 5 

𝑇 = time (years), 

 = liquid to solid ratio (L/kg), 

𝑑 = density (kg/m3), 

ℎ = height of application (m),  
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𝑁 = infiltration (mm/m2/yr). 

To determine the leaching behaviour of a substance, the following graphs should be plotted: 

 Log of the release of the substance vs. log of the cumulative L/S ratio 

 Concentration of the substance in the eluate vs. L/S ratio 

 PH vs. L/S ratio 

If the release of the substance is constant for the entire test duration and the slope of cumulative 

release vs. L/S ratio line is 1 ± 0.08, then the leaching mechanism is likely solubility controlled. If the 

substance is mostly released before L/S = 1 l/kg, then it is most likely fully dissolved in the matrix and 

so is subject to washout. If the release is controlled by solubility and the solubility of the substance 

changes with changing pH or redox potential in the leachate then the leaching will show a delayed or 

decreased release. Finally, if the substance is leached in very low concentrations then it may not be 

possible to determine the release mechanism. Such concentrations are indicated by using Equation 6. 

𝑪𝑭𝟏 𝟕 =
𝑨𝒗𝒆𝒓𝒂𝒈𝒆 𝒄𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒊𝒏 𝒇𝒓𝒂𝒄𝒕𝒊𝒐𝒏𝒔 𝟏 𝒕𝒐 𝟕

𝑳𝒐𝒘𝒆𝒓 𝒅𝒆𝒕𝒆𝒄𝒕𝒊𝒐𝒏 𝒍𝒊𝒎𝒊𝒕
       Equation 6 

If 𝐶𝐹  < 1.5, then the concentration is considered too low to determine a leaching mechanism. 

The percolation test standard published in 2016 (European Committee for Standardization, 2016b) 

outlines a different method to determine the processes governing the leaching of a substance and 

this is outlined in detail in Section 3.7.5.3. 

2.9 Leaching Test Modelling 

Many authors have modelled the processes, either chemical or physical that occur during leaching 

experiments. Significant work has been carried out on inorganic contaminant leaching from waste 

products i.e. major and trace elements such as aluminium (Al) and calcium (Ca) from Municipal Solid 

Waste Incinerator (MSWI) bottom ash (Dijkstra et al., 2008) (Dijkstra, Van der Sloot and Comans, 

2006) (Comans and Meima, 1994). A less substantial body of work exists for PAHs leaching from C&D 

wastes, including asphalt. Table 2-4 below details modelling work carried out on PAHs and inorganics 

leaching from a range of asphalts and soils in laboratory leaching studies. These include batch, 

percolation and sequential leaching experiments. 

A laboratory study performed on a selection of nine different types of bitumen, in addition to one 

asphalt, led to the development of an empirical relationship between leaching concentrations and 

time under equilibrium conditions (Brandt and De Groot, 2001). It was found that the concentration 

of PAHs in the leachate under equilibrium conditions was related to the concentration of the PAH in 

the material being tested and to a coefficient which described the distribution of the PAH between 
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the material and the leachate. An empirical relationship was developed to describe the aqueous 

concentration of individual PAHs using the concentration of the PAH in the bitumen, the leaching 

time, the distribution coefficient of the PAH between bitumen and the leachate and a dissolution 

rate constant. Details of these and the other equations developed during this study are shown in 

Table 2-4. The authors of this study suggest, that instead of performing a leaching test, the expected 

equilibrium PAH concentration in the leachate may be calculated if the PAH content of the material is 

known as well as the PAHs’ distribution coefficient or aqueous solubility. 

A 2003 study (Ogunro and Inyang, 2003) set out to develop a relationship between the Al and Cu 

diffusion coefficients in batch and column leaching tests on MSWI bottom ash. The paper details the 

development of a semi-empirical model for leaching from a monolithic material in a batch leaching 

test and also for a percolation experiment. For the batch case, the authors first developed a 

conceptual model for leaching which included the time taken for intra-particle diffusion, the effective 

duration of species diffusion and the post equilibrium diffusion state as shown in Figure 2-6, where 

the cumulative amount of contaminant leached is plotted against the square root of time. The 

authors postulate that both diffusion between the particles of the material and diffusion from the 

material into the surrounding leachant occur simultaneously from the beginning of the test. 

 
Figure 2-6: Conceptual Model of Leaching in the Batch Test. From (Onguro and Inyang, 2003) 
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The development of the semi-empirical model for the batch test begins with the general form of the 

mass balance equation. The equation for the cumulative fraction of the total mass leached is 

developed based on previous work by (Crank, 1975) and with the assumption that the mass is made 

up of spherical particles and by selecting an appropriate L/S ratio, this can be further simplified. The 

relationship is further developed to relate an apparent diffusion coefficient to the volumetric surface 

area of the particles, the slope of the line generated by plotting the mass of contaminant leached 

divided by the mass of the contaminant initially present in the material versus the square root of 

time and the specific area mean diameters of the particles in the material.  

For the column case, the authors began by taking the combined advection – diffusion equation to 

represent the mass balance for column leaching at a constant velocity. They further developed work 

by (Brouwers, 1997) to describe the contaminant concentration of the leachate leaving the column in 

relation to time. The authors then developed an equation to determine the diffusion coefficients in 

column experiments at different L/S ratios. The authors found that the measured and computed 

apparent diffusion coefficients for the column test were comparable. 

Further to the modelling work on the batch and column tests individually, (Ogunro and Inyang, 2003) 

made an attempt to relate the diffusion coefficients from both test types. This was done by relating 

the L/S ratios in the tests with a parameter, K, which was zero when the L/S ratios were equal and by 

accounting for the flow of water in the column test using the parameter, R. They further developed 

this relationship and the resulting equation related the diffusion coefficients in the batch and 

columns tests by taking into account the Peclet number for the column test, the mass of contaminant 

leached, the amount of contaminant initially present in the material, the internal diameter of the 

column, the density of the leachant, the equivalent particle size for bulk material with a variation in 

particle sizes, the mass of the waste material used in the experiment and the L/S ratio. However, the 

authors were not able to determine an equivalence for the apparent diffusion coefficients for the 

batch and column tests possibly due to the different leaching processes which govern leaching in 

each i.e. diffusion in the batch test and advection dominated leaching in column tests. Details of the 

algorithms developed in this study can be found in Table 2-4. 

(Kalbe et al., 2007) suggested an equation to describe the change in concentration in the leachate 

from a column leaching experiment with respect to time. According to the equation, the change in 

concentration is influenced by the dispersion coefficient, the linear flow velocity, the bulk density of 

the material in the column, the porosity of the sample, the distribution coefficient and an index 

which takes account of a biological or chemical reaction.  
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(Hiller, Jurkovič and Bartal, 2008) assessed the effects of temperature on the sorption and desorption 

of naphthalene, phenanthrene and pyrene from a soil sample and a sediment sample. The amounts 

of PAHs sorbed to the materials were calculated using the difference between the concentration in 

the liquid phase at the beginning and the end of the experiment also taking into account the volume 

of the solution and the mass of the sample. The authors also developed an equation to calculate the 

desorption of PAHs from the solid samples. The equation took into account the concentration of the 

PAHs in solution, the volumes of the supernatant removed in the experiment and the fluid it was 

replaced by and the mass of the material being tested.  

(Ngo, et al., 2014) also considered sorption of PAHs in their study on contaminated soils in column 

experiments. They performed the column leaching tests both in up-flow and down-flow in order to 

assess leaching both under saturated and unsaturated flow conditions. The two-site sorption model 

was selected by the authors to describe PAH movement in the columns as they believed that non-

equilibrium conditions were present. The two-site sorption model represents total sorption as the 

sum of instantaneous sorption and all other sorption which is assumed to occur as a first order 

reaction. The non-instantaneous sorption is influenced by the concentration of the PAH in the 

leaching solution, the fraction of exchange sites assumed to be in equilibrium with the liquid phase, a 

first order rate constant and a linear distribution coefficient. The authors employed the governing 

equations of the transport model as outlined in (Šimůnek and van Genuchten, 2008). The change in 

concentration of a PAH with respect to time takes into account the water content of the material, the 

bulk density of the material being tested, a spatial coordinate and the dispersion coefficient which is 

the product of the longitudinal dispersivity and the convective flux. The study then went on to 

estimate transport parameters from the leaching data and attempted to assess the uncertainty of 

these parameters.  

(Birsigidottir et al., 2007) carried out a study which assessed whether laboratory leaching data could 

be used to model long-term leaching of PAHs from asphalt roads. They carried out a tank leaching 

test according to Dutch NEN 7345 and a column-based availability test at a L/S ratio of 100 l/kg and 

determined the total content and availability of each PAH. The results of the tank leaching test 

suggested that leaching was diffusion controlled and the authors estimated diffusion coefficients for 

each PAH which were generally found to be within a factor of 100 of one another. They went on to 

use those diffusion coefficients to model leaching from a hypothetical road comprising a 4cm thick 

asphalt wearing course over a 20cm thick asphalt base course with 0.15mm-2 cracks and which was 

wetted 35% of the time. The release of naphthalene, fluorene, phenanthrene, fluoranthene and 

pyrene was modelled for 25, 50 and 100 years and the total leached amounts after 25 years were 

0.004% to 1.1% of the total content of those PAHs in the asphalt material. 
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Table 2-4: Overview of Relevant Modelling Work on Leaching Tests 
Authors & 
Year 

Processes modelled Equations Parameters (unit) 

(Ogunro 
and 
Inyang, 
2003) 

 Cumulative fraction of the total mass leached in 
batch test 
 

 Apparent diffusion coefficient for batch test 
 

 Mass of contaminant leached in column test 
 

 Diffusion coefficient of column leaching experiments 
at different leaching intervals 
 

 Equivalence between diffusion coefficient for column 
test and batch test 
 

 Equivalence between diffusion coefficient for column 
test and batch test 
 

 Equivalence between diffusion coefficient for column 
test and batch test 

 
 
 
 
 
 
 
 
 

 (Mt/Ms0)=2SS(Dast/π)^0.5 
 
 

 Das = (m^2(π))/(4Ss^2)=(π/144)(m^2)(dequ^2) 
 

 Mt= 12(Ms0/qdequ)((Dac/π)^0.5)q(tex)^0.5 
 

 Dac = (Mt/Ms0)^2(dequ/12)^2(π/tex) 
 

 
 (Dac/Das)e = R 

=((Mt/Ms0)^2(πdequ^2/144)(1/tLS))/(π/144)(m^2dequ^2)=
((Mt/Ms0)^2(1/m^2)(1/tLS) 

 (Dac/Das)e = R =((Mt/Ms0)^2(1/m^2)((qρL)/(MsN)) 
 

 
 (Dac/Das)e = 

(udequ/Das)((Mt/Ms0)^2)(πdc/24)^2(ρLdequ/MsN) 

Das = apparent diffusion coefficient 
for static batch test ((L^2)(T^-1)), 
m=slope (Mt/M0 vs t^0.5),  
Ss = Volumetric specific surface area 
for particles in batch test (L^-1),  
dequ= equivalent particle size for 
bulk material (L),  
Mt = Mass of contaminant leached 
(M),  
Ms0 = Amount of target 
contaminant initially present in the 
material (M),  
q = flowrate of leachant through 
column (L^3(T^-1)),  
Dac = Apparent diffusion coefficient 
for column leaching test (L^2(T^-
1)),  
tex = time required to leach given 
volume (exit time) (T),  
R=net rate of production of mobile 
contaminant (chemical reaction) 
(M(T^-1)(L^-3)),  
tLS= time interval to leach volume 
corresponding to given liquid-to-
solid ratio (T),  
ρL =density of leachant (ML^-3), 
Ms = mass of granular waste used in 
the experiment (M),  
N = value of liquid to solid ratio (-), 
u = Darcian velocity of flow through 
bulk material in column (L(T^-1)).  
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Authors & 
Year 

Processes modelled Equations Parameters (unit) 

(Grathwoh
l and 
Susset, 
2009) 

 Movement of front of clean water through column 
 
 

 
 Initial concentration in column effluent 

 
 Extended version of the analytical solution of the 

advection-dispersion equation using L/S instead of 
time 

 
 Equilibrium concentration of contaminants in water 

in batch test 
 

 Approximation of the advection-dispersion equation 
(solute leaching when sorption is high i.e. Kd>(n/ρ)) 

 C/C0 = 1-0.5[erfc((x-
(v/R)t)/2(sqrt((D/R)t))+(exp((vx)/D)erfc(((x+(v/R)t)/2(sq
rt((D/R)t)] 
 

 C0=Cs,ini/(Kd+(n/ρ)=(Cs,ini/Kd)/(1+(n/(Kdρ)) 
 

 C/C0=1-0.5[erfc((Kd-LS)/(2*sqrt((α/x)((n/ρ)+Kd)LS)) + 
exp((x(1-(1/R))/α)erfc((Kd+LS)/2sqrt((α/x)((n/ρ)+Kd)LS)] 

 
 
 C=Cs, ini/(Kd+LS) 

 
 

 C/C0=1-0.5erfc((1-(LS/Kd))/(2*sqrt((α/x)(LS/Kd))) 

C =solute concentration,  
x = distance or length of the column 
(m),  
v = average flow velocity (ms^-1), 
R= retardation factor, R=1+Kd(ρ/n), 
kd=distribution coefficient (lkg^-1), 
ρ=dry bulk density(kgl^-1), 
n=porosity (-),  
D = longitudinal dispersion 
coefficient (m^2s^-1),  
C0= Initial concentration in column 
effluent,  
Cs, ini = Initial concentration in the 
solids,  
kd=distribution coefficient (lkg^-1), 
α= longitudinal dispersivity (m),  
Cs = contaminant concentration on 
the solids after equilibration,  
Xtot=Initial contaminant mass in the 
solids,   
Xw=contaminant mass in water 
after equilibration,  
Vw=Volume of water,  
Md=dry mass of the solids. 

(Brandt 
and De 
Groot, 
2001) 

 Distribution coefficient of a PAH between bitumen 
and water 
 

 Equilibrium concentration of a PAH in water 
 

 Log(Subcooled liquid solubility) 
 

 Log(bitumen-water distribution coefficient) 

 KBitWater=Cbit/Cw 
 
 

 Cw=Cbit/KBitWater X (1-exp^-kt) 
 
 logSscl=logSc+0.01(MP-25) 

 
 logKbitwater=1.65-0.96xlogSscl, R^2=0.9469 

KBitWater=Distribution coefficient of a 
PAH between bitumen and water,  
Cbit=Concentration of a PAH in 
bitumen,  
Cw=equilibrium concentration of a 
PAH in water,  
K= dissolution rate constant, 
t=leach time,  
Sscl=subcooled liquid solubility,  



34 
 

Authors & 
Year 

Processes modelled Equations Parameters (unit) 

Sc = Pearlman's crystalline solubility 
data,  
MP = melting point of the PAH (⁰C).   

(Wehrer 
and 
Totsche, 
2009) 

 Raoult's Law 
 

 Organic phase concentration of the PAH 

 log(Kd)=-log(Sscl)-log(MWop) 
 
 CPAH/op=(CPAH/S)/(Coc/s)(fop/foc) 

Kd= partition coefficient of a PAH 
between aqueous solution and 
organic phase (M*M^-1),  
Sscl = the aqueous subcooled liquid 
solubility of the PAH (N*M^-1),  
MWop = the mean molecular weight 
of the organic phase (M*N^-1),  
CPAH/op= organic phase 
concentration of the PAH (M*M^-
1),  
CPAH/S= concentration of the PAH in 
the soil matrix (M*M^-1),  
COC= the concentration of organic 
carbon in the soil (M*M^-1), 
fop/foc= the mass ratio of organic 
phase to organic carbon 
(dimensionless) 

(Kalbe et 
al., 2007) 

 Concentration of contaminant in the leachate  dC/dt=DL((d^2C)(Dx^2))-vx(dC/dx) -
(ρ/ϴ)(dKdC/dt)+(dC/dt)rxn 

C = concentration of the 
contaminant in the leachate, 
t=time,  
DL= dispersion coefficient, 
vx=linear flow velocity,  
ρ = bulk density of the sample in the 
column,  
ϴ = porosity,  
Kd = distribution coefficient,  
rxn = index indicating a chemical or 
biological reaction    

(Grathwoh
l, 2014) 

 Equilibrium in the pore water 
 

 Cw/Cw,eq=1-exp(-kA⁰(1+(VW/Kdmd)t) 
 

 A⁰=md6/Vwρsd = ρ6/nρsd=(1-n)ρs6/nρsd=(1-n)6/nd 

Cw/Cw,eq = relative concentration in 
water,  
k = mass transfer coefficient,  
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Authors & 
Year 

Processes modelled Equations Parameters (unit) 

 Specific surface area available for diffusion per 
volume of water in the column or batch system 

 
 Characteristic time after which equilibrium is 

achieved to 63% 
 

 Short-term approximation for intra-particle diffusion 
limited sorption/desorption in a finite bath 

 
 Characteristic test time during which concentrations 

close to equilibrium are observed in the column 
effluent 

 
 Length of the mass transfer zone 

 
 

 t0.63=1/kA⁰(1+(Vw/Kdmd)) = 1/(k6/ρsd)(((1/LS)+(1/kd)) 
 
 Cw/Cw,eq=M/Meq=6((mdKd/Vw)+1)(sqrt(4Dat/πd^2) 

 
 

 teq=(Xcolumn/v)(1+Kd(ρ/n)(1-(Xs/Xcolumn)) 
 
 
 Xs=(Sqrt(πt/DeKdρs))(vnd/(1-n)6) 

A⁰= specific surface area available 
for diffusion per volume of water in 
the column or batch system, md=dry 
mass,  
ρs=solid density,  
d= grain diameter,  
M= mass of solute which has 
diffused out of the particles after 
time t,  
Meq= total mass diffused into the 
water after equilibrium conditions 
have established,  
Da = apparent intraparticle diffusion 
coefficient, (1+Kd(ρ/n) = 
retardation factor,  
Xs= length of the mass transfer 
zone,   
Xcolumn = total column length,  
De = effective intraparticle diffusion 
coefficient, 
v =column flow velocity,  
n=porosity    

(Ngo, et 
al., 2014) 

 Sorption 
 

 Sorption of type 2 sites without degradation 

 S=S^e+S^k 
 

 dS^k/dt = ω[(1-f)KdC-S^k] 
 
 

S^e =instantaneous sorption,  
S^k = sorption according to a first-
order kinetic rate process,  
C= solute concentration (ML^-3),  
f = fraction of exchange sites 
assumed to be in equilibrium with 
the liquid phase, 
ω = first order rate constant,  
Kd = linear distribution coefficient 
[L^3 M^-1].   

(Hiller, 
Jurkovič 

 Amount of chemical sorbed in the solid phase 
 

 Se= (Ci-Ce)V/m 
 

Ci = initial solution concentration of 
the chemical,  
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Authors & 
Year 

Processes modelled Equations Parameters (unit) 

and Bartal, 
2008) 

 Desorption from the solid phase during the a-th 
desorption step 
 

 Enthalpies of sorption 

 Sd = [Ca.d - Ca-1,d((V-Vr)/V)]V/m 
 

 
 ln(Kp,4⁰C/Kp, 27⁰C) =∆Hs/R((1/T27⁰C)-(1/T4⁰C)) 

Ce = equilibrium solute 
concentration,  
V= volume of the solution,  
m =mass of soil/sediment,  
Sd= amount of the chemical 
desorbed from the solid phase 
during the a-th desorption step, 
Ca,d, Ca-1,d = solute concentrations of 
the chemical at the end of the a-th 
and (a-1)-th desorption steps,  
Vr = volume of the supernatant 
removed and replaced by the same 
volume of CaCl2 and NaN3 soln.,  
Kp = equilibrium partition 
coefficient at a given temperature, 
∆Hs = enthalpy of sorption,  
R = gas constant,  
T = absolute temperature (K).          

Birgisdótti
r et al., 
2007) 

 Mass of constituent per surface area of specimen 
 
 Cumulative arithmetical release of each constituent 

 
 Effective diffusion coefficient of a component 

 

 Effective diffusion coefficient 
 

 Effective diffusion coefficient 
 

 Effective diffusive coefficient (negative logarithm) 
 

 Mass of the constituent per surface area of the 
specimen 

 Mxt = 2 ∙ ρ ∙ C0x((Dex ∙ t)/π))^(1/2) 
 
 Mxti* = Mxi(sqrt(ti)/((sqrt(ti) – sqrt(ti – 1)) 

 
 Dex,i = (π(Mxi)^2)/(4(C0xρ)^2)(sqrt(ti)-sqrt(ti-1)^2 

 

 Dex = 
∑ ,  

 Dex = D0x/Rxτ 
 

 pDex = pD0x – pRx – pτ 
 

 Mxt,w = 2ρtwAsC0x(Sqrt(Dext/π)) 

Mxt = mass of the constituent per 
surface area of the specimen 
(mg/m2), 
t = time interval (s), 
ρ = bulk density of the specimen (kg 
dry matter/m3), 
C0x = concentration of the 
constituent x available for leaching 
according to the availability leach 
test (mg/kg dry matter), 
Dex = the effective diffusion 
coefficient of the constituent in the 
monolithic material (m2/s), 
Mxi = cumulative release of each 
constituent (mg/m2), 
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Authors & 
Year 

Processes modelled Equations Parameters (unit) 

D0x = diffusion of constituent x in 
water, 
Rx = chemical retardation of the 
constituent, 
τ = physical retardation factor of the 
specimen, 
Mxt,w = Mass of constituent per 
surface area of the specimen 
(mg/m2),  
As = diffusional surface area (m2), 
tw = fraction of time that the 
material was wetted (-). 

*Units are included only when given explicitly in the source paper
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(Grathwohl and Susset, 2009) used analytical solutions of the advection-dispersion equation to 

compare percolation leaching tests to batch and sequential leaching tests. They use the analytical 

solution developed by (Ogata and Banks, 1961) for the movement of clean water through a column 

which takes into account the length of the column, the average flow velocity, a distribution 

coefficient and the dry bulk density and porosity of the material in the column. They also include an 

equation to calculate the initial concentration of a contaminant in the effluent from the column. The 

initial concentration in the effluent is calculated based on the concentration of the contaminant in 

the solids prior to and just after the leachant comes in contact with it. The concentration in the first 

interstitial water is also accounted for in the calculation of initial effluent concentration. The 

equation is then altered to use L/S ratio rather than time in order to compare the percolation test to 

other test types i.e. batch tests and sequential leaching tests and an extended analytical solution is 

given. See Table 2-4 for details. The authors go on to develop an equation which describes the 

sequential removal of leachant from the cascade test which has the following parameters: L/S ratio, 

bulk density of the solid material, porosity of the solid material and a distribution coefficient. For the 

batch test, the authors define the distribution coefficient by doing a simple mass balance and then 

incorporated the initial concentration in the solid material and the L/S ratio into it. This enables the 

batch test to be compared to the percolation test. All of the equations mentioned are detailed in 

Table 2-4. It was found that for the case of long-term leaching, the batch model overestimated 

measured column leaching concentrations but for the short-term they underestimated column 

concentrations. The authors also suggest that the approach they took using the advection-dispersion 

equation may be suitable for use in percolation scenarios provided sorption is sufficiently high. They 

also conclude that column tests fit better to the theory they have developed than batch tests, 

possibly due to artefacts in the batch test. 

In a study on PAH leaching from contaminated soils (Wehrer and Totsche, 2009), the authors used 

Raoult’s Law to express the partitioning of PAHs between the organic phase and the pore water of 

the soil. In this way, Raoult’s Law expresses the log of the partitioning coefficient in terms of the log 

of the sub-cooled liquid solubilities of the PAHs and the log of the mean molecular weight of the 

organic phase. The PAH concentration in the organic phase was calculated by dividing the 

concentration of the PAH in the soil phase by the concentration of organic carbon in the soil 

multiplied by the ratio of the mass of the organic phase to the mass of organic carbon. The authors 

concluded that the approach using Raoult’s Law is not suitable for predicting PAH leaching from the 

material they tested as particle-associated leaching and transport were also observed during testing 

in addition to some behaviour which could be described by the law.  
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(Grathwohl, 2014) describes a study designed to assess the influence of particle size and L/S ratio on 

the time taken to achieve local equilibrium in the pore water of materials during the pre-

equilibration period of column leaching methods and also to determine how long equilibrium 

conditions are present in the eluate when the test begins. The authors consider two types of 

leaching; diffusion through the layer of fluid on a particle and diffusion between particles in the pore 

water. An equation to describe equilibrium in pore water is suggested and it is based on an aqueous 

diffusion coefficient, the characteristic film thickness, the contact time, the specific surface area 

available for diffusion, the volume of water in the system, the dry mass of the material being tested, 

the density of the material being tested and the diameter of the particles of the material.  

As described above, previous researchers have made attempts to substitute models for laboratory 

tests, such as Brandt & De Groot (2001) who suggest that the expected PAH concentrate in leachate 

can be estimated using the PAH content of the contaminated material and the distribution 

coefficient or aqueous solubility of the PAH. Ogunro & Inyang (2003) attempted but were 

unsuccessful in determining an equivalence for the apparent diffusion coefficients for several 

inorganic contaminants for batch and column tests. Grathwohl & Susset (2009) developed a model 

using analytical solutions of the advection-dispersion equation to compare percolation leaching tests 

to batch and sequential leaching tests. The model over-estimated long-term leaching in column tests 

and underestimated short-term concentrations. 

Chapter 7 describes the development of a new leaching model which relates the percolation test and 

a newly-developed leaching test, the Sawtooth Test. By relating these tests, the use of this model can 

potentially reduce the need to perform expensive and lengthy percolation tests and replace them 

instead with the much shorter Sawtooth Test.  

2.10 Summary 

1. RA is a valuable resource however, the material may leach harmful compounds, including 

PAHs, when stockpiled or used in applications including road construction. These pollutants 

are both inherently contained in bituminous materials and deposited during the previous 

service life of the reclaimed material. 

2. The PAH content of coal tar, which was used as a binder until late in the 20th century, is much 

greater than that of bitumen. Asphalt reclaimed from older and “legacy” roads may contain 

significant amounts of PAHs. 

3. Some PAHs cause health conditions in humans, including kidney and liver problems, 

breathing difficulties, skin problems and cancer. 
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4. There is a wide range of laboratory leaching tests which may be used to characterise RA. A 

single-stage batch leaching test and an up-flow percolation test were selected for this study. 

5. PAHs, particularly higher molecular weight compounds, tend to sorb to particles and colloids.  

Sorption and desorption are not always instantaneous processes and consist of a rapid phase 

followed by a slower phase. 

6. It has been suggested that lower molecular weight PAHs have two types of leaching 

behaviour, with a quick release below L/S ≈ 0.5 l/kg and slow release at higher L/S ratios 

(Hjelmar et al., 2000). 

7. Previous laboratory leaching tests carried out on RA have included batch, column, sequential 

batch and TCLP tests. The amounts of PAHs which leach from asphalt materials are a very 

small fraction of the total content of the material. 

8. Draft standard CEN/TC 351 N 0272 (European Committee for Standardization, 2010) and the 

published standard CEN/TS 16637-3 (European Committee for Standardization, 2016b) 

outline several ways in which the data generated through the performance of the prescribed 

percolation test can be used to predict the long-term release of a contaminant and to 

determine the leaching behaviour of a substance. 

9. Significant work has been carried out on modelling of inorganic contaminants from waste 

products during laboratory testing. A less substantial body of work exists for leaching of 

organics and includes attempts to substitute models for laboratory tests which were not 

wholly successful. 
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3 Laboratory Testing Methodology 

3.1 Introduction 

Laboratory leaching tests are used as a means of assessing the potential for a material to 

contaminate the aquatic environment. There is a plethora of existing tests which vary in complexity, 

duration and the level of data generated. A range of tests were considered for this thesis to assess 

the leaching of PAHs from RA materials. Following a thorough review of available tests, a batch test 

method and a percolation test method were selected. These are described in Section 3.6 and Section 

3.7, respectively. In addition, a new leaching test method, the Sawtooth Test, is proposed. The 

Sawtooth Test is described in Section 3.8.  

3.2 Types of Tests Performed 

Three different leaching tests were performed for this study. They included a compliance test, a 

characterisation test and a proposed new test as follows: 

1. Batch test according to EN 12457-4:2002 – Characterisation of waste. Leaching. Compliance 

test for leaching of granular waste materials and sludges. One-stage batch test at a liquid to 

solid ratio of 10 l/kg for materials with particle size below 10 mm (without or with size 

reduction) (European Committee for Standardization, 2002b). 

2. Percolation test according to CEN/TC351 N0272 (2010): Draft generic horizontal up-flow 

percolation test for determination of the release of substances from granular construction 

product (European Committee for Standardization, 2010).  

3. Sawtooth Test – Novel, proprietary leaching method. 

The batch test was performed on nine different asphalt mixes, the percolation test on three and the 

Sawtooth Test on one. One material, a German tar-containing recycled asphalt base course (GCRB) 

was subjected to all three test types. 

Batch tests were carried out on nine individual materials as part of the CEDR CoRePaSol Project. 

Table 3-1 provides a brief description of each of the materials, which have been listed so that the 

base reclaimed asphalt materials appear first and the foam and emulsion mixes, which were 

prepared from the base mixes, appear lower down. The material descriptions have been summarized 

from a CoRePaSol Project Report (Tabakovic et al., 2015). Details on the preparation of the emulsion 

and foam mixes listed below may also be found in this report. These mixes were not prepared by the 

author. 
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Table 3-1: Description of Batch Test Materials 
Test 

Number 

Material Name Material Description Eluate 

Sample 

Names 

Batch 

Test 1 

Czech RA (CZRA) A reclaimed asphalt containing tar from the 

Czech Republic. 

T1S1, T1S2, 

T1S3, T1S4 

(Blank) 

Batch 

Test 5 

Irish RA (IRRA) A reclaimed asphalt containing some 

underlying gravel from the N77 in Ireland. The 

original material was mixed having originated 

from multiple sources. The sample tested was 

from a single location on the N77 but trial pits 

showed great variation in the material across 

the site.  

T5S1, T5S2, 

T5S3, T5S4 

(Blank) 

Batch 

Test 3 

German cold 

recycled tar base 

(GCRB) 

The same material as Percolation Test 3 and 

Sawtooth Test 1. This material came from the 

base course layers of core samples of a 

previous cold recycling of tar material in 

Germany in 1991. 

T3S1, T3S2, 

T3S3, T3S4 

(Blank) 

Batch 

Test 6 

German cold 

recycled tar base 

with binder 

course (GCRB-

BC) 

The combined binder course and base course 

(containing tar) of the German cores 

described above. 

T6S1, T6S2, 

T6S3, T6S4 

(Blank) 

Batch 

Test 2 

Foam containing 

Czech RA (CZRA-

FOAM) 

A foam mix was prepared by combining dry 

aggregates of the Czech RA with water and 

foamed bitumen using a foam mixing table. 

T2S1, T2S2, 

T2S3, T2S4 

(Blank) 

Batch 

Test 4 

Foam mix 

containing Irish 

RA (IRRA-FOAM) 

A foam mix was prepared by combining dry 

aggregates of the Irish RA with water and 

foamed bitumen using a foam mixing table. 

T4S1, T4S2, 

T4S3, T4S4 

(Blank) 

Batch 

Test 8 

Emulsion mix 

containing Irish 

RA (IRRA-EMUL) 

An emulsion mix was prepared by combining 

dry aggregates of the Irish RA material with 

water and emulsion in a drum mixer. 

T8S1, T8S2, 

T8S3, T8S4 

(Blank) 
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Batch 

Test 7 

Foam mix 

containing 

German cold 

recycled tar base 

(GCRB-FOAM): 

A foam mix was prepared by combining dry 

aggregates of the German cold recycled tar 

base material with water and foamed bitumen 

using a foam mixing table. 

T7S1, T7S2, 

T7S3, T7S4 

(Blank) 

Batch 

Test 10 

Emulsion mix 

containing 

German cold 

recycled tar base 

(GCRB-EMUL) 

An emulsion mix was prepared by combining 

aggregates of the German cold tar recycled 

base material with water and emulsion in a 

drum mixer. 

T10S1, T10S2, 

T10S3, T10S4 

(Blank) 

Table 3-2 describes the materials on which the three percolation tests were performed.  

Table 3-2: Description of Percolation Test Materials 
Test Number Material Name Material Description Eluate Sample Names 

Percolation Test 

1 

Irish RA (MSS) Sample taken from a mixed 

source stockpile in Ireland. The 

maximum particle size is 20mm. 

MSS C1S1, MSS C1S2, 

MSS C1S3, MSS C1S4, 

MSS C1S5, MSS C1S6, 

MSS C1 S7, MSS C2S1, 

MSS C2S3, MSS C2S4, 

MSS C2S5, MSS C2S6, 

MSS C2S7, MSS C3S1, 

MSS C3S2, MSS C3S4, 

MSS C3S5, MSS C3S6, 

MSS C3S7, MSS C4S1 

(Blank), MSS C4S2 

(Blank) 

Percolation Test 

2 

Swedish Tar-

Containing 

Asphalt (TCA) 

Sample taken from a mixed 

source stockpile containing tar-

RA in Sweden. Received in well 

homogenised representative 

samples. Aggregate size less than 

10mm. 

TCA C1S1, TCA C1S2, 

TCA C1S3, TCA C1S4, 

TCA C1S5, TCA C1S6, 

TCA C1 S7, TCA C2S1, 

TCA C2S3, TCA C2S4, 

TCA C2S5, TCA C2S6, 

TCA C2S7, TCA C3S1, 

TCA C3S2, TCA C3S4, 

TCA C3S5, TCA C3S6, 
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TCA C3S7, TCA C4S1 

(Blank), TCA C4S2 

(Blank) 

Percolation Test 

3 

German cold 

recycled tar base 

(GCRB) 

The same material as Batch Test 

3 and Sawtooth Test 1. This 

material came from the base 

course layers of core samples of 

a previous cold recycling of tar 

material in Germany in 1991. 

GCRB C1S1, GCRB 

C1S2, GCRB C1S3, 

GCRB C1S5, GCRB 

C1S6, GCRB C1 S7, 

GCRB C2S1, GCRB 

C2S3, GCRB C2S4, 

GCRB C2S5, GCRB 

C2S6, GCRB C2S7, 

GCRB C3S1, GCRB 

C3S2, GCRB C3S4, 

GCRB C3S5, GCRB 

C3S6, GCRB C3S7, 

GCRB C4S1 (Blank), 

GCRB C4S2 (Blank) 

As part of the Re-Road Project, a chemical analysis of the MSS and TCA materials was carried out in 

order to assess the total PAH content of the materials. The < 1 mm fraction of each material was 

extracted according to a method from the Czech Republic (Ministry of Environment of the Czech 

Republic, 2002) and analysed using GCMS. The results are shown in Table 3-3 and are reproduced 

from Re-Road Deliverable 1.6 (Enell et al., 2012), which notes that the method of analysis and sample 

treatment, including particle size selection, affect the amount and type of PAHs detected. The results 

reported in Table 3-3 are for particle size < 1 mm, which represents only a small portion of the total 

sample, and may over-represent the content of heavier PAHs in the materials.  

Table 3-3: Total PAH Content of < 1mm Fraction of MSS and TCA Materials 

PAH Concentration (mg/kg) 

MSS TCA 

Naphthalene 3.55 2.83 

Acenaphthylene 0.266 0.755 

Acenaphthene 1.73 2.39 

Fluorene 1.81 5.94 
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Phenanthrene 7.02 44.1 

Anthracene 4.79 24.0 

Fluoranthene 5.79 60.2 

Pyrene 5.18 47.1 

Benz(a)anthracene 3.93 58.6 

Chrysene 2.80 38.7 

Benzo(b)fluoranthene 5.77 86.8 

Benzo(k)fluoranthene 1.90 28.3 

Benzo(a)pyrene 5.80 73.5 

Indeno(123-cd)pyrene 4.17 24.7 

Dibenz(ah)anthracene 1.41 21.6 

Benzo(ghi)perylene 0.728 10.56 

The Sawtooth Test was also performed on the GCRB material, as shown in Table 3-4.   

Table 3-4: Description of Sawtooth Test Material 
Test Number Material Name Material Description Eluate Sample Names 

Sawtooth Test 1 GCRB The same material as Percolation 

Test 3 and Batch Test 3. This 

material came from the base 

course layers of core samples of 

a previous cold recycling of tar 

material in Germany in 1991. 

4H1, 8H1, 12H1, 24H1, 

48H1, 4H2, 8H2, 12H2, 

24H2, 48H2, 4H3, 8H3, 

12H3, 24H3, 48H3, 

4H4 (Blank), 48H4 

(Blank)  

3.3 Material Preparation for Batch, Percolation and Sawtooth Tests 

3.3.1 Crushing Procedure 

Two batch test procedures were considered for the assessment of RA for this thesis which differed by 

the prescribed L/S ratio and the maximum particle size of the RA which was either 4 mm (European 

Committee for Standardization, 2002a) or 10 mm (European Committee for Standardization, 2002b).  

The test using the larger particle size was selected in order to minimize the crushing required which 

would inevitably expose new surfaces from which contaminants may leach. The same 10 mm 

maximum particle size was also used for the percolation test in order to facilitate a comparison 
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between the leached concentrations of PAHs using both methods. The RA materials were crushed so 

that 95% of the material by mass had a particle size less 10mm but that none of the material was 

finely ground. 

When the RA materials had to be size-reduced in order to conform to the requirements of the testing 

procedures, they were processed by first freezing them and then crushing them to the required 

particle size. The RA material was frozen to -20˚C and subsequently passed through a jaw crusher, 

which was first cleaned with DECON 90 detergent and acetone to minimize contamination of the 

material by other materials previously crushed. The material which passed through the jaw crusher 

was sieved according to the requirements of the batch or percolation tests. The requirements of the 

batch test (particle size <10mm) were used for the Sawtooth Test due to the similarities in the 

experimental set-ups.   

If the raw material was packed solidly into a container or contained large clumps when received, a 

pre-processing procedure was carried out. This involved first heating the material in an oven to 100°C 

for approximately 2 hours. 

 

Figure 3-1: RA Material Before Processing 

 

 

Figure 3-2: RA Material Before (Foreground) 
and After (Background) Hand Crumbling 

 

Once removed from the oven, the material was crumbled by hand and spread on trays. If the 

material cooled too quickly and stiffened before all of the large clumps could be broken up, it was 

returned to the oven for approximately 10 minutes, until it became workable again. 
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When cool, the crumbled material was placed in the freezer at -20°C. The length of time required for 

each material in the freezer depended on the degree of oxidation of the material when received and 

also on the target particle size. Pre-trials showed that 6-8 hours was suitable for a target particle size 

of 10mm and that up to 24 hours can be required to achieve a target particle size of 4mm. A small 

amount of material was removed from the freezer at regular intervals and tested in the crushing 

apparatus to determine when it achieved the required state for crushing. Once removed from the 

freezer the material was fed into the jaw crusher. The particles which passed through the crusher 

were sieved so that the required particle size distribution was achieved. 

When crushing material with a jaw crusher, the friction at the jaws sometimes caused the plates to 

heat up and cause “pancaking” of the material passing through. To reduce this effect, the material 

was kept in the freezer until just before crushing and the crusher cooled approximately every hour by 

pouring cold water on the jaws and then allowing them to rest for approximately 15 minutes. The 

crushed material was then stored in airtight plastic bags until it was tested.  

3.4 Permeability Test 

3.4.1 Introduction 

A simple “order of magnitude” permeability test procedure was developed in order to aid in the 

selection of the characterisation test method for this thesis. Two characterisation tests were under 

consideration, the monolithic leaching test (European Committee for Standardization, 2015) and the 

up-flow percolation test (European Committee for Standardization, 2010), both of which were in a 

draft state at the time. Materials with a permeability greater than 10-8 m/s are unsuitable for the 

monolithic method (European Committee for Standardization, 2015) as the leachant may permeate 

the monolith and overestimate leaching. The permeability test method was developed to assess the 

approximate permeability of cylindrical asphalt samples. The principles of the standard European 

method for measuring the permeability of bituminous mixes (European Committee for 

Standardization, 2012) were incorporated into the permeability test method. 

3.4.2 Standard Permeability Test 

In Europe, the standard permeability test for bituminous mixtures is specified under EN 12697-

19:2012 (European Committee for Standardization, 2012). This method specifies procedures for 

measuring both the vertical and horizontal permeabilities of cylindrical specimens which are either 

100mm or 150mm in diameter. The thickness of the specimens should be at least 2.5 times the 

nominal maximum aggregate size and more than 25% of the specimen diameter. A column of water 

300±1mm is applied to the specimen and allowed to permeate through it at ambient temperature. 
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The flowrate through the specimen is measured and then related to a permeability value. The 

principles of this method were followed in the permeability testing carried out for this thesis. 

3.4.3 Description of Permeability Method 

3.4.3.1 Sample Preparation 

Stone Mastic Asphalt (SMA) cylinders were prepared in the Transport Laboratory at UCD. The asphalt 

mix included 20% RA. Cylinders with two different voids contents, 5% and 10%, were prepared in 

order to assess the effect of voids content on sample permeability. The resulting cylinders were 

75mm high with a diameter of 100mm. 

The permeability of the SMA cylinders incorporating 20% reclaimed asphalt and 5% and 10% air voids 

was measured and found to be in the range 8.4x10-5 m/s to 4.5x10-4 m/s.  

Figure 3-3 below shows the experimental set-up of the simple permeability test. The SMA cylinder 

was placed in a tight membrane in order to minimise flow along the edges of the cylinder during the 

test. The cylinder and membrane were then placed on a slatted metal stand so that the base of the 

cylinder was raised off the bottom of the inner bath. The height of the inner bath was so that it was 

the same height as the cylinders when raised above the floor of the bath on the metal stand. The 

inner bath was then placed inside the outer bath and the Perspex column then fitted on top of the 

cylinder, inside the membrane. Water was then allowed to flow into the column through the cylinder 

and out through the outlet for approximately 30 minutes in order to saturate the cylinder. 

After 30 minutes, the water flow was adjusted so that a constant head of water (water height = 300 

mm) stood above the cylinder. The overflow outlet ensured that the water did not rise above 300 

mm. A bottle was placed at the outlet and the output was collected for 1 minute. The mass (g) of the 

output was found and recorded. This was repeated and the average of the two masses was used in 

the equations below to calculate the permeability of the cylinders. 
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Figure 3-3: Permeability Test Set-Up 

Firstly, the flow rate of the water through the cylinders was calculated according to Equation 7. 

𝑸𝑽 =
𝒎𝒂𝒗𝒈 𝒙 𝟏𝟎 𝟔 

𝒕
         Equation 7 

Where 

 𝑄  = flowrate (m3/s) 

 𝑚  = average mass (g) 

 𝑡 = time (s) 

Then the saturated hydraulic conductivity was calculated according to Equation 8. 

𝒌𝒗 =
𝟒 𝒙 𝑸𝒗 𝒙 𝒍

𝒉 𝒙 𝝅 𝒙 𝑫𝟐          Equation 8 

Where 

 𝑘  = Saturated hydraulic conductivity (m/s) 
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 𝑙 = cylinder height (m) 

 ℎ = height of water column (m) 

 𝐷= diameter of cylinder (m)    

The test described above is a simple and quick method to determine the permeability of asphalt 

materials when high precision is not required. It simply allows the determination of the order of 

magnitude of the permeability of cylindrical specimens. The results obtained using the permeability 

test are shown in Table 5-1. 

3.5 Dry Mass Procedure 

The calculation of the dry mass of the materials of interest is required for both the batch and 

percolation test procedures and is calculated with reference to ISO 11465 (International Organization 

for Standardization, 1993). The method involves drying a portion of the material of interest at a 

temperature of 105±5⁰C and calculating the dry mass ratio according to Equation 9. 

𝑫𝑹 = 𝟏𝟎𝟎 × 𝑴𝑫 /𝑴𝑾        Equation 9 

Where: 

DR = Dry mass content (%) 

MD = Mass of the dried test portion (kg) 

MW = Mass of the undried test portion 

The moisture content of the material is calculated from Equation 10. 

𝑴𝑪 = 𝟏𝟎𝟎 × 𝑴𝑫/𝑫𝑹        Equation 10 

Where: 

MC = Moisture content 

The dry mass procedure was carried out as follows for each material tested using the batch, 

percolation and Sawtooth tests. Firstly, an evaporating dish was dried in the oven at 105±5⁰C for 45 

minutes. Once removed from the oven, the dish was placed in a desiccator until cool and then 

weighed. Then, approximately 10g of the material was transferred to the evaporating dish and the 

combined mass of both was found to an accuracy of 1mg. The dish containing the material was then 

transferred to the oven and dried at 105±5⁰C overnight. After drying, the dish and material was 

transferred once again to the desiccator to cool and then was weighed again. The dish and contents 

were returned to the oven for further drying for four hours and their mass measured again. If the 
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measured masses differed by less than 0.1% (m/m) then the procedure was concluded. Figure 3-4 

shows samples in the evaporating dishes, pre- and post-drying. 

 

Figure 3-4: RA Samples Pre-Drying (Right-Hand Side) and Post-Drying (Left-Hand Side) 

3.5.1 Material Considerations for Apparatus 

When acquiring the test apparatus for the batch, percolation and Sawtooth procedures, great 

consideration was given to the material of which each piece of equipment was comprised. The 

motivation for this was to ensure that PAHs were neither lost by sorption or added to the leachants 

or eluates by coming into contact with the apparatus.  

A review of the literature revealed that plastics were generally unsuitable for leaching tests used in 

the assessment of PAHs, as PAHs may sorb to plastics (Krüger et al., 2014). For this reason, plastics 

were not used in any of the experimental procedures, with the exception of polytetrafluorethylene 

(PTFE), which has been shown to be more suitable than other plastics for use with PAHs (Krüger et 

al., 2014). 

All flasks and bottles used for the testing, sampling and storage of the leachates and eluates were 

made from Pyrex glass and were washed with Decon 90 detergent and rinsed with nitric acid 

between uses. 1-litre borosilicate bottles with PTFE cap inserts were used in the batch and Sawtooth 

tests. Larger 5-litre amber bottles were used as leachant reservoirs and collection bottles for the 

percolation tests.  

The percolation test apparatus was more complex than the batch or Sawtooth apparatus. Materials 

were selected for the percolation columns, pump tubing and connections based on their suitability 

for use with PAHs. Stainless steel and glass were considered for the percolation columns. Colleagues 
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from the Swedish Geotechnical Institute (SGI) who were partners on the Re-Road Project had 

previous experience with percolation leaching tests using stainless steel columns. As a parallel test 

was to be carried out in SGI and UCD, stainless steel columns were the first choice. However, the cost 

of procuring these was not compatible with the available budget. Consequently, Schlift glass columns 

were sourced from Germany. The columns consisted of a top and bottom section so that the bottom 

section was packed with material and the top section fitted over it. PTFE connectors screwed into the 

top and the bottom of each column, connecting them to the peristaltic pump tubing. Viton©, which 

is a type of fluoroelastomer, was selected as the tubing for the peristaltic pump, following a review of 

available tubing.     

3.5.2 Leachant Composition 

The leachant for the for the batch, percolation and Sawtooth tests was comprised of distilled water 

with 0.01% sodium azide (NaN3) and 0.001M calcium chloride (CaCl2). CaCl2 was added in order to 

mimic the ionic strength of natural rainwater, as leaching from a stockpile or road surface will occur 

due to contact with rainwater. NaN3 was added to prevent microbial degradation of organics during 

testing. This was seen as a potential issue primarily in the percolation tests, due to the long test 

durations. Whilst it was considered necessary to use NaN3 as a biocide during testing, it should be 

noted that this introduced more stringent safety criteria to be followed. Following a risk assessment, 

access to the laboratory where the testing took place was strictly controlled using an access code. 

The tests were set up in a locked interior room and warning signs were put in place. Test set-ups 

were also modified to contain any leaks should they occur. The sample bottles for the batch and 

Sawtooth tests were encased in sealed tubes while they were rotated. The percolation test columns 

were set up over a bath to catch any leaks and the reservoir bottles were set in buckets. Further 

details of the experimental set-up for each type of test can be found in sections 3.6, 3.7 and 3.8.     

3.6 Description of Batch Test Method 

The batch test procedure was performed according to BS EN 12457-4:2002 (European Committee for 

Standardization, 2002b). The test involves subjecting a small mass of the material of interest 

submersed in a volume of leachant in a glass bottle to agitation, in this case rotation, at 

approximately 10 rpm for 24 hours. The test is based on the idea that equilibrium conditions or near 

equilibrium conditions between the material of interest and the leachant are reached during the test.  

The procedure is carried out at an L/S ratio of 10 l/kg on material with a particle size less than 10mm. 

Initially, a mass of approximately 90 grams of asphalt material was placed in a Pyrex glass bottle with 

a cap with a PTFE insert. 900ml of leachant was added to the material in the bottle. The bottle was 

then placed in a sealed capsule, constructed from plastic piping in order to contain any leakage, 
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should it occur. The capsule containing the bottle was then placed on a roller table which was 

allowed to run for 24 hours at 10 rpm. After 24 hours, the roller table was switched off, the capsule 

removed from the roller table and the bottle removed from the capsule. The bottle was left to stand 

for 15 minutes in order to allow suspended matter to settle. After fifteen minutes, the supernatant 

was poured off into several separate vessels for various analyses. However, as discussed in Section 

3.6.1, centrifugation would have been a preferable separation method in order to avoid 

overestimation of the concentrations of dissolved PAHs, particularly the hydrophobic medium and 

high-molecular weight compounds, in the eluate. A separate sample was taken for PAH analysis and 

turbidity and a single sample for conductivity, pH, redox potential and temperature. Each batch test 

included 3 replicas (3 bottles filled with asphalt and leachant) and one blank sample (leachant only – 

no asphalt). The test was run in two batches of two bottles due to space constraints on the roller 

table.  

The release of constituents of interest leached from the material, in this case the 16 EPA Priority 

PAHs, is calculated from Equation 11 below. 

𝑨  = 𝑪 × [
𝑳

𝑴𝑫
+

𝑴𝑪

𝟏𝟎𝟎
]        Equation 11 

Where: 

A = Release of constituent at L/S = 10 (l/kg) (in mg/kg of dry matter) 

C = Concentration of constituent in eluate (in mg/l) 

L = Volume of leachant used (in L) 

MC = Moisture content, expressed as percentage of dry mass 

MD = Dry mass of the test portion 

3.6.1 Discussion of Batch Test 

PAHs vary in their degree of hydrophobicity and the higher molecular weight PAHs tend to sorb more 

to solid particles and colloids (Nielson et al., 2015). An aggressive mixing technique during leaching 

tests can dislodge or even generate colloidal particles from the material under testing (Bergendahl 

and Grasso, 1998). With regard to this study, centrifugation would have been the best option to 

separate solids from the eluates, however, a suitable centrifuge was not available at the time the 

testing was carried out. Filtration was possible but had disadvantages associated with it, including 

sorption of PAHs to the filter material, especially chrysene and benzo(a)anthracene, as reported in 

(Comans et al., 2001). It has been found that filtration of the eluates from column tests through 

0.45µm pore size can lead to an underestimation of leaching of 4 & 5 ring PAHs up to a factor of 2 
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(Comans et al., 2001). Instead, separation was achieved by settling and pouring off the supernatant. 

As a result, it is highly-likely that dissolved PAH concentrations, particularly those of the more 

hydrophobic compounds, have been overestimated in the batch tests performed due to the 

incomplete separation of the solid particles from the eluate. Future work should include a 

comparison of the leached concentrations of PAHs in eluates which have been centrifuged and 

separated by settling to confirm this overestimation. Additionally, the batch tests should be repeated 

and the eluates should be analysed following centrifugation to improve the estimation of the 

concentrations of dissolved PAHs leaching from the materials.  

3.7 Percolation Leaching Test 

3.7.1 Introduction 

The test set-up and conditions for the percolation tests performed closely followed those set out in 

Draft prEN 15864 (European Committee for Standardization, 2008) with some adjustments to render 

the test more suitable to assess leaching of PAHs. The standard was still in draft form at the time of 

testing, therefore some decisions had to be made regarding certain test parameters and conditions 

which had not yet been fully prescribed. In 2016, the European Committee for Standardization 

published CEN/TS 16637-3 (European Committee for Standardization, 2016) which was prepared by 

Technical Committee CEN TC 351. Section 3.7.4 compares the test conditions set out in the 2016 

published technical standard (European Committee for Standardization, 2016) to those which were 

used in the percolation tests carried out for this thesis based on the draft standard (European 

Committee for Standardization, 2010).  

Advantages of the method include the potential to identify leaching patterns and extrapolate based 

on the pattern identified to estimate long-term leaching in the field. Disadvantages include the long 

duration of the test (approximately 3 weeks for the tests carried out for this thesis), the uncertainty 

surrounding the time for eluate collection (based on reaching prescribed L/S ratios) and the relative 

complexity of setting up and running the test. It has also been postulated that if the flowrate in the 

percolation test is too high, local equilibrium may not be achieved, resulting in an underestimation of 

short-term leaching from the early eluate fractions of the test (Hansen et al., 2005). 

3.7.2 Adapting the Percolation Test for Organic Compounds 

In order that the draft standard (European Committee for Standardization, 2010) could be used to 

assess leaching of PAHs, some modifications were made to the procedure, which appeared to have 

been developed for inorganic contaminants and at the time had not fully considered organics.  
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Material considerations were discussed in previously in Section 3.5.1. Glass columns were selected 

rather than plastic, although both are permissible according to the draft standard (European 

Committee for Standardization, 2010) and stainless steel has previously been used by colleagues. The 

diameter of the column has implications for the maximum particle size of the material to be tested 

and should be in the range of 5cm to 10cm. The column diameter should be at least 10 times the size 

of the maximum particle. A 10-cm diameter column was chosen so that a target RA particle size of 

10mm could be used, resulting in minimal crushing of the RA materials.  

Degradation of the PAHs due to light was considered in setting up the percolation tests. During the 

pre-testing period, several methods of protecting the columns from light were trialled. The first 

involved wrapping the columns individually in black plastic sheeting. This may have been an effective 

method of shielding the RA materials from light, however it impeded the monitoring of columns for 

blockages and leaks. The method selected comprised of setting up the experiments in a room with no 

windows, covering small glass panes in the doors and maintaining darkness in the room, except when 

samples were being taken or when the leachant reservoirs were being topped-up. 

Although filters were placed at the top and bottom of each column for the percolation test as per the 

draft standard (European Committee for Standardization, 2010), the samples were not filtered 

offline. Neither were they centrifuged due to the unavailability of suitable equipment. It is possible 

that small particles and colloids were present in the eluates as a result. However due to the filtering 

process of the leachant flowing up through the RA particles and the two quartz sand layers, the 

effect of this is likely to have been much less than for the batch tests. 

3.7.3 Percolation Test Procedure 

The procedure entails the pumping of leachant upwards through the columns in order to ensure that 

saturation of the material in the columns is achieved and water was pumped continuously through 

the columns until a L/S ratio of 10 l/kg was achieved. According to the draft standard (European 

Committee for Standardization, 2010), the flow rate is prescribed so that a distinction can be made 

between substances being washed out from the material of interest and those which are released 

having first interacted with the matrix of the material. However, it should be noted that the draft 

standard appeared to have been developed for inorganic contaminants and had yet to be modified 

fully for use with organics.  

Three replica columns and one blank column were set up for each percolation test. 10mm diameter 

RA particles were compacted into the glass columns in 5 layers with a 100g rammer with each layer 

divided into three sub-layers. The rammer consisted of a plate which covered the entire cross-

sectional area of the columns onto which a weight was dropped. The weight had a hole through it 
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which allowed it to run along a guide pole, when dropped. A thin layer of quartz sand was placed at 

the bottom and top of each column, as prescribed in the draft standard (European Committee for 

Standardization, 2010) in order to ensure that water flowed over the entire width of the column. 

Figure 3-5 shows the percolation test set-up. 

 

Figure 3-5: Percolation Test Set-Up  

The pump was switched on and distilled water was pumped up through the columns for a period of 

two days until equilibrium was reached. The pH of the first several millilitres of the eluate from each 

column was measured and another measurement taken after two days to ensure that equilibrium 

had been reached. 

Distilled water containing CaCl2 and NaN3 was pumped at a continuous flowrate corresponding to a 

change in water height of 15 cm/day through an empty column, until a target L/S ratio of 10 l/kg was 

reached.  

According to standard method CEN/TS 16637-3 (European Committee for Standardization, 2016b), 

the test should be carried out at a constant temperature of 19˚C – 25 ˚C. During the test period, 

seven eluate collections were made at prescribed L/S ratios as shown in Table 3-5 below, where MD is 

the dry mass of the material in each column. All eluates were collected in amber Pyrex bottles and 

were subsequently stored at 5˚C until extracted for analysis.  
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Table 3-5: Collection Schedule of Eluate Fractions 
Fraction number Fraction volume (l) Cumulative L/S Ratio (l/kg) 

1 (0.1±0.02) x MD 0.1±0.02 

2 (0.1±0.02) x MD 0.2±0.04 

3 (0.3±0.05) x MD 0.5±0.08 

4 (0.5±0.01) x MD 1.0±0.15 

5 (1.0±0.2) x MD 2.0±0.3 

6 (3.0±0.2) x MD 5.0±0.4 

7 (5.0±0.2) x MD 10.0±0.1 

PH and conductivity were measured immediately after collection of each eluate fraction according to 

EN 12506 (European Committee for Standardization, 2003) and EN 13370 (European Committee for 

Standardization, 2003), respectively. Dissolved organic carbon was measured where possible but 

equipment malfunction meant that this was not possible for all samples. The turbidity of all samples 

was also measured immediately following sampling. 

3.7.3.1 Eluate Sub-Samples for Analysis 

Eluates were collected in amber borosilicate glass bottles according to the schedule shown in Table 

3-5.  Approximately 40ml of each eluate was analysed for turbidity, redox potential, pH, conductivity 

and then filtered off-line before measurement of dissolved organic carbon (DOC), when the 

equipment was functional. 

It was originally intended that the author would analyse the PAHs herself using a High-Performance 

Liquid Chromatography (HPLC) instrument located in the Civil Engineering Water Laboratory. 

However, this instrument did not have the required fluorescence detector and the cost of purchasing 

one was not within budget. Following this, three GCMS instruments were trialled but ultimately none 

of them proved suitable for the intended purpose, as the available instruments lacked the required 

sensitivity for PAHs. The first instrument was located at the Centre for Synthesis and Chemical 

Biology at UCD. The second instrument belonged to the Teagasc Food Research Centre in Ashtown, 

Dublin 15 and the third was located at the Dublin Institute of Technology (DIT) on Marlborough 

Street. The method developed using the GCMS at the Teagasc laboratory, which was developed over 

the course of a year, appeared promising, but it was never refined to be adequately reliable for use 

in detecting PAHs in the percolation test samples. Neither the detector nor the column was ideal for 

detecting PAHs at such low levels and in order to detect all 16 compounds, four separate runs were 

required at different excitation wavelengths.  This was considered too inefficient a use of time and 

any data obtained would not be as reliable as that from a certified analytical laboratory. Percolation 

Tests 1 and 2 were carried out while these instruments were being trialled and as it was anticipated 
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that one of them would be suitable, the eluates from these tests were extracted by the author using 

Solid Phase Extraction (SPE) in the UCD Water Laboratory so that they could be stored until analysis. 

Ultimately, all samples from the batch, percolation and Sawtooth tests were analysed by Jones 

Environmental analytical laboratory. 

The SPE procedure was carried out as follows within three days of collection of the eluate samples 

from Percolation Tests 1 and 2. A 47mm diameter Empore C18 SPE disk was placed on top of a 

porous filter support. A glass reservoir was clamped on top and both were then mounted on a 

Büchner flask which was connected to a vacuum pump. 10ml of hexane were added to the reservoir.  

A few millilitres were pulled through the SPE disk using the vacuum pump, the pump was switched 

off for thirty seconds and the rest was pulled through until the disk was dry.  Then 10ml of methanol 

were added. Several millilitres were pulled through the disk, the pump switched off for thirty seconds 

and then the rest was pulled through. 10ml of deionised water was added to the reservoir before all 

of the methanol had passed through so that the disk was not allowed to dry.  Most of the water was 

pulled through and then the sample was added to the reservoir. When all of the sample had passed 

through the reservoir, the flask was emptied and vacuum applied to the disk for 20 minutes to dry it. 

Then the disk was eluted with 20ml of hexane which was then collected and stored in a 25ml glass 

bottle. Extracts were stored in the refrigerator at 2 ̊C - 5 ̊C until sent to the analytical laboratory. The 

eluates from Percolation Test 3 were not extracted by the author but sent to the analytical 

laboratory directly, as the lower volumes required by them meant that fractions 1 and 2 could be 

analysed individually for each column. 

3.7.4 Comparison with CEN-TS 16637-3:2016 Methodology 

As previously outlined, the percolation tests were carried out following the methodology set out in 

draft CEN/TC351 N0272:2010 (European Committee for Standardization, 2010) with some 

modifications so that the procedure would be suitable for assessing PAH leaching. Table 3-6 below 

shows a comparison between the test conditions and parameters actually used and those which are 

prescribed in the final published standard method for the assessment of organic contaminants 

(European Committee for Standardization, 2016). 

 

 

 

 



59 
 

Table 3-6: Comparison of Test Conditions in Percolation Tests 1, 2 and 3 and CEN/TS 16637-3: 2016 
Test Condition/Parameter Percolation Tests 1, 2 and 3  CEN/TS 16637-3:2016 

Leachant Distilled water with 0.1% NaN3 

and 0.001M CaCl2 

Demineralized or deionized 

water with 0.1% NaN3 

Target Terminal Liquid to Solid 

Ratio 

10 l/kg 10 l/kg 

Max Particle Size 10mm 22.4mm 

Temperature  16.0 °C  – 21.6 °C (ambient 

temperature in lab) 

19 °C – 25 °C  

Target Linear Velocity through 

Empty Column 

150±20mm/day 300±40mm/day 

Inner Diameter of Column  100mm 100mm 

Packing Height of Column  300mm 300mm±50mm  

Column Material Glass Glass or stainless steel 

Tubing Material Viton (fluoroelastomer) Stainless steel, glass, FEP 

Eluate Bottle Material Pyrex glass with screw cap 

with PTFE inlay 

High quality glass with screw 

cap with PTFE or ETFE inlay  

Solids Separation None None for samples with 

turbidity below 100 FNU – 

otherwise centrifugation using 

FEP tubes or equivalent 

material  

As shown in Table 3-6, the majority of the test conditions under which Percolation Tests 1, 2 and 3 

were carried out satisfy the requirements of CEN/TS 16637-3:2016 (European Committee for 

Standardization, 2016). The main differences are in the maximum allowable particle size and the 

target linear flowrate through the empty column. The maximum particle size in Percolation Tests 1, 2 

and 3 was 10mm, as the draft standard (European Committee for Standardization, 2010) specified 

that the maximum particle size should be at least 10 times smaller than the diameter of the column. 

The measured flowrates during the test are shown in Section 4.4.1 but as shown in Table 3-6 above 

the target flowrate in the draft method (European Committee for Standardization, 2010) was half of 

that in the published standard (European Committee for Standardization, 2016). It is understood by 

the author, that this increase in flow rate was intended to make the test more practicable by 

reducing the test duration.  
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As noted in draft CEN/TC351 N0272:2010 (European Committee for Standardization, 2010), the 

particle size of the material and the flow rate of the leachant both influence the achievement of local 

equilibrium. The particle size and flow rate used in the percolation tests carried out for this thesis are 

both lower than those prescribed in CEN/TS 16637-3:2016 (European Committee for Standardization, 

2016). The draft standard further states the following: 

“For a given construction product with a given particle size distribution there should in principle exist 

an upper limit for the leachant flow rate, below which the local equilibrium assumption is always 

fulfilled.” 

This indicates that although the actual flowrates during Percolation Tests 1, 2 and 3 were below 

those specified in the published standard (European Committee for Standardization, 2016) in 

addition to the smaller particle size of the material, the local equilibrium requirement is still fulfilled. 

3.7.5 Establishing Leaching Patterns from Percolation Test Data 

3.7.5.1 Introduction 

As previously outlined, Percolation Tests 1, 2 and 3 were carried out with reference to the draft 

percolation test standard (European Committee for Standardization, 2010) as the completed 

standard (European Committee for Standardization, 2016) was not published until 2016. Both 

documents contain a methodology for assessing leaching patterns from percolation test data and 

these are presented in Sections 3.7.5.2 and 3.7.5.3. Ultimately, the data from Percolation Tests 1, 2 

and 3 were analysed according to the final published standard for a number of reasons. The 

procedure for analysis outlined in the draft standard was incomplete and appeared to have been 

developed for inorganic compounds. The procedure in Annex D of the published standard was 

comprehensive and was developed for used both with organic and inorganic compounds. Section 5.3 

presents the analysis carried out for each PAH.    

3.7.5.2 Analysis of Leaching Patterns According to Draft CEN/TC 351 0702 

The three percolation tests were carried out according to Draft CEN/TC 351 0702 (European 

Committee for Standardization, 2010), which was developed based on the following: 

(i) DD CEN/TS 14405:2004 (European Committee for Standardization, 2004). Characterization of 

Waste. Leaching Behaviour Tests. Up-flow Percolation Test (Under Specified Conditions). 

(ii) ISO/DIS 21268-3. Soil Quality – Leaching Procedures for Subsequent Chemical and 

Ecotoxicological Testing of Soil and Soil-Like Materials – Part 3: Up-Flow Percolation Test 

(International Organization for Standardization, 2007). 
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(iii) DD CEN/TS 14405:2004 (European Committee for Standardization, 2004) was developed for 

the assessment of leaching of inorganic contaminants from granular waste materials. ISO/DIS 

21268-3 (International Organization for Standardization, 2007) was developed for leaching of 

both inorganic and organic contaminants from soils.   

According to Draft CEN/TC 351 N 0272 (European Committee for Standardization, 2010), the test 

results from the percolation test establish the distinction between different release patterns as 

follows: 

(i) Solubility control - “Over almost the entire L/S range the concentration of the substance is 

constant leading to a cumulative release, which has a slope of ±1 when plotted against L/S”; 

(ii) Wash-out – “When a substance is fully dissolved in the matrix, it washes out readily. Mostly 

within L/S=1. This implies the cumulative release reaches a plateau at L/S>1”: 

(iii) Delayed or decreased release – “This situation occurs when release is dictated by solubility 

and the solubility of the substances changes with pH or redox in solution. In this case, a 

substance that decreases in release with decreasing pH will show upon carbonation a 

reduction in release, which may be confused with wash-out. A significant pH change or redox 

change may point at such situation. However, a better alternative is to carry out a pH-

dependence test and plot the concentrations against the pH dependent release behaviour of 

the substance. A match of column test data with the pH dependent leaching behaviour at 

solubility control”; and 

(iv) Low concentrations – “If the average concentration of a substance has a value close to the 

lowest detection limit, it is not possible to determine a release mechanism properly. Too low 

concentrations are established if the average concentration factor CF1-7 is less than 1.5, 

where” 

𝐶𝐹 =  
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 1 𝑡𝑜 7

𝑙𝑜𝑤𝑒𝑟 𝑑𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛 𝑙𝑖𝑚𝑖𝑡
 

In order to assess leaching behaviour according to Draft CEN/TC 351 N 0272 (European Committee 

for Standardization, 2010), the following graphs should be plotted: 

(i) Log of cumulative release (Ui) versus log of cumulative L/S 

(ii) Concentration (Ci) versus L/S 

(iii) PH versus L/S. 

3.7.5.3 Analysis of Leaching Patterns According to CEN/TS 16637-3 2016 

European Standard CEN/TS 16637-3:2016, entitled “Construction products – Assessment of release 

of dangerous substances – Part 3: Horizontal up-flow percolation test” was published in June 2016 
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(European Committee for Standardization, 2016). Appendix D of this standard contains a more 

robust methodology to establish the leaching mechanisms of contaminants. The methodology 

distinguishes between pH-controlled and non-pH-controlled leaching, once it has been confirmed 

that the overall leached concentrations are not too low for the methodology to be successful. Overall 

low concentrations are confirmed according to Equation 12.     

  

𝒄𝟐 𝟕

𝑫𝒆𝒕𝒆𝒄𝒕𝒊𝒐𝒏 𝒍𝒊𝒎𝒊𝒕 (𝝁𝒈/𝒍)
< 𝟏. 𝟓         Equation 12 

Where: 

 𝑐 =
∑

 = average concentration of the substance in fractions 2 to 7 in micrograms per litre 

(µg/l); and 

ci = concentration of substance in fraction i in micrograms per litre (µg/l). 

Next, it is established whether pH has an effect on the release of the substance. This is achieved by 

plotting the concentration of the substance versus pH. If the result approximates a cloud or a 

horizontal line, pH dependence is not established. If the slope of the linear regression line is 

“significantly greater or smaller than zero”, the release of the substance may be pH-dependent. 

If it is established that the release is pH-dependent, the following equations should be applied to 

determine whether leaching is due to washout or depletion. 

𝒄𝟏 𝟑

𝒄𝟓 𝟕
> 𝟐. 𝟎          Equation 13 

And 

𝒄𝟔 𝟕

𝑫𝒆𝒕𝒆𝒄𝒕𝒊𝒐𝒏 𝒍𝒊𝒎𝒊𝒕 (𝝁𝒈/𝒍)
< 𝟏. 𝟓         Equation 14 

And 

𝒑𝑯𝟒 𝟕 − 𝟐𝝈𝒑𝑯𝟒 𝟕
< 𝒑𝑯𝟒 𝟕 + 𝟐𝝈𝒑𝑯𝟒 𝟕

       Equation 15 

where 

𝑐 =
∑

 = average concentration of the substance in eluate 1 to 3, expressed in micrograms per 

litre (µg/l); 

𝑐 =
∑

 = average concentration of the substance in eluate 5 to 7 in micrograms per litre (µg/l); 
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𝑐 =
∑  = average concentration of the substance in eluate 6 to 7 to in micrograms per litre 

(µg/l); 

𝑐 = the concentration of the substance in eluate i in micrograms per litre (µg/l); 

𝑝𝐻 =
∑  = the average pH of eluates 1 and 2; 

𝜎 =
∑ ( )

 = the standard deviation of the pH of eluates 4 to 7; and 

𝑝𝐻 = the pH of eluate i.  

If the conditions in Equations 13 and 14 are satisfied, but those of Equation 15 are not, then the 

release mechanism may be pH-dependent solubility controlled or washout and it is not possible to 

distinguish between the two. 

Where it is established that the release of a substance is not pH-dependent, it is first checked if the 

release is solubility controlled. If the criteria for solubility-controlled release is not met, it is checked 

whether leaching is due to wash-out of the substance. If the criteria for washout of the substance is 

not met, then it is checked whether the release is due to apparent depletion where the release 

mechanism changes from mainly solubility controlled to mainly diffusion-controlled release. 

Non-pH-dependent solubility-controlled release is confirmed if the conditions of Equation 16 are 

met. 

𝝈𝒄

𝒄𝟏 𝟕
< 𝟎. 𝟐𝟓           Equation 16 

Where 

𝜎 =
∑ ( )

 = the standard deviation of the concentrations of the substance in eluates 1 to 

7; 

𝑐 =
∑  = the average concentration of the substance in eluates 1 to 7 in micrograms per litre 

(µg/l); and 

𝑐 = the concentration of the substance in eluate i in micrograms per litre (µg/l). 

Non pH-dependent washout of a substance is determined by applying Equations 17 and 18. 

𝒄𝟏 𝟑

𝒄𝟓 𝟕
> 𝟐. 𝟎          Equation 17 

And 
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𝒄𝟔 𝟕

𝑫𝒆𝒕𝒆𝒄𝒕𝒊𝒐𝒏 𝒍𝒊𝒎𝒊𝒕 (𝝁𝒈/𝒍)
< 𝟏. 𝟓        Equation 18 

Where 

𝑐 =
∑  = the concentration of the substance in eluate 1 to 3 (µg/l); 

𝑐 =
∑  = the concentration of the substance in eluate 5 to 7 (µg/l); 

𝑐 =
∑

 = the concentration of the substance in eluate 6 to 7 (µg/l); and 

𝑐 = the concentration of the substance in eluate i in micrograms per litre (µg/l). 

If the leaching mechanism is not identified as solubility controlled or washout and the overall 

concentrations are not low, then it is determined whether leaching is due to “apparent depletion”, 

which refers to a change in the release of the contaminant from mainly solubility-controlled to 

mainly diffusion-controlled release. This is determined using Equations 19 and 20. 

𝑪𝟏 𝟒

𝒄𝟔 𝟕
> 𝟏. 𝟓           Equation 19 

And 

𝒄𝟔 𝟕

𝑫𝒆𝒆𝒄𝒕𝒊𝒐𝒏 𝒍𝒊𝒎𝒊𝒕 (𝝁𝒈/𝒍)
> 𝟏. 𝟓         Equation 20 

Where 

𝑐 =
∑   = the concentration of the substance in eluate 1 to 4 (µg/l); 

𝑐 =
∑  = the concentration of the substance in eluate 6 to 7 (µg/l); and 

𝑐 = the concentration of the substance in eluate i in micrograms per litre (µg/l). 

If the release mechanism of the substance cannot be determined by Equations 12 to 20, then it 

remains unidentified.  

The data from Percolation Tests 1, 2 and 3 was analysed according to the published standard 

(European Committee for Standardization, 2016) and the results are presented in Sections 5.3 and 

5.4 along with graphs showing the cumulative release of each substance during each test. 

3.7.6 Discussion of the Percolation Test 

The percolation test was the most complex and technically challenging of the leaching tests which 

were performed for this thesis and also the costliest. If the budget allows, the author recommends 

the following: 
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(i) The use of stainless-steel columns rather than glass columns. Packing of asphalt particles into 

a glass column using a weight carries the risk of cracking the glass. This was experienced by 

the author, although a spare column was available as this issue was foreseen. 

(ii) The use of stainless-steel tubing rather than Viton©. During the pre-testing period, when 

calibrating the pump, some of the Viton© tubing split, resulting in leaks. Colleagues in SGI 

did not experience such issues with the stainless-steel tubing in their experimental set-up. 

Local thickening of the outside of the Viton© tubing was also required in order to avoid it 

being pulled through the peristaltic pump. 

(iii) The use of a single pump for each column rather than a multi-channel pump for all four 

columns. Although columns are packed in a standardized manner, the movement of water 

through each column varies. Adjusting the pump flowrate results in changing the flowrate in 

every column. Additionally, if a technical difficulty such as a leak is experienced in any one 

column, flow cannot be paused without affecting the other columns.  

(iv) Sending samples to an analytical laboratory directly, rather than extracting them in-house, 

unless there is an established procedure for doing so in the home laboratory as, in the 

author’s opinion, this option likely increases the accuracy of the data. 

3.8 Sawtooth Test 

3.8.1 Introduction 

The Sawtooth Test is named for the distinctive shape of the concentration versus time curve as 

shown in Figure 7-15 of Chapter 7. This test requires 6% - 12% of the time for the percolation test 

(depending of the number of channels on the roller table) and the cost of sample analysis is 

approximately 77% that of the percolation test. The apparatus required for the Sawtooth Test is 

identical to that of the batch test whilst the data yielded offers some insight into leaching behaviour 

when used in conjunction with the model described in Chapter 7. In short, a new leaching test is 

proposed which is quicker and cheaper to perform than the percolation test but yields more data 

than the batch test.  

The apparatus and set-up for the Sawtooth Test are identical to that of the batch test previously 

described but the methodology incorporates a longer test duration of 48 hours and the taking of 

samples at regular intervals during the test. A test duration of 48 hours was selected as previous 

studies on batch tests report that PAH leaching levels plateau at around 48 hours (Comans et al., 

2001), although other authors report that leaching levels from soils may still be increasing after 5 

days (Hjelmar et al., 2000). Sawtooth Test data generated for this thesis show that the maximum 

leached concentrations of the majority of the PAHs occur at between 12 and 24 hours. 
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3.8.2 Description of the Sawtooth Test Procedure 

The apparatus required for the Sawtooth Test includes a roller table and a minimum of two 1-litre 

glass bottles, the same as for the batch test. The test was carried out in two parts as only two bottles 

could fit on the roller table at once. Approximately 90 grams of material was added to each of the 3 

replica bottles and 900ml of leachant was added to all 4 bottles in order that a blank sample could 

also be tested. The glass bottles were rotated at around 10 rpm on the roller table for 48 hours. The 

procedure is carried out at an initial L/S ratio of 10 l/kg on material with a particle size less than 

10mm. However, the test was paused after pre-determined intervals according to Table 3-7. At each 

interval, the bottles were allowed to stand for 15 minutes before 200ml was removed from each one. 

200ml of fresh leachant was then added to each bottle and the test resumed. Each sample taken was 

split into sub samples and analysed for PAHs, turbidity, redox, conductivity, pH and temperature. 

Results from the Sawtooth Test are presented in Chapter 6. 

Table 3-7: Sampling Scheme for Sawtooth Test 
Time (hrs.mins) Bottle 1 Bottle 2 Bottle 3 Bottle 4 – Blank 

0  Test begins  Test begins 
4  Test paused 

 Sample allowed to settle 
 

 Test paused 
 Sample allowed to 

settle 
4.15  200ml decanted from sample 

bottle 
 200ml fresh leachant added to 

sample bottle 

 200ml decanted from 
sample bottle 

 200ml fresh leachant 
added to sample bottle 

4.20*  Test restarted  Test restarted 
8.20  Test paused 

 Sample allowed to settle 
 Test paused 

 
8.35  200ml decanted from sample 

bottle 
 200ml fresh leachant added to 

sample bottle 

 

8.40*  Test restarted  Test restarted 
12.40  Test paused 

 Sample allowed to settle 
 Test paused 

 
12.55  200ml decanted from sample 

bottle 
 200ml fresh leachant added to 

sample bottle 

 

13.00  Test restarted  Test restarted 
25.00  Test paused 

 Sample allowed to settle 
 Test paused 

 
25.15  200ml decanted from sample 

bottle 
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 200ml fresh leachant added to 
sample bottle 

25.20*  Test restarted  Test restarted 
49.20  Test paused 

 Sample allowed to settle 
 Test paused 
 Sample allowed to 

settle 
49.35  200ml decanted from sample 

bottle 
 End of test 

 200ml decanted from 
sample bottle 

 End of test 
*Assuming it takes 5 minutes to decant leachant and add ‘fresh’ leachant 

3.8.3 Discussion of Sawtooth Test 

The Sawtooth Test is tentatively suggested as a method to assess the leaching potential of PAHs, 

when used in conjunction with the Sawtooth Model. One test comprising three replicas and one 

blank was carried out for this thesis. Test parameters were identical for all three replicas and the 

leachant used was the same as that for the batch and percolation tests carried out. Future work 

should involve the performance of multiple tests on a homogeneous material. Test parameters 

should be varied in order to assess their impact on leaching of PAHs and allow optimisation of the 

method. 

The particle size selected was 10mm for the Sawtooth Test performed as this was identical to the 

batch test carried out. Any crushing exercise will inevitably result in the exposure of new surfaces 

and an increase of the surface area of the material which is exposed to the leachate. This may result 

in an overestimation of leaching. The effects of particle size should be assessed, however testing a 

larger particle size may result in a requirement to increase the test duration, as it may take longer for 

PAH concentrations to peak in the eluate samples.   

The initial L/S ratio, at the beginning of the Sawtooth Test was 10 l/kg, however the cumulative L/S 

ratio was higher due to the pouring off of liquid and refilling with new leachant. The test was paused 

four times and 200ml was removed and replaced each of these times. The bottles were allowed to 

stand for 15 minutes each time before 200ml of the supernatant was poured off. The effects of L/S 

ratio should be assessed to determine whether a more efficient test procedure can be devised. The 

settling time for the bottles before the supernatant is poured off should also be optimised. An 

assessment should be made of the appropriate settling time which should not make the test unduly 

long or result in changed leaching processes by interspersing the agitated leaching conditions with 

static conditions. 

Agitation of the bottles during testing results in suspension of particles and colloids in the leachant. 

As with the batch and percolation tests performed for this thesis, eluates from the Sawtooth Test 

were not filtered or centrifuged for the reasons outlined in Section 3.6.1. Filtration is not considered 
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a viable option for use with PAHs due to sorption of PAHs to the filters (Comans et al., 2001), and a 

suitable centrifuge was not available at the time the Sawtooth Tests were carried out. It is highly-

likely that the dissolved concentrations of PAHs in the Sawtooth Test eluates, particularly the heavier 

compounds, have been overestimated as a result of incomplete separation of solid particles from the 

liquid. Future work should include a repetition of the Sawtooth Test on the GCRB material in order to 

better estimate leaching of the medium and high molecular weight PAHs from the material. 

Five samples were taken from each replica bottle during the Sawtooth Test performed. These were 

taken nominally at 4, 8, 12, 24 and 48 hours. The number of eluate samples taken during each test 

and the timing of the samples may also be optimised and should be assessed in further work. 

The leached concentrations of the 16 EPA Priority PAHs in the eluates of the Sawtooth Test 

performed for this thesis are contained in Chapter 6. 

3.9 Data Processing and Quality Control 

The data presented in Chapters 4, 5 and 6 was collected using a range of leaching tests carried out in 

the Water Laboratory at The Civil Engineering Department of University College Dublin between 

December 2011 and February 2015. With the exception of Percolation Tests 1 & 2, samples from the 

leaching tests were extracted and analysed by Jones Environmental, who reported the 

concentrations of each of the 16 PAHs in micrograms per litre of sample. Where concentrations were 

reported as being below the detection limits in the laboratory reports, they were assumed to be 0 

µg/l for the purposes of data analysis. Each test was performed in three replicas and included one 

blank sample. All blank samples were satisfactory, with only a handful of measurements above the 

detection limits. Appendix A contains the measured concentrations of PAHs in the eluates from all of 

the batch, percolation and Sawtooth tests performed. 

3.9.1 Surrogate Recovery 

The percentage surrogate recovery was reported by the laboratory for each sample analysed. In 

essence, surrogate recovery provides an estimation of the recovery of the analytes of interest by 

spiking the samples with a known concentration of a similar compound. The reports from Jones 

Environmental contained the following note on surrogates, where AQC refers to analytical quality 

control: 

 “Surrogate compounds are added during the preparation process to monitor recovery of analytes. 

However, low recovery in soils is often due to peat, clay or other organic rich matrices. For waters this 

can be due to oxidants, surfactants, organic rich sediments or remediation fluids. Acceptable limits for 

most organic methods are 70 – 130% and for VOCs are 50 – 150%. When surrogate recoveries are 
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outside the performance criteria but the associated AQC passes this is assumed to be due to the 

matrix effect. Results are not surrogate corrected.” 

Arguments have been made both for and against the correction of analytical results for recovery 

(Thompson et al., 1999). The measured PAH concentrations reported in this thesis have been 

adjusted to reflect the percentage surrogate recovery from each sample, where they were reported. 

This has been done in order to obtain as true an estimate of the actual concentration of the PAHs in 

the samples as possible. Equation 21 below shows the formula used for recovery correction. 

𝑪𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅 𝑽𝒂𝒍𝒖𝒆 =
𝑴𝒆𝒂𝒔𝒖𝒓𝒆𝒅 𝑽𝒂𝒍𝒖𝒆

𝑷𝒆𝒓𝒄𝒆𝒏𝒕𝒂𝒈𝒆 𝑺𝒖𝒓𝒓𝒐𝒈𝒂𝒕𝒆 𝑹𝒆𝒄𝒐𝒗𝒆𝒓𝒚
 𝒙 𝟏𝟎𝟎     Equation 21 

Table 3-8 below shows the adjustment of the concentration of the measured PAH values for the 

three replica samples from Batch Test 4 as a demonstration. The percentage surrogate recovery was 

88%, 91% and 87% for samples, T4S1M, T4S2M and T4S3M, respectively, where M indicates 

measured values. All other data was adjusted in the same manner, where surrogates were reported. 

Table 3-8: Correction of Measured Concentrations in Eluate from Batch Test 4 for Surrogate 
Recovery 

Sample  T4S1M 

(µg/L) 

T4S1 

(µg/L) 

T4S2M 

(µg/L) 

T4S2 

(µg/L) 

T4S3M 

(µg/L) 

T4S3 

(µg/L) 

Naphthalene 0.74 0.84 0.76 0.84 0.9 1.03 

Acenaphthylene 0.19 0.22 0.28 0.31 0.24 0.28 

Acenaphthene 4.57 5.19 5.08 5.58 4.77 5.48 

Fluorene 1.86 2.11 2.09 2.30 1.97 2.26 

Phenanthrene 6.48 7.36 8.17 8.98 8.06 9.26 

Anthracene 1.48 1.68 1.81 1.99 1.97 2.26 

Fluoranthene 7.08 8.05 9.68 10.64 8.69 9.99 

Pyrene 6.55 7.44 9.27 10.19 7.86 9.03 

Benzo(a)anthracene 2.79 3.17 4.31 4.74 3.9 4.48 

Chrysene 3.28 3.73 5.14 5.65 3.79 4.36 

Benzo(b)fluoranthene 5.2 5.91 8.86 9.74 6.84 7.86 

Benzo(k)fluoranthene 2.02 2.30 3.45 3.79 2.66 3.06 

Benzo(a)pyrene 5.13 5.83 8.67 9.53 5.99 6.89 

Indeno(123cd)pyrene 4.19 4.76 7.21 7.92 5.67 6.52 

Dibenzo(ah)anthracene 0.34 0.39 0.59 0.65 0.43 0.49 

Benzo(ghi)perylene 4.16 4.73 6.55 7.20 5.25 6.03 
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3.9.2 Outliers 

Consistent results are desirable in the datasets from the batch, percolation and Sawtooth tests. 

There are instances of notably divergent results from replicas for several PAHs. When deciding 

whether to omit these, the likelihood of them being either real values or erroneous readings was 

considered. Although every material sample was homogenised by riffling and sampling, the 

heterogeneous nature of RA must also be considered. 

3.9.3 Corrections for Anomalies in Testing 

Batch tests and Sawtooth Tests are reasonably straightforward to perform, with little scope for 

unintended deviations from their respective methodologies. No data was discarded from any of the 

nine batch tests and the Sawtooth Test performed.  

The percolation test is more complex to set up and perform than the batch and Sawtooth tests and 

the test duration is much longer. These factors increase the possibility of the malfunction of 

equipment during the test period. Further to that, the percolation test was set up from first 

principles for this thesis. Glassware for the columns was hand-blown in Germany and suitable tubing 

for the peristaltic pump was available from laboratory suppliers in Ireland. However, the connection 

of the glassware to the tubing proved to be difficult. The final set-up involved the insertion of a small 

piece of glass tubing into the Viton pump tubing in order to connect it into the glass columns. This 

connection proved sensitive and resulted in occasional leaks of leachant before it entered the 

columns. Consideration was given to the elimination of several eluate samples from the dataset but 

ultimately it was decided to retain them and incorporate the measured flowrates into the leaching 

model outlined in Chapter 7. Section 5.1 contains the measured flowrates during Percolation Tests 1, 

2 and 3.   
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4 Batch Test Data  

4.1 General 

Batch tests were performed on 9 individual materials as part of the CEDR Transnational Road 

Research Programme CoRePaSol Project. Data from these tests were published in the Final Project 

Report on the environmental evaluation of cold-recycled asphalt mixes (Tabakovic et al., 2015).  

There were four base materials, which were RAs sourced from the Czech Republic, Ireland and 

Germany. These were: 

(i) Czech RA (CZRA); 

(ii) Irish RA (IRRA); 

(iii) German Cold Tar Recycled Base (GCRB); and 

(iv) German Cold Tar Recycled Base with Binder Course (GCRB-BC). 

Three of the base materials, CZRA, IRRA and GCRB were further processed to produce emulsion 

mixes and foam mixes as follows: 

(i) Foam containing Czech RA (CZRA-FOAM); 

(ii) Foam mix containing Irish RA (IRRA-FOAM); 

(iii) Emulsion mix containing Irish RA (IRRA-EMUL); 

(iv) Foam mix containing German cold recycled tar base (GCRB-FOAM); and 

(v) Emulsion mix containing German cold recycled tar base (GCRB-EMUL). 

Table 3-1 of Chapter 3 provides a description of all 9 mixes listed above. All 9 mixes were tested as 

individual materials, with the purpose of generating a dataset containing leaching data on a range of 

RAs. A secondary objective was to assess the encapsulation effects of foam and emulsion mixes with 

the hypothesis that by incorporating the base materials into foam or emulsion mixes, leaching of 

PAHs would be reduced. This is further discussed in Section 4.4. 

4.2 Data 

The concentrations of leached PAHs from the nine batch tests in micrograms of PAH per litre of 

eluate (µg/l) are discussed in Sections 4.2.1 to 4.2.9 below. 

4.2.1 Czech RA (CZRA) 

Figure 4-1 below shows the leached concentration of PAHs in the batch test eluate from the three 

CZRA replicas. The concentrations of all PAHs were low with approximately 50% of all readings below 

detection limits. The concentrations in the eluates from the CZRA material were the lowest of all of 
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the batch tests performed.

 

Figure 4-1: Batch Test Leaching of 16 EPA PAHs from CZRA - Concentrations in Eluate (µg/l) 

4.2.2 Irish RA (IRRA) 

Figure 4-2 shows leaching from the IRRA material. The eluates from this material contained the 

highest concentrations of all 16 PAHs of the base materials. Acenaphthene and phenanthrene, two 

low molecular weight PAHs, were leached in the highest concentrations. The concentration of Total 

16 PAHs in the GCRB material ranged from approximately 35.2 µg/l to 38.7 µg/l whilst for the IRRA, 

the concentration ranged from approximately 93.3 µg/l to 115.4 µg/l. As the GCRB material was 

known to contain tar, this indicates that the IRRA material may also have contained tar. This 

highlights the risk in recycling asphalt material from “legacy roads”, where the composition of the 

source materials may be unknown.  
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Figure 4-2: Batch Test Leaching of 16 EPA PAHs from IRRA - Concentrations in Eluate (µg/l) 

4.2.3 German Cold Recycled Tar Base (GCRB) 

Figure 4-3 shows leaching from the GCRB material. As previously discussed, this material was known 

to contain tar and so high PAH concentrations were anticipated. Phenanthrene, a low molecular 

weight PAH, was leached in the highest concentrations. 

 

Figure 4-3: Batch Test Leaching of 16 EPA PAHs from GCRB – Concentrations in Eluate (µg/l) 
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4.2.4 German Cold Recycled Tar Base with Binder Course (GCRB-BC) 

Figure 4-4 shows the batch test data for the GCRB-BC material. As expected, the PAH concentrations 

in the eluates from this material are lower than in the GCRB material. This is further discussed in 

Section 4.5.3. Acenaphthylene, acenaphthene, fluorene and dibenzo(ah)anthracene were not 

detected in any eluate from the GCRB-BC material. Anthracene, benzo(k)fluoranthene and 

benzo(ghi)perylene were present in at least one eluate sample. The remaining PAHs were detected in 

all eluate samples. 

 
Figure 4-4: Batch Test Leaching of 16 EPA PAHs from GCRB-BC Material – Concentrations in Eluate 
(µg/l) 

4.2.5 Foam Mix Containing Czech RA (CZRA-FOAM) 

Figure 4-5 shows the batch test data from the CZRA-FOAM material. Naphthalene concentrations in 

the eluates from this material were almost a factor of 10 higher than the PAH which was detected in 

the next highest concentrations, phenanthrene. Acenaphthylene, anthracene, benzo(k)fluoranthene, 

indeno(123-cd)pyrene, dibenzo(ah)anthracene and benzo(ghi)perylene were not detected in any of 

the eluates from the CZRA-FOAM material. 
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Figure 4-5: Batch Test Leaching of 16 EPA PAHs from the CZRA-FOAM Material – Concentrations in 
Eluate (µg/l) 

4.2.6 Foam Mix Containing Irish RA (IRRA-FOAM) 

Figure 4-6 shows the batch test data from the IRRA-FOAM material. All 16 PAHs were detected in 

each of the eluates from this material. Acenaphthylene was leached in the lowest concentrations 

whilst fluoranthene was leached in the highest concentrations, followed closely by pyrene and 

phenanthrene. 

 
Figure 4-6: Batch Test Leaching of 16 EPA PAHs from the IRRA-FOAM Material – Concentrations in 
Eluate (µg/l) 
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4.2.7 Emulsion Mix Containing Irish RA (IRRA-EMUL) 

Figure 4-7 shows the batch test data for the IRRA-EMUL material. It is notable that the majority of 

the medium and high weight PAHs are present only in low quantities or not at all for all of the eluate 

replicas. Acenaphthene is leached in the highest concentrations, followed by naphthalene, 

phenanthrene and fluorene. This material is further discussed in Section 4.5.2. 

 
Figure 4-7: Batch Test Leaching of 16 EPA PAHs from IRRA-EMUL Material – Concentrations in 
Eluate (µg/l) 

4.2.8 Foam Mix Containing German Cold Recycled Tar Base (GCRB-FOAM) 

Figure 4-8 shows batch test data for the GCRB-FOAM material. As seen in the figure, there is a 

notable variation in the leached concentrations in Sample T7S2 when compared with the other two 

samples. It is likely that this variation is simply due to the heterogeneous nature of recycled asphalts. 

Whilst a thorough homogenization procedure was carried out on all of the materials, it is likely that 

the sub-sample in T7S2 contained a small amount of highly contaminated material, presumably tar. 
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Figure 4-8: Batch Test Leaching of 16 EPA PAHs from GCRB-FOAM – Concentrations in Eluate (µg/l) 

4.2.9 Emulsion Mix Containing German Cold Recycled Tar Base (GCRB-EMUL) 

Figure 4-9 shows the batch data from the GCRB-EMUL material. Naphthalene, acenaphthylene, 

fluorene and dibenzo(ah)anthracene were not detected in any of the replicas from this material. 

Fluoranthene was detected in the highest concentrations. This material is further discussed in 

Section 4.5.3. 

 
Figure 4-9: Batch Test Leaching of 16 EPA PAHs from GCRB-EMUL – Concentrations in Eluate (µg/l) 
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4.3 Overestimation of Leached Concentrations due to Solids Separation Method 

As discussed in Section 3.6.1, solid particles were separated from the batch test eluates by allowing 

the samples to settle and pouring off the supernatant. Neither centrifugation nor filtration were 

used. This has resulted in an overestimation of the dissolved concentrations of some of the medium 

and high molecular weight PAHs. With reference to Table 2-1 which shows the solubilities of the 16 

PAHs analysed in this thesis, Table 4-1 below shows the average eluate concentrations from each test 

as a percentage of their solubility. According to Raoult’s Law, the solubility of a compound in a 

mixture with multiple compounds is not identical to the solubility of the pure compound, so the PAH 

solubilities in the eluates are likely to be lower than those reported in Table 2-1. It is evident from 

Table 4-1 that the average measured concentrations of benzo(a)anthracene, chrysene, 

benzo(a)pyrene, dibenzo(ah)anthracene and benzo(ghi)perylene are higher than their respective 

solubilities in at least one of the batch tests. This confirms that, at a minimum, the dissolved 

concentrations of these PAHs were overestimated in the batch tests due to the inclusion of PAHs 

sorbed to colloids and solid particles in the reported concentrations. 

Table 4-1: Average Concentrations in Batch Test Eluates as a Percentage of PAH Solubility 

PAH CZRA IRRA GCRB 

GCRB-

BC 

CZRA-

FOAM 

IRRA-

FOAM 

IRRA-

EMUL 

GCRB-

FOAM 

GCRB-

EMUL 

Naphthalene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Acenaphthylene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Acenaphthene 0.0 0.5 0.1 0.0 0.0 0.2 0.2 0.0 0.1 

Fluorene 0.0 3.8 1.5 0.0 0.0 1.2 1.1 0.0 0.0 

Phenanthrene 0.0 1.6 0.9 0.1 0.0 0.7 0.3 0.5 1.2 

Anthracene 0.0 5.8 0.7 0.6 0.0 4.6 1.0 6.0 5.5 

Fluoranthene 0.0 4.4 1.9 0.8 0.0 3.6 0.3 11.4 7.4 

Pyrene - - - - - - - -  

Benzo(a)anthracene 0.1 23.5 9.5 11.0 0.1 29.5 0.3 195.5 78.5 

Chrysene 0.5 

187.

5 72.3 99.2 1.0 254.3 2.9 1509.1 680.5 

Benzo(b)fluoranthene - - - - - - - -  

Benzo(k)fluoranthene - - - - - - - -  

Benzo(a)pyrene 0.3 

110.

6 28.6 40.1 0.2 195.1 1.0 863.8 259.6 

Indeno(123cd)pyrene 0.0 4.1 0.9 1.8 0.0 10.3 0.0 33.2 10.2 
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Dibenzo(ah)anthracene 0.0 49.2 25.7 0.0 0.0 101.9 0.0 904.7 0.0 

Benzo(ghi)perylene 4.9 

1108

.3 151.3 250.3 0.0 2302.5 10.8 5821.9 2326.7 

 

4.4 Repeatability 

Table 4-2 shows the repeatability of each PAH in each batch test for the three replicas. Repeatability 

is calculated based on Relative Standard Deviation (RSD) as shown in Equation 22 below. 

𝑹𝒆𝒑𝒆𝒂𝒕𝒂𝒃𝒊𝒍𝒊𝒕𝒚 = 𝟏𝟎𝟎 𝑿 
𝑺𝒕𝒂𝒏𝒅𝒂𝒓𝒅 𝑫𝒆𝒗𝒊𝒂𝒕𝒊𝒐𝒏

𝑴𝒆𝒂𝒏 𝑽𝒂𝒍𝒖𝒆
      Equation 22 

Where the mean value is the arithmetic mean of the concentration in the three replicas (n=3). 

When considering the repeatability of leaching tests in the Re-ROAD Project, a repeatability of <50% 

was deemed acceptable and is used here also. The heterogeneity of RA materials in general also 

impacts the repeatability of tests carried out on such material. The minimum, maximum and average 

value for each PAH across the 9 batch tests performed are shown in Table 4-2. The table has been 

colour-coded to indicate acceptable (green) and unacceptable (red) repeatability values. Empty cells 

indicate that all of the measured values for the replicas in that particular test were below detection 

limits. 

The maximum repeatability value for each PAH ranged from 25% for dibenzo(ah)anthracene, which is 

acceptable, to 173% for anthracene, benzo(a)anthracene, chrysene, benzo(b)fluoranthene, 

benzo(k)fluoranthene, benzo(a)pyrene, indeno(123-dc)pyrene and benzo(ghi)perylene, which is not 

an acceptable value. However, it should be noted that when the CZRA material is excluded from the 

analysis, the maximum repeatability values decrease as shown in Table 4-3. The concentrations in the 

eluates from the CZRA material were very low and close to the detection limits for almost all of the 

individual PAHs, resulting in a lower repeatability for the test carried out on that material.  
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Table 4-2: Repeatability of Batch Tests (%) 

PAH CZRA IRRA GCRB GCRB-BC 

CZRA-

FOAM 

IRRA-

FOAM 

IRRA-

EMUL 

GCRB-

FOAM 

GCRB-

EMUL MIN MAX AVG 

Naphthalene 92 4 6 4 1 13 7 61   1 92 23 

Acenaphthylene   5 9   17 8 87   5 87 25 

Acenaphthene 6 15 4  11 4 3 87 87 3 87 27 

Fluorene 87 15 4  7 4 5 87   4 87 30 

Phenanthrene 28 16 4 15 19 12 5 7 23 4 28 14 

Anthracene   20 32 173  15 10 8 87 8 173 49 

Fluoranthene 60 15 4 17 25 14 2 7 38 2 60 20 

Pyrene 60 14 4 15 27 15 3 8 40 3 60 21 

Benzo(a)anthracene 173 12 5 24 93 20 19 6 42 5 173 44 

Chrysene 173 11 6 34 93 21 41 6 41 6 173 47 

Benzo(b)fluoranthene 173 10 10 35 87 24 99 0 42 0 173 53 

Benzo(k)fluoranthene 173 10 10 128  24 115 7 42 7 173 64 

Benzo(a)pyrene 173 11 10 21 173 25 22 7 45 7 173 54 

Indeno(123cd)pyrene 173 9 7 16  26 87 7 43 7 173 46 

Dibenzo(ah)anthracene   9 2   25  8   2 25 11 

Benzo(ghi)perylene 173 7 16 87  26 1 7 42 1 173 45 
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Table 4-3: Maximum Repeatability of Batch Tests Excluding CZRA Data  
PAH Maximum Repeatability Value (%) 

Naphthalene 61 

Acenaphthylene 87 

Acenaphthene 87 

Fluorene 87 

Phenanthrene 23 

Anthracene 173 

Fluoranthene 38 

Pyrene 40 

Benzo(a)anthracene 93 

Chrysene 93 

Benzo(b)fluoranthene 99 

Benzo(k)fluoranthene 128 

Benzo(a)pyrene 173 

Indeno(123cd)pyrene 87 

Dibenzo(ah)anthracene 25 

Benzo(ghi)perylene 87 

4.5 Observations on Encapsulation Using Foam and Emulsion Mixes 

Foam and emulsion mixes were prepared using the CZRA, IRRA and GCRB materials and subjected to 

batch tests in order to assess the potential encapsulation of PAHs. The leached concentrations in the 

eluates of the base mixes and the corresponding foam and emulsion mixes are discussed in Sections 

4.5.1 to 4.5.3 below. Table 4-6 in shows the percentage change in leached concentration for each 

PAH in the eluates from the emulsion and foam mixes, when compared with the eluates from the 

base materials. 

4.5.1 Czech RA 

Table 4-4 below shows the average concentration of the three replicas from the batch tests 

performed on the CZRA and the foam mix incorporating the Czech RA (CZRA-FOAM). It was 

postulated that the incorporation of the CZRA material into a new foam mix would reduce the 

leached concentration of PAHs from the material. As shown in the table below, the concentration of 

PAH 16 Total leached from the foam mix was actually a factor of 10 higher than in the base material. 

The concentrations of all of the detected low and medium molecular weight PAHs was higher in the 

eluate from the foam mix. Conversely, the concentrations of all of the detected high molecular 
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weight PAHs was lower in the eluate from the foam mix. This may indicate that an encapsulation 

effect may exist for the low and medium molecular weight PAHs but not for the higher molecular 

weight PAHs. However, given the low concentrations of all compounds in the eluate from the CZRA 

material, it is not possible to draw any conclusions at this stage.       

Table 4-4: Leached Concentrations of CZRA and CZRA-FOAM from Batch Test 
PAH Limit of 

Detection (µg/l) 

Concentration (µg/l) 

CZRA CZRA-FOAM 

Naphthalene <0.014 0.095 2.078 

Acenaphthylene <0.013 <0.013 <0.013 

Acenaphthene <0.013 0.025 0.106 

Fluorene <0.014 0.016 0.082 

Phenanthrene <0.011 0.029 0.234 

Anthracene <0.013 <0.013 <0.013 

Fluoranthene <0.012 0.037 0.110 

Pyrene <0.013 0.037 0.060 

Benzo(a)anthracene <0.015 0.008 0.018 

Chrysene <0.011 0.008 0.018 

Benzo(b)fluoranthene <0.01 0.017 0.014 

Benzo(k)fluoranthene <0.01 0.004 <0.01 

Benzo(a)pyrene <0.016 0.013 0.007 

Indeno(123cd)pyrene <0.011 0.008 <0.011 

Dibenzo(ah)anthracene <0.01 <0.01 <0.01 

Benzo(ghi)perylene <0.011 0.013 <0.011 

PAH 16 Total <0.195 0.264 2.734 

4.5.2 Irish RA 

Table 4-5 below shows the average concentration of the three replicas from the batch tests 

performed on the following: 

(i) Irish RA material (IRRA); 

(ii) Foam mix incorporating Irish RA (IRRA – FOAM); and 

(iii) Emulsion mix incorporating Irish RA (IRRA-EMUL). 

When compared with the eluate from the IRRA material, the concentrations of the low molecular 

weight PAHs were all lower in the eluate from the IRRA-FOAM material. Of the medium weight PAHs, 

the concentrations of pyrene and fluoranthene were lower in the foam mix eluate whilst the 
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concentrations of benzo(a)anthracene and chrysene were higher. In contract to the CZRA material, 

the concentrations of all of the higher molecular weight PAHs were higher in the eluate from the 

IRRA-FOAM than in the IRRA material. This indicates than an encapsulation effect may occur for the 

low and medium weight PAHs but that higher weight PAHs are introduced to the material during the 

preparation of the foam mix. 

The concentrations of all PAHs were lower in the leachates from the IRRA-EMUL material than the 

leachates from the IRRA material. The PAH 16 Total concentration of the eluate from the IRRA 

material was 101.3 µg/l, from the IRRA-FOAM mix was 77.7 µg/l and from the IRRA-EMUL mix was 

18.2 µg/l. This indicates that the encapsulation effect of an emulsion mix may be more effective than 

that of the foam mix but that both have a positive effect in reducing PAH leaching. 

Table 4-5: Leached Concentrations of IRRA, IRRA-FOAM and IRRA-EMUL from Batch Test 
PAH Limit of 

Detection 

(µg/) 

Concentration (µg/l) 

Irish RA Foam Mix with 

Irish RA 

Emulsion Mix 

with Irish RA 

Naphthalene <0.014 10.593 0.904 4.508 

Acenaphthylene <0.013 0.286 0.266 0.089 

Acenaphthene <0.013 18.387 5.419 5.507 

Fluorene <0.014 7.133 2.225 2.127 

Phenanthrene <0.011 18.950 8.535 3.975 

Anthracene <0.013 2.498 1.978 0.436 

Fluoranthene <0.012 11.605 9.557 0.793 

Pyrene <0.013 9.415 8.888 0.516 

Benzo(a)anthracene <0.015 3.289 4.130 0.047 

Chrysene <0.011 3.375 4.577 0.052 

Benzo(b)fluoranthene <0.01 4.224 7.836 0.028 

Benzo(k)fluoranthene <0.01 1.623 3.048 0.019 

Benzo(a)pyrene <0.016 4.203 7.414 0.038 

Indeno(123cd)pyrene <0.011 2.551 6.401 0.019 

Dibenzo(ah)anthracene <0.01 0.246 0.510 BDL 

Benzo(ghi)perylene <0.011 2.881 5.987 0.028 

PAH 16 Total <0.195 101.257 77.675 18.201 
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4.5.3 German Tar RA 

Table 4-6 below shows the average concentration of the three replicas from the batch tests 

performed on the following: 

(i) German Cold Recycled Tar Base (GCRB); 

(ii) German Cold Recycled Tar Base with Binder Course (GCRB-BC); 

(iii) Foam Mix with German Cold Recycled Tar Base (GCRB-FOAM); and 

(iv) Emulsion Mix with German Cold Recycled Tar Base (GCRB-EMUL). 

The total PAH content of the GCRB-BC is less than half that of the GCRB material at 37.0 µg/l and 15.2 

µg/l, respectively. This is in line with expectations, as the mass of known tar-containing material in 

the base material sample is greater, as GCRB-BC also contains binder course material.  Although the 

concentrations of all of the low molecular weight PAHs were lower in the eluates from the GCRB-BC 

mix, the concentrations of the majority of the medium and higher molecular weight PAHs were 

higher. This indicates that either medium and high weight PAHs were introduced to the material 

during the mixing process i.e. that the binder course material itself contained these compounds, or 

that the mixing process facilitated their release from the tar-containing base material. 

Table 4-6: Leached Concentrations of GCRB, GCRB-BC, GCRB-FOAM & GCRB-EMUL from Batch Test 
PAH Limit of 

Detection 

(µg/l) 

Concentration (µg/l)  

GCRB GCRB-BC GCRB-

FOAM 

GCRB-

EMUL 

Naphthalene <0.014 3.811 0.999 0.044 <0.014 

Acenaphthylene <0.013 0.188 <0.65 0.052 <0.013 

Acenaphthene <0.013 5.115 <0.65 0.104 2.030 

Fluorene <0.014 2.923 <0.7 0.048 <0.014 

Phenanthrene <0.011 10.170 1.027 5.681 14.604 

Anthracene <0.013 0.321 0.263 2.585 2.371 

Fluoranthene <0.012 4.927 2.046 30.212 19.498 

Pyrene <0.013 2.786 1.829 30.263 13.088 

Benzo(a)anthracene <0.015 1.328 1.535 27.368 10.990 

Chrysene <0.011 1.302 1.785 27.165 12.248 

Benzo(b)fluoranthene <0.01 1.421 1.555 40.789 13.616 

Benzo(k)fluoranthene <0.01 0.552 1.412 15.861 5.299 

Benzo(a)pyrene <0.016 1.086 1.524 32.825 9.864 

Indeno(123cd)pyrene <0.011 0.582 1.115 20.601 6.295 
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Dibenzo(ah)anthracene <0.01 0.129 0.000 4.523 <0.01 

Benzo(ghi)perylene <0.011 0.394 0.651 15.137 6.050 

PAH 16 Total <0.195 37.034 15.162 253.259 116.746 

The PAH 16 Total concentration in the eluate from the GCRB-FOAM mix is almost 7 times higher than 

the eluate from the GCRB material. This is contrary to expectations. However as shown in Figure 4-8, 

the concentrations of phenanthrene, anthracene and all of the medium and high molecular PAHs in 

one of the three replicas, T7S2, differed greatly from the other two. It is possible that the material in 

sample T7S2 contained a particularly “contaminated” portion of material. For the sake of 

completeness, Figure 4-10 below shows a comparison of the average concentration of the other two 

replicas of the GCRB-FOAM. Similar to the CZRA-FOAM and IRRA-FOAM mixes, the concentrations of 

the majority of the low weight PAHs was lower in the eluate from the GCRB-FOAM mix than from the 

GCRB material. The concentration of the majority of the medium and high molecular weight PAHs 

were higher in the eluate from the GCRB-FOAM mix than from the GCRB material.        

 

Figure 4-10: Comparison of Average Concentration of Two Replicas of GCRB-FOAM with GCRB 

The PAH 16 Total content of the GCRB-EMUL mix is more than three times greater than that of the 

GCRB material. The concentrations of naphthalene, acenaphthylene and fluorene were below 

detection limits and the concentration of acenaphthene was less than in the base material. The 

concentration of phenanthrene, anthracene and all of the medium and high molecular weight PAHs, 

except for dibenzo(ah)anthracene, were higher in the eluate from the GCRB-EMUL mix than from the 
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GCRB material. This is contrary to expectations and again suggests that either these compounds were 

introduced during the preparation of the emulsion mix, or that the mixing procedure made these 

compounds more available for leaching from the material. 

4.6 Summary of Encapsulation Effect 

Cold recycling techniques have been used as a means to remediate RAs including those containing 

tar (Depree and Fröbel, 2009), and some companies even offer commercial technologies such as 

Tarmac’s Ultifoam. Table 4-7 shows the percentage difference in the average concentrations in the 

eluates from the foam and emulsion mixes when compared with the eluates from the base materials. 

The most successful instance of the “encapsulation effect” is seen in the IRRA-EMUL material, where 

a reduction in the leached concentrations of all 16 PAHs was seen, when compared with the eluates 

from the IRRA material, with greater reductions shown with increasing molecular weight. This aligns 

with data from a former airport site in Oslo, where tar-contaminated asphalt and sub-base material 

was stabilised with 3% bitumen emulsion, resulting in larger reductions in the higher molecular 

weight PAHs in laboratory testing (Ellefsen, Westby and Systad, 2005). A New Zealand study found a 

five-fold reduction in PAH leaching by recycling coal tar containing asphalt using 3% foamed bitumen 

(Depree and Fröbel, 2009). The authors attributed the reduction to equilibrium partitioning of the 

PAHs with increased binding to black carbon phases in the foam mix and the aqueous concentration 

inversely proportional to the binder content of the mix.  With the exception of CZRA-FOAM and IRRA-

EMUL, the eluates all of the other emulsion and foam mixes generally showed a reduction in the 

concentrations of the low molecular weight PAHs and an increase in the concentrations of the 

medium and high molecular weight PAHs. The high molecular weight PAHs are hydrophobic with 

very large octanol-water partitioning coefficient (KOW) values and tend to sorb to solid particles and 

colloids whilst the lower molecular weight PAHs are more hydrophilic. It is possible that 

encapsulating the base mixes within foam or emulsion mixes has a greater impact on the leaching of 

lower molecular weight PAHs as the higher molecular weight PAHs are already bound within the base 

mixes. It is also probable that the mixing procedure used to prepare the foam and emulsion mixes 

generated new particles to which the heavier PAHs sorbed. As neither centrifugation nor filtration of 

the eluates was carried out, these particle-bound PAHs contributed to the total PAH concentration 

detected in the sample. Despite the limitation of incomplete solids separation from the eluates, 

these results indicate that cold recycling techniques do not always encapsulate PAHs successfully and 

indicate the importance of testing the leachates from the resulting materials before using it in a new 

application.        
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Table 4-7: Percentage Change in Eluate from Foam & Emulsion Mixes Compared with Base Material 

PAH 

Mix Type 

CZRA-FOAM IRRA-

FOAM 

IRRA-EMUL GCRB-

FOAM 

GCRB-

EMUL 

Naphthalene +2087 -91 -57 -99 -100 

Acenaphthylene  -7 -69 -72 -100 

Acenaphthene +324 -71 -70 -98 -60 

Fluorene +413 -69 -70 -98 -100 

Phenanthrene +707 -55 -79 -44 +44 

Anthracene  -21 -83 +705 +639 

Fluoranthene +197 -18 -93 +513 +296 

Pyrene +62 -6 -95 +986 +370 

Benzo(a)anthracene +125 +26 -99 +1961 +728 

Chrysene +125 +36 -98 +1986 +841 

Benzo(b)fluoranthene -18 +86 -99 +2770 +858 

Benzo(k)fluoranthene -100 +88 -99 +2773 +860 

Benzo(a)pyrene -46 +76 -99 +2923 +808 

Indeno(123cd)pyrene -100 +151 -99 +3440 +982 

Dibenzo(ah)anthracene  +107 -100 +3406 -100 

Benzo(ghi)perylene -100 +108 -99 +3742 +1436 

PAH 16 Total +936 -23 -82 +584 +215 
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5 Percolation Test Data 

5.1 Introduction 

Percolation tests were carried out on three materials. These are as follows: 

(i) Percolation Test 1 – Irish RA (MSS); 

(ii) Percolation Test 2 – Swedish RA (TCA); 

(iii) Percolation Test 3 – German Cold Recycled Base (GCRB).  

As outlined in Section 3.4, a simple “order of magnitude” permeability test procedure was developed 

in order to aid in the selection of the characterisation test method for this thesis and resulted in the 

selection of the percolation test. Table 5-1 contains the results of the permeability test. 

Table 5-1: Permeability Test Data 

Sample Name Voids Content (%) RA Content (%) Permeability (m/s) 

5-4 5 20 8.226 x 10-5 

5-5 5 20 1.228 x 10-4 

5-6 5 20 1.627 x 10-4 

5-7 5 20 8.463 x 10-5 

5-8 5 20 1.208 x 10-4 

10-1 10 20 3.178 x 10-4 

10-2 10 20 2.817 x 10-4 

10-3 10 20 4.554 x 10-4 

10-4 10 20 2.889 x 10-4 

As described in Chapter 3, the eluates from Percolation Tests 1 and 2 were extracted in the Water 

Laboratory in the Civil Engineering Department of University College Dublin. Due to the minimum 

volume required for PAH analysis of the eluates, the eluates from the 3 columns were combined for 

fraction 1 and also for fraction 2. Consequently, the leached concentrations are identical for each of 

the three columns for fraction 1 and for fraction 2. The eluates from Percolation Test 3 were sent 

directly to the commercial analytical laboratory, Jones Environmental, for testing. Lower eluate 

volumes were required for analysis at Jones Environmental and all of the eluate fractions from 

Percolation Test 3 were analysed separately. Fraction 4 was not sampled for column 1 of Percolation 

Test 3, due to illness. 

Figures 5-1, 5-2 and 5-3 shows the actual flowrates during Percolation Tests 1, 2 and 3 respectively. 

As outlined in Section 3.7.4, the target linear velocity through an empty column prescribed in the 

draft percolation test standard (European Committee for Standardization, 2010) was 15 ± 3 cm/day. 
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This corresponds to a target flowrate range of 42.4 ml/hr to 55.54 ml/hr for a 100 mm diameter 

column. The target linear velocity in the published percolation test standard (European Committee 

for Standardization, 2016) was 300 mm ± 40 mm/day through an empty column which equates to a 

flowrate range of 84.97 ml/hr to 111.09 ml/hr. As the tests were carried out several years in advance 

of the publication of the standard (European Committee for Standardization, 2016) in 2016, the 

target flowrate of the draft standard (European Committee for Standardization, 2010) was used. The 

determination of leaching patterns from percolation test data is based on the assumption that local 

equilibrium has been achieved during testing. Local equilibrium conditions are more easily achieved 

by decreasing leachant velocity and there is generally a leachant flowrate for each material with a 

given particle size, below which local equilibrium conditions are always fulfilled (European 

Committee for Standardization, 2010).  Therefore, the lower target flowrate used is acceptable. Table 

5-2 below shows the overall flowrate for each column from Percolations Tests 1, 2 and 3 as a 

percentage of the minimum target flowrate according to the draft percolation test standard 

(European Committee for Standardization, 2010). The table also show the average retention time in 

hours in each column for the three percolation tests. These ranged from approximately 59 hours to 

90 hours. 

Table 5-2: Retention Times and Actual Flowrates as a Percentage of Minimum Target Flowrate 
According to Draft Percolation Test Standard  

Test Percolation Test 1 Percolation Test 2 Percolation Test 3 

Replica MSS 

C1 

MSS 

C2 

MSS 

C3 

TCA 

C1 

TCA 

C2 

TCA 

C3 

GCRB 

C1 

GCRB 

C2 

GCRB 

C3 

Residence Time 

(hours) 

70.2 85.5 79.1 80.8 65.5 79.1 58.9 83.4 89.6 

Achieved 

flowrate/Target 

Flowrate (%) 

92 76 82 80 99 82 110 78 72 

As shown in Figures 5-1 to 5-3 below, there were some fluctuations in the flowrates through the 

columns during the tests. These were typically due to minors leaks from the connection between the 

column inlet connection and the pump tubing. As permitted under the testing methodology, a single 

multi-channel pump was used for the three replica columns and the blank column which meant that 

the flowrates through individual columns could not be adjusted without affecting conditions in the 

others. In retrospect, and had the budget permitted it, a pump controlling each column would have 

enabled superior control of flowrates. The PAH leaching data should be read in conjunction with the 

flowrates achieved during the tests, as outlined in the percolation test standards (European 
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Committee for Standardization, 2010) (European Committee for Standardization, 2016). Due to the 

lower flowrates in columns 2 and 3 of Percolation Test 3, the test was terminated L/S at 6.9 l/kg and 

6.2 l/kg respectively, although seven samples were still tested in order to obtain as much data as 

possible. The leaching model presented in Chapter 7 takes account of the actual flowrates through 

each column during the tests. 

 
Figure 5-1: Flowrates During Percolation Test 1 

 
Figure 5-2: Flowrates During Percolation Test 2 
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Figure 5-3: Flowrates During Percolation Test 3 

5.2 Data 

Figures 5-4, 5-5 and 5-6 show the eluate concentrations from each column in each fraction of 

Percolation Tests 1, 2 and 3, respectively. Generally, leached concentrations were lowest in 

Percolation Test 1 and were highest in Percolation Test 3, which was performed on a known coal tar-

containing material. There is a clear pattern in the data from Percolation Test 3 where leached 

concentrations generally increased from Fraction 1 through Fraction 7. 

Figures 5-7, 5-8 and 5-9 provide a summary of leaching from the percolation tests. The figures show 

the concentrations of each PAH in each of the eluates from the three replica columns in Percolation 

Tests 1, 2 and 3 as a percentage of the sum of all 16 PAHs in the eluate. It is interesting to note that 

although the concentrations differ in each fraction, the ratio of each PAH are often similar across the 

eluate fractions from each material. Table 5-3 below shows the range of the percentage of each PAH 

across all seven eluate fractions from each percolation test. The ranges in the eluates from 

Percolation Tests 1 and 3 are tighter than those for Percolation Test 2. However, this analysis 
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Figure 5-4: Eluate Concentrations from Columns 1, 2 and 3 in each Fraction from Percolation Test 1 
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Figure 5-5: Eluate Concentrations from Columns 1, 2 and 3 in each Fraction from Percolation Test 2 
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Figure 5-6: Eluate Concentrations from Columns 1, 2 and 3 in each Fraction from Percolation Test 3 

0

5

10

15

20

25

30

35

40

45

50

Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5 Fraction 6 Fraction 7

Co
nc

en
tr

at
io

n 
(µ

g/
l)

Naphthalene Acenaphthylene Acenaphthene Fluorene Phenanthrene Anthracene

Fluoranthene Pyrene Benzo(a)anthracene Chrysene Benzo(bk)fluoranthene Benzo(a)pyrene

Indeno(123-cd)pyrene Dibenzo(ah)anthracene Benzo(ghi)perylene Coronene



95 
 

Table 5-3: Maximum and Minimum Percentage of Each PAH in all Eluate Fractions from Percolation Tests 1, 2 and 3 
 Percolation Test 1 Percolation Test 2 Percolation Test 3 

PAH Min Max Average St. Dev. Min Max Average St. Dev. Min Max Average St. Dev. 

Naphthalene 0.00% 16.37% 2.62% 3.91% 2.04% 70.77% 46.29% 19.77% 28.27% 45.02% 36.57% 4.42% 

Acenaphthylene  3.73% 7.10% 5.56% 1.11% 2.25% 5.17% 3.55% 0.95% 0.36% 4.21% 1.60% 1.10% 

Acenaphthene  36.98% 57.69% 43.80% 4.57% 7.52% 23.28% 11.89% 4.14% 15.45% 17.40% 16.20% 0.55% 

Fluorene  15.50% 23.53% 21.38% 1.76% 7.52% 47.52% 15.79% 8.33% 6.27% 8.83% 8.23% 0.58% 

Phenanthrene  7.85% 22.85% 18.50% 3.62% 1.85% 39.32% 17.79% 9.63% 18.19% 27.27% 23.38% 2.46% 

Anthracene 2.37% 5.29% 3.33% 0.63% 0.97% 5.51% 2.52% 1.22% 1.98% 3.94% 2.87% 0.50% 

Fluoranthene 1.67% 4.65% 2.87% 0.63% 0.58% 4.08% 1.53% 0.95% 4.34% 9.02% 6.70% 1.28% 

Pyrene 1.04% 2.85% 1.73% 0.37% 0.00% 1.81% 0.61% 0.50% 2.04% 4.66% 3.30% 0.68% 

Benz(a)anthracene  0.00% 0.23% 0.07% 0.10% 0.00% 0.14% 0.01% 0.04% 0.19% 1.32% 0.43% 0.22% 

Chrysene  0.00% 0.43% 0.11% 0.15% 0.00% 0.22% 0.01% 0.04% 0.23% 1.21% 0.45% 0.19% 

Benzo(bk)fluoranthene  0.00% 0.15% 0.01% 0.04% 0.00% 0.00% 0.00% 0.00% 0.00% 1.21% 0.16% 0.24% 

Benzo(a)pyrene  0.00% 0.08% 0.01% 0.02% 0.00% 0.11% 0.01% 0.02% 0.00% 0.71% 0.13% 0.14% 

Indeno(123cd)pyrene  0.00% 0.04% 0.00% 0.01% 0.00% 0.00% 0.00% 0.00% 0.00% 0.31% 0.02% 0.06% 

Dibenzo(ah)anthracene 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
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Figure 5-7: Percentage of Each PAH in Eluates from Percolation Test 1 which was Performed on MSS Material 
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Figure 5-8: Percentage of Each PAH in Eluates from Percolation Test 2 which was Performed on TCA Material 
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Figure 5-9: Percentage of Each PAH in Eluates from Percolation Test 3 which was Performed on GCRB Material 
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Figure 5-10 below shows a comparison of the average total leached amounts from the three replica 

columns from the percolation tests in micrograms of each PAH per kilogram of asphalt material. Note 

the vertical axis is shown with a log scale. Only a small handful of the reported concentrations of 

indeno(123-cd)pyrene, dibenzo(ah)anthracene and benzo(ghi)perylene were above detection limits 

across all three tests, consequently these PAHs have been omitted from Figure 5-10. 

The materials subjected to the percolation tests were of different origins, originating from Ireland, 

Sweden and Germany, respectively. The Swedish (TCA) and German (GCRB) materials were known to 

contain tar and it is therefore in line with expectations that the leached concentrations from them 

generally exceeded those from the Irish material (MSS). 

As seen in Figure 5-10, the average leached concentrations of all detected PAHs, except for 

acenaphthylene, acenaphthene and fluorene were highest in the eluates from Percolation Test 3 on 

the GCRB material.  

 

Figure 5-10: Total Average Leached Amounts from Percolation Tests 1, 2 & 3 

Table 5-4 below shows the average cumulative amount of each PAH leached from the MSS and TCA 

materials as a percentage of the total content of the < 1 mm fraction of the materials, as discussed in 

Section 3.2. As shown in the table, only a very small amount of the total PAH content of the material 

was leached during the percolation tests. The percentages of the total leached from the MSS 

material were highest for acenaphthylene at 2.0%, 2.6%, for acenaphthene and 1.0% for fluorene 

and from the TCA material was naphthalene at 2.1%. The remaining PAHs leached in amounts below 
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1% of their total content in the material. PAHs which were below detection limits have been 

excluded from Table 5-4.  

Table 5-4: Percentage of Total PAH Content of MSS and TCA Materials Leached During Percolation 
Tests 

PAH MSS Material TCA Material 

Naphthalene 0.022% 2.123% 

Acenaphthylene 2.025% 0.647% 

Acenaphthene 2.624% 0.887% 

Fluorene 1.024% 0.442% 

Phenanthrene 0.225% 0.092% 

Anthracene 0.088% 0.020% 

Fluoranthene 0.054% 0.007% 

Pyrene 0.037% 0.004% 

Benzo(a)anthracene 0.003% 0.000% 

Chrysene 0.004% 0.000% 

Benzo(bk)fluoranthene 0.001% 0.000% 

5.3 Analysis of Leaching Behaviour in the Percolation Tests 

Figure 5-11 shows the log of the cumulative amount of naphthalene leached in each percolation test 

in micrograms of naphthalene per kilogram of asphalt material versus the log of cumulative L/S ratio. 

Naphthalene leaching in the eluates from Percolation Tests 1 and 2 appears to consist of a rapid 

leaching phase, followed by a phase where the release was slower. The leached concentrations of 

naphthalene generally increased for the duration of Percolation Test 3. The leaching pattern for 

naphthalene was identified as apparent depletion in two of the replicas of Percolation Test 1 and two 

of the replicas of Percolation Test 2. “Apparent depletion” is a term used in CEN/TS 16637-3:2016 

(European Committee for Standardization, 2016) which refers to release of a substance from a 

material which is controlled by diffusion rather than solubility resulting in an apparent depletion of 

the substance.  Depletion was identified in replica 3 of Percolation Test 1, whilst no pattern could be 

discerned for all three replicas of Percolation Test 3 and replica 2 of Percolation Test 2.  Depletion is 

defined in the published percolation test standard (European Committee for Standardization, 2016) 

as washout of a substance which is fully dissolved in the matrix of a material. 

Figure 5-12 shows the log of the cumulative amount of acenaphthylene released during each of the 

percolation tests plotted against the log of the cumulative L/S ratio. Acenaphthylene leaching in the 

majority of the replicas appears similar to naphthalene, where there is an initial fast release followed 
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by a slower release phase, although this trend is much less pronounced for acenaphthylene. There is 

a sharp increase in the concentrations on the eluates from columns 2 and 3 of Percolation Test 1 at 

approximately L/S = 2 l/kg. Apparent depletion was identified as the dominant leaching pattern for 

two replicas of Percolation Test 1, two replicas of Percolation Test 2 and all three replicas of 

Percolation Test 3. No leaching pattern could be identified for the remaining replicas. 

 

Figure 5-11: Log of Cumulative Naphthalene Release vs Log of Cumulative L/S Ratio in Percolation 
Tests 1, 2 & 3 
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Figure 5-12: Log of Cumulative Acenaphthylene Release vs Log of Cumulative L/S Ratio in 
Percolation Tests 1, 2 & 3 

Figure 5-13 shows the log of the cumulative amount of acenaphthene released during each of the 

percolation tests plotted against the log of the cumulative L/S ratio. Acenaphthene concentrations in 

the eluates from Percolation Test 3 generally increase for the duration of the test, whilst the 

concentrations in Percolation Test 1 eluates are reasonably constant throughout except for the spike 

in columns 2 and 3 at approximately L/S = 2 l/kg. The eluates from Percolation Test 2 also show some 

concentration fluctuations. Apparent depletion was determined as the dominant leaching process in 

replica 3 of Percolation Test 1. The leaching process in all of the other replicas could not be 

determined using the methodology in CEN/TS 16637-3 2016 (European Committee for 

Standardization, 2016). 

Figure 5-14 shows the log of the cumulative release of fluorene versus cumulative L/S ratio from the 

three percolation tests. Leached concentrations fluctuate in the eluates from Percolation Tests 1 and 

2, whilst the concentrations in the eluates from Percolation Test 3 increase with increasing L/S ratio. 

Again, there is a spike in the concentrations in the eluate from columns 1 and 2 of Percolation Test 1. 

Apparent depletion was indicated as the dominant leaching pattern for fluorene in replica 3 of 

Percolation Test 1, however the pattern could not be determined for any other replica, as was the 

case with acenaphthene.  
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Figure 5-13: Log of Cumulative Acenaphthene Release vs Log of Cumulative L/S Ratio in Percolation 
Tests 1, 2 & 3 

 
Figure 5-14: Log of Cumulative Fluorene Release vs Log of Cumulative L/S Ratio in Percolation Tests 
1, 2 & 3 

The log of the cumulative release of phenanthrene is shown in Figure 5-15. Phenanthrene leaching 

from Percolation Test 1 is reasonably constant during the entire test duration, except for the spike at 

approximately L/S = 2 l/kg in columns 2 and 3. The concentrations in the eluates from Percolation 

Test 2 fluctuate until approximately L/S=4 and then increase until termination of the test. The 

concentrations in the eluates from Percolation Test 3 increase with increasing L/S ratio. As with 
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acenaphthene and fluorene, apparent depletion was indicated as the dominant leaching mechanism 

in replica 3 of Percolation Test 1 and no mechanism could be determined for the remainder of the 

replicas. 

 
Figure 5-15: Log of Cumulative Phenanthrene Release vs Log of Cumulative L/S Ratio in Percolation 
Tests 1, 2 & 3 

Figure 5-16 shows the cumulative release of anthracene from the percolation tests. In Percolation 

Tests 1 and 2 the leached concentrations of anthracene are reasonably constant over the duration of 

the tests, except for the spike at approximately L/S = 2 l/kg in columns 2 and 3 of Percolation Test 1. 

The concentrations in the eluates from Percolation Test 3 generally increase with increasing L/S ratio, 

although there is some fluctuation in replicas 2 and 3. Again, apparent depletion was identified as 

the dominant leaching mechanism in replica 3 of Percolation Test 1 but no pattern could be 

determined in the remainder of the replicas. 

Figure 5-17 shows the cumulative release of fluoranthene in Percolation Tests 1, 2 and 3. The 

concentrations in the eluates from Percolation Tests 1 and 2 are reasonably constant throughout the 

duration of the tests except for the spike at approximately L/S = 2 l/kg in columns 2 and 3 of 

Percolation Test 1. The concentrations in replicas 2 and 3 from Percolation Test 3 fluctuate 

somewhat in the early stages of the test and generally increase with increasing L/S ratio. The 

concentrations in replica 1 are constant from approximately L/S=1.5 to the end of the test. 
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Figure 5-16: Log of Cumulative Anthracene Release vs Log of Cumulative L/S Ratio in Percolation 
Tests 1, 2 & 3 

 

Figure 5-17: Log of Cumulative Fluoranthene Release vs Log of Cumulative L/S Ratio in Percolation 
Tests 1, 2 & 3 

The cumulative release of pyrene from Percolation Tests 1, 2 and 3 is shown on Figure 5-18. As with 

fluoranthene, the concentration of pyrene in the eluates from Percolation Tests 1 and 2 is reasonably 

constant for the entire test duration except for the spike at approximately L/S = 2 l/kg in columns 2 

and 3 of Percolation Test 1. The concentrations in the eluates from Percolation Test 3 fluctuated but 

generally increased with increasing L/S ratio. As was the case with acenaphthene, fluorene, 

phenanthrene, anthracene and fluoranthene, apparent depletion was identified as the dominant 
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leaching mechanism in replica 3 of Percolation Test 1. The release pattern in all other replicas remain 

unidentified.  

 
Figure 5-18: Log of Cumulative Pyrene Release vs Log of Cumulative L/S Ratio in Percolation Tests 
1, 2 & 3 

The majority of the remainder of the PAHs were either present in overall low concentrations or a 

leaching pattern could not be determined. Solubility control was identified as the dominant leaching 

pattern in replica 3 of Percolation Test 3 for benzo(a)anthracene and chrysene. Table 5-5 shows a 

summary of the leaching patterns for each PAH in each replica from the percolation tests.  

5.3.1 Discussion of Leaching Behaviour in Percolation Tests 

The leaching behaviour of the majority of the PAHs in the percolation tests did not follow the 

patterns for either solubility control or washout as shown in Figure 2-4. Researchers have previously 

reported that PAH desorption from soils constitutes a period of rapid release followed by a period of 

slower release (Schlebaum, Shraa and Riemsdijk, 1999, Comans et al. 2001). The concentration 

versus time graphs from the percolation tests, as exemplified in Figure 7-1, echoed the concept of 

PAH release on a number of time scales. This has been reflected in the conceptual model of PAH 

leaching which is outlined in Section 2.6 of this thesis and in the numerical model which is detailed in 

Chapter 7. Apparent depletion was identified as the dominant leaching mechanism for naphthene in 

four replicas from the percolations test, for acenaphthylene in seven replicas and in one replica for 

acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene and pyrene. Apparent depletion 

refers to a change in release mechanism from mainly solubility-controlled to mainly diffusion 
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controlled (European Committee for Standardization, 2016) also indicating release phases with 

different kinetics.
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Table 5-5: Summary of Identified Leaching Patterns in Percolation Tests 1, 2 and 3, where AD = Apparent Depletion, D = Depletion,  LC = Low 
Concentrations and SC = Solubility Controlled 

 Percolation Test 1 Percolation Test 2 Percolation Test 3 

PAH MSS C1 MSS C2 MSS C3 TCA C1 TCA C2 TCA C3 GCRB C1 GCRB C2 GCRB C3 

Naphthalene AD AD D AD - AD - - - 

Acenaphthylene  - AD AD AD AD - AD AD AD 

Acenaphthene  - - AD - - - - - - 

Fluorene  - - AD - - - - - - 

Phenanthrene  - - AD - - - - - - 

Anthracene - - AD - - - - - - 

Fluoranthene - - AD - - - - - - 

Pyrene - - AD - - - - - - 

Benz(a)anthracene  LC LC LC LC LC LC - - SC 

Chrysene  LC - - LC LC LC - - SC 

Benzo(bk)fluoranthene  LC LC LC LC LC LC LC - LC 

Benzo(a)pyrene  LC LC LC LC LC LC LC - LC 

Indeno(123cd)pyrene  LC LC LC LC LC LC LC LC LC 
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Dibenzo(ah)anthracene LC LC LC LC LC LC LC LC LC 
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5.4 Repeatability 

Table 5-6 shows the repeatability of each PAH in Percolation Tests 1, 2 and 3. Repeatability was 

calculated for fractions 1-7 of each test and the maximum and minimum value for each of the 

fractions is reported below. As for the batch tests, a repeatability of 50% is taken to be acceptable 

here. Each eluate sample within a fraction is taken at a slightly different L/S ratio due to minor 

differences in material mass and flowrate in each column. Fraction 5, 6 and 7 from Percolation Test 3 

were sampled at more divergent L/S ratios than the other samples due to differences in flowrates, 

however the repeatabilities of all PAHs are best in this test.  

Table 5-6: Repeatability of Percolation Tests 1, 2 and 3 
 Percolation Test 1 Percolation Test 2 Percolation Test 3 

PAH Min Max Min Max Min Max 

Naphthalene 40 133 37 101 6 27 

Acenaphthylene 11 73 12 45 0 15 

Acenaphthene 7 75 7 51 0 13 

Fluorene 6 68 6 45 1 17 

Phenanthrene 10 86 4 39 6 25 

Anthracene 14 85 5 34 9 32 

Fluoranthene 21 89 10 35 2 33 

Pyrene 16 86 0 35 2 33 

Benzo(a)anthracene -* -* -* -* 7 56 

Chrysene -* -* -* -* 7 50 

Benzo(bk)fluoranthene -* -* -* -* 18 98 

Benzo(a)pyrene -* -* -* -* 22 87 

Indeno(123-cd)pyrene -* -* -* -* -* -* 

Dibenzo(ah)anthracene -* -* -* -* -* -* 

Benzo(ghi)perylene -* -* -* -* -* -* 

*Not calculated as some or all values were below detection limits 
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6 Sawtooth Test 

6.1 Introduction 

This section describes the data generated using a novel leaching test developed for this thesis, the 

Sawtooth Test. The intention when developing the Sawtooth Test was to create a test which was 

inexpensive to set up, did not require specialist equipment, was simple to perform and yielded 

sufficient data on PAH leaching which, when used in conjunction with the model described in 

Chapter 7, offered a viable alternative to the percolation test. The methodology for the Sawtooth 

Test is described in Chapter 3. 

6.2 Data 

Figure 6-1 shows the concentration of 16 PAHs in the eluate from replica 1 of the Sawtooth Test at 4 

hours, 8 hours, 12 hours, 24 hours and 48 hours. All 16 PAHs were detected in every sample. The 

highest concentration of the majority of the PAHs was detected in the 12-hour sample, with the 

exception of naphthalene, which was in the 48-hour sample, and phenanthrene, which was in the 24-

hour sample. 

 
Figure 6-1: Concentration in the Eluate from Replica 1 of Sawtooth Test  

Figure 6-2 shows the concentrations in the eluate from replica 2 of the Sawtooth Test. Again all 16 

PAHs were detected in each sample taken. The maximum concentrations were detected for the 

majority of the PAHs in the 24-hour sample, except for dibenzo(ah)anthracene and 

benzo(ghi)perylene which were both detected in the 48-hour samples. 
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Figure 6-2: Concentration in the Eluate from Replica 2 of Sawtooth Test 

 

Figure 6-3: Concentration in the Eluate from Replica 3 of Sawtooth Test 

Figure 6-3 shows the concentrations in the eluate from replica 3 of the Sawtooth Test. The maximum 

concentrations of the majority of the PAHs were found in the 12-hour sample. The maximum 

concentration of naphthalene was detected in the 48-hour sample whilst dibenzo(ah)anthracene was 

below detection limits in all five samples.  

As was the case for the batch tests, the dissolved concentrations of some of the medium and high 

molecular weight PAHs have been overestimated due to incomplete separation of the solids from the 

leachates. According to Raoult’s Law, the solubility of a compound in a mixture is differs from that of 
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the solubility of the pure compound and it is likely that the solubility of each PAH in the eluates was 

lower than those contained in Table 2-1. Table 6-1 below shows the eluate concentrations from each 

replica of the Sawtooth Test as a percentage of their solubility. The measured concentrations of 

benzo(a)anthracene, chrysene, benzo(a)pyrene, dibenzo(ah)anthracene and benzo(ghi)perylene 

were much greater than their solubilities in the vast majority of the fractions. This indicates that the 

measured dissolved concentrations of at least these PAHs have been over-estimated in the Sawtooth 

Test. This overestimation is due to the incomplete separation of solids from the liquid phase resulting 

in PAHs sorbed to solids contributing to the measured concentrations. 

Table 6-1: Average Concentrations in Fraction of Sawtooth Test as a Percentage of PAH Solubility 

PAH Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5 

Naphthalene 0.0 0.0 0.0 0.0 0.0 

Acenaphthylene 0.0 0.0 0.0 0.0 0.0 

Acenaphthene 0.1 0.1 0.2 0.2 0.1 

Fluorene 1.7 1.8 2.5 2.0 1.5 

Phenanthrene 2.2 2.1 2.7 2.3 1.3 

Anthracene 15.2 13.3 23.3 15.5 8.0 

Fluoranthene 17.2 16.5 26.4 17.6 7.1 

Pyrene - - - - - 

Benzo(a)anthracene 203.4 190.5 310.6 207.1 76.5 

Chrysene 1525.9 1485.3 2452.5 1651.8 613.8 

Benzo(bk)fluoranthene - -  - - 

Benzo(a)pyrene 691.0 708.3 1153.6 716.2 278.3 

Indeno(123-cd)pyrene 21.3 22.6 33.5 24.5 7.6 

Dibenzo(ah)anthracene 111.3 210.3 556.4 114.9 95.7 

Benzo(ghi)perylene 3434.3 3678.4 5880.5 3211.4 1357.1 

6.3 Repeatability 

Table 6-2 shows the repeatability of each PAH in the Sawtooth Test. The repeatability of 

naphthalene, acenaphthene and fluorene were acceptable (<50%), however those for the remainder 

of the PAHs were not. When compared with the repeatability of the batch and percolation tests on 

the same material, the Sawtooth Test performs the least well. This may be due to the inherent 

heterogeneity of RA materials and, in part, by the fact that this was the first time a Sawtooth Test 

was carried out. Further tests should be carried out in order to verify the repeatability of the 
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Sawtooth Test for PAHs. It would be prudent to first validate the test methodology by testing 

homogeneous materials, such as traditional asphalt mixes which do not contain recycled materials.  

Table 6-2: Repeatability of 16 PAHs in Sawtooth Test 
PAH Min Max 

Naphthalene 2 8 

Acenaphthylene 55 141 

Acenaphthene 2 30 

Fluorene 3 51 

Phenanthrene 47 102 

Anthracene 37 108 

Fluoranthene 73 131 

Pyrene 75 133 

Benzo(a)anthracene 80 138 

Chrysene 77 136 

Benzo(bk)fluoranthene 83 141 

Benzo(a)pyrene 93 141 

Indeno(123-cd)pyrene 76 141 

Dibenzo(ah)anthracene 101 166 

Benzo(ghi)perylene 104 135 

6.4   Observations 

The highest values of the vast majority of PAHs were detected in either the 12-hour or 24-hour 

samples from the Sawtooth Test. The concentrations in subsequent samples were lower. This 

indicates that peak concentrations have likely been detected. 

Acenaphthylene and dibenzo(ah)anthracene were not detected in any of the 24-hour samples from 

the Sawtooth Test but were detected in some of the 4-hour, 8-hour and 12-hour and 48-hour 

samples. 

6.5 Comparison of the Batch, Percolation and Sawtooth Tests 

6.5.1 Data 

A direct comparison has been made between the three types of leaching tests at 24 hours. The total 

duration of the batch test is 24 hours so each batch test sample is taken at 24 hours. The fourth 

sample in the Sawtooth Test is taken at approximately 24 hours (in fact it is taken at 25.15 hours 

after the test begins, if pauses in the test for sampling are taken into account). Samples in the 
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percolation test are taken at prescribed L/S ratios. Therefore, it was necessary to interpolate 

between measured values to estimate the leached concentrations from each column at 24 hours. 

Both Draft CEN/TC 351 N 0272 (European Committee for Standardization, 2010) and the published 

percolation test standard (European Committee for Standardization, 2016) outline a procedure for 

interpolation of the release rate to other L/S ratios as shown in Equation 23 below. 

𝑼 𝑳

𝑺𝒙

= 𝑼 𝑳

𝑺𝒚

*(1 − 𝒆 𝒌(
𝑳

𝑺𝒙
))/(𝟏 − 𝒆

𝒌
𝑳

𝑺𝒚 )       Equation 23 

Where: 

k = constant that represents the speed of the release 

L/Sx = target L/S ratio 

L/Sy = reference L/S ratio 

UL/Sx = release, in mg/kg dry matter at target L/S 

UL/Sy = release, in mg/kg dry matter at reference L/S 

K values were suggested in neither the draft (European Committee for Standardization, 2010) nor the 

published standard (European Committee for Standardization, 2016) and none were measured in the 

laboratory, so interpolation was instead performed in Excel using the FORECAST function as shown in 

Equation 24 below.   

Target Value = FORECAST(Value to Interpolate , INDEX(Range of Measured Concentrations, 

MATCH(Value to Interpolate, Range of Sampling Times, 1)): INDEX(Range of Measured 

Concentrations, MATCH(Value to Interpolate, Range of Sampling Times, 1) +1), INDEX(Range of 

Sampling Times, MATCH(Value to Interpolate, Range of Sampling Times, 1)) :INDEX(Range of 

Sampling Times,  MATCH(Value to Interpolate, Range of Sampling Times, 1)+1))  

Equation 24 

This function finds the result above and below the target sampling time of 24 hours and then applies 

a straight-line interpolation between these two points. This facilitates the estimation of the leached 

concentrations at 24 hours, although the distance between the two measured concentrations has a 

direct impact on the accuracy of the interpolation. 
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Figure 6-4: Comparison of Sawtooth, Percolation and Batch Test Data at 24 Hours Shown with a Log 
Scale 

Figure 6-4 shows a comparison of the concentration of each PAH in the eluates from the Sawtooth, 

percolation and batch tests. The Sawtooth Test predicts the highest concentration of the majority of 

PAHs compared with the batch and percolation tests at 24 hours. A comparison was not carried out 

at a specific L/S ratio, as the extraction of eluate samples during the Sawtooth Test and the addition 

of fresh leachant complicated the calculation of L/S ratio. As shown on Table 6-3 below, the 

Sawtooth Test yielded the highest value per sample and the highest average values across the three 

replicas for all PAHs except for naphthalene, acenaphthylene and dibenzo(ah)anthracene. This is 

likely due to incomplete separation of colloids from the eluate, resulting in an overestimation of the 

dissolved concentrations of the more hydrophobic compounds. 

PAHs are leached in a similar order of magnitude for the majority of low solubility PAHs across the 

three test types. The percolation test yielded the highest concentrations for naphthalene and 

acenaphthylene. However, the average concentration of naphthalene in the eluates from the 

percolation test was 10.1 µg/l whilst that from the Sawtooth Test was 6.5 µg/l. This indicates that the 

issue with solids separation is not so critical for the lower molecular weight PAHs which are more 

soluble in water. Although acenaphthylene was not detected in the 24-hour samples from the 

Sawtooth Test, it was detected in some earlier samples. Acenaphthylene concentrations were very 

low in the eluates from both the batch and percolation tests. Indeno(123-cd)pyrene was not 

detected in the percolation test but was detected in the batch test and in much higher 

concentrations in the Sawtooth Test. Dibenzo(ah)anthracene was not detected in either the 
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percolation or Sawtooth Tests but was detected in low concentrations in the batch test. The highest 

naphthalene values were detected in the final samples in all 3 replicas from the Percolation Test and 

in 2 replicas from the Sawtooth Test. This indicates that higher concentrations may be yielded had 

the test durations been longer. 

Sawtooth Test concentrations are higher than batch test concentrations for all non-zero values. In 

general, concentrations in eluates from the Sawtooth Test were higher than the percolation test 

eluates and were achieved in a shorter time. Table 6-3 shows the test in which the highest 

concentration and the highest average concentration of each PAH occurred. With the exception of 

naphthalene, acenaphthylene and dibenzo(ah)anthracene, the highest leached concentration of all 

PAHs was detected in the Sawtooth Test data. Again, this is likely due to incomplete separation of 

solid particles from the eluate resulting in an overestimation of the dissolved concentrations of the 

medium and higher molecular weight PAHs. 

Table 6-4 shows the time in hours and the percentage of the test completed when the highest 

concentration was detected in each replica from the percolation and Sawtooth Tests. Equilibrium 

conditions may not have been achieved in the percolation test as the highest concentrations were 

detected in all 3 replicas of the final sample for naphthalene, acenaphthene, fluorene and 

phenanthrene, and in 2 replicas of the final sample for anthracene, fluoranthene and pyrene. It 

should be noted however, that columns 2 and 3 were terminated at L/S = 6.9 l/kg and L/S=6.2 l/kg, 

respectively and not at the target terminal L/S = 10 l/kg, as discussed in Section 5.1. However, even 

the concentrations in the eluates from Column 1, which ran to completion, were increasing at the 

end of the test. The highest concentrations generally occurred in the Sawtooth Test at 25% or 50% of 

the test duration.  

Table 6-3: Tests in Which Highest Concentration of Each PAH Were Detected 
PAH Test with Highest Concentration Test with Highest Average 

Concentration 

Naphthalene Percolation Test Percolation Test 

Acenaphthylene Percolation Test Percolation Test 

Acenaphthene Sawtooth Test Sawtooth Test 

Fluorene Sawtooth Test Sawtooth Test 

Phenanthrene Sawtooth Test Sawtooth Test 

Anthracene Sawtooth Test Sawtooth Test 

Fluoranthene Sawtooth Test Sawtooth Test 

Pyrene Sawtooth Test Sawtooth Test 
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Benzo(a)anthracene Sawtooth Test Sawtooth Test 

Chrysene Sawtooth Test Sawtooth Test 

Benzo(bk)fluoranthene Sawtooth Test Sawtooth Test 

Benzo(a)pyrene Sawtooth Test Sawtooth Test 

Indeno(123cd)pyrene Sawtooth Test Sawtooth Test 

Dibenzo(ah)anthracene Batch Test Batch Test 

Benzo(ghi)perylene Sawtooth Test Sawtooth Test 
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Table 6-4: Time of Occurrence of Maximum Value in Each Replica in Percolation and Sawtooth Tests 

PAH 

Percolation Test Sawtooth Test 

Sample 1 Sample 2 Sample 3 Sample 1 Sample 2 Sample 3 

Time 

(Hours) 

% of 

Test 

Complet

ed 

Time 

(Hours) 

% of 

Test 

Complet

ed 

Time 

(Hours) 

% of 

Test 

Complet

ed 

Time 

(Hours) 

% of 

Test 

Complet

ed 

Time 

(Hours) 

% of 

Test 

Complet

ed 

Time 

(Hours) 

% of 

Test 

Complet

ed 

Naphthalene 442.83 100 442.83 100 442.83 100 48 100 24 50 48 100 

Acenaphthylene 9.21 2.08 25.3 5.71 25.3 5.71 8 16.67 12 25 12 25 

Acenaphthene 442.83 100 442.83 100 442.83 100 12 25 24 50 12 25 

Fluorene 442.83 100 442.83 100 442.83 100 12 25 24 50 12 25 

Phenanthrene 442.83 100 442.83 100 442.83 100 24 50 24 50 12 25 

Anthracene 442.83 100 442.83 100 99.54 22.48 12 25 24 50 12 25 

Fluoranthene 442.83 100 442.83 100 99.54 22.48 12 25 24 50 12 25 

Pyrene 442.83 100 52.38 11.83 442.83 100 12 25 24 50 12 25 

Benzo(a)anthracen

e 

99.54 22.48 52.38 11.83 99.54 22.48 12 25 24 50 12 25 

Chrysene 99.54 22.48 52.38 11.83 99.54 22.48 12 25 24 50 12 25 

Benzo(bk)fluorant

hene 

99.54 22.48 442.83 100 99.54 22.48 12 25 24 50 12 25 

Benzo(a)pyrene 4.53 1.02 99.54 22.48 99.54 22.48 12 25 24 50 12 25 
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PAH 

Percolation Test Sawtooth Test 

Sample 1 Sample 2 Sample 3 Sample 1 Sample 2 Sample 3 

Time 

(Hours) 

% of 

Test 

Complet

ed 

Time 

(Hours) 

% of 

Test 

Complet

ed 

Time 

(Hours) 

% of 

Test 

Complet

ed 

Time 

(Hours) 

% of 

Test 

Complet

ed 

Time 

(Hours) 

% of 

Test 

Complet

ed 

Time 

(Hours) 

% of 

Test 

Complet

ed 

Indeno(123cd)pyre

ne 

- - - - - - 12 25 24 50 12 25 

Dibenzo(ah)anthra

cene 

- - - - - - 12 25 48 100 - - 

Benzo(ghi)perylen

e 

- - - - - - 12 25 48 100 12 25 
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6.6 Summary and Conclusions 

1. A new dataset has been created containing PAH leaching data from three types of leaching 

tests which were performed on a range of reclaimed asphalt mixes. Batch tests were 

performed on nine materials, percolation tests on three materials and the novel Sawtooth 

Test on one material. All three tests were performed on one single material, a German tar-

containing reclaimed asphalt (GCRB). 

2. The repeatability of the batch tests performed was generally good for all of the PAHs tested, 

except for the test on the CZRA material. 

3. With the exception of CZRA-FOAM and IRRA-EMUL, the eluates from the foam and emulsion 

mixes generally showed a reduction in the concentrations of the low molecular weight PAHs 

and an increase in the concentrations of the medium and high molecular weight PAHs. 

4. The ratio of each PAH in the eluate fractions from the percolation test on each individual 

material are often similar between the fractions, although the concentrations vary. This is 

particularly notable in Percolation Tests 1 and 3. 

5. Apparent depletion was identified as the dominant leaching mechanism for naphthene in 

four replicas from the percolations test and for acenaphthylene in seven replicas. Apparent 

depletion was also identified in one replica for acenaphthene, fluorene, phenanthrene, 

anthracene, fluoranthene and pyrene. Low concentrations were indicated in the majority of 

replicas for benzo(a)anthracene, chrysene, benzo(bk)fluoranthene, benzo(a)pyrene, 

indeno(123-cd)pyrene and dibenzo(ah)anthracene. Depletion was identified in one replica 

for naphthalene and solubility-controlled release was indicated in one replica each for 

benz(a)anthracene and chrysene.  

6. The repeatability of the percolation tests was good for the majority of the PAHs. 

7. A new test, the Sawtooth Test is proposed, which is inexpensive to set up, does not require 

specialist equipment and is simple to perform. When used in conjunction with the model 

described in Chapter 7, the Sawtooth Test may be a viable alternative to the percolation test. 

8. The repeatability of naphthalene, acenaphthene and fluorene in the Sawtooth Test were 

acceptable, however those for the remainder of the PAHs were not. This may be due to the 

inherent heterogeneity of RA materials, incomplete solids separation, and, in part, by the 

fact that this was the first time a Sawtooth Test was carried out. 

9. In order to validate the Sawtooth Test methodology, further tests should be carried out. It 

would be prudent to perform these on a homogeneous material, such as a traditional asphalt 

mix. 
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10. The Sawtooth Test predicts the highest concentration of the majority of PAHs compared with 

the batch and percolation tests at 24 hours. 

11. Incomplete separation of solid particles from the eluates from the batch and Sawtooth tests 

has led to an overestimation of the leached dissolved concentrations of the more 

hydrophobic PAHs from those tests. 

12. It is critical to separate solids from the liquid when assessing PAH leaching and centrifugation 

of batch and Sawtooth test eluates should be carried out in order to improve the estimation 

of dissolved PAH concentrations. 

Inferences could not be made regarding the leaching behaviour of PAHs from the Sawtooth Test 

results directly. Therefore, an attempt has been made to develop a simple model which can be used 

to relate the Sawtooth and percolation tests with the objective to reduce the need to carry out the 

relatively complex percolation tests. This model is described in Chapter 7.   
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7 Leaching Model 

7.1 Introduction 

This Chapter describes a simple leaching model which has been developed to simulate the 

percolation and Sawtooth test results. The review of models in Chapter 2 showed that many of the 

models used to date were complex and required considerable effort to calibrate. An attempt was 

made to develop a simple model capable of describing the observed leaching behaviour of the GCRB 

and TCA materials. No attempt was made to model the MSS material, as the leaching of each PAH did 

not follow a discernible consistent pattern – see Figure B-1 in Appendix B which shows the leaching 

of anthracene from Percolation Test 1, as an example. The MSS material was sourced from a mixed 

source stockpile in Ireland, where RA materials from different sources were stored together. 

Although the material was subject to a thorough homogenisation procedure, the heterogeneity of 

this material is a likely explanation for the non-uniformity in leaching behaviour. The TCA material 

was also sourced from a mixed source stockpile, but it was noted that when this material was 

received by the Road Materials Laboratory in UCD, it was well-homogenised. This highlights the need 

for an appropriate homogenisation process, possibly a more thorough process than that which is 

routinely carried out for the production of standard asphalt materials.  

7.2 Development of Percolation Test Model 

A conceptual model of PAH leaching from RA is developed in Section 2.6. The model describes the 

release of PAHs from the material into the surrounding water film through a period of fast 

desorption, followed by a period of slow desorption. PAHs then pass from the water film into the 

leachate and then move through the column by the processes of diffusion and advection. The 

percolation test model was developed based on this initial conceptual model. 

PAH concentrations increased with increasing L/S ratio for a significant portion of the percolation test 

for many PAHs, indicating that the PAH content which could potentially leach from the material had 

not yet been depleted. Visual examination of plots of the percolation test data suggested that the 

PAHs were being released on a number of different time scales. There was an initial fast release of 

PAH, followed by a slower release, followed by an even slower release that provides a long tail to the 

concentration versus time graph – see Figure 7-1.  This was modelled with three distinct contaminant 

mass components, each releasing their contents at different rates.  M_fast, M_slow1 and M_vslow1, 

which combine to provide the total PAH released into the liquid and from which concentrations are 

calculated, as shown in Figure 7-2. The fast phase is governed by a rate constant, K_fast and the 

initial mass of the PAH in the material and also by the concentration in the aqueous phase. The slow 
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and very slow components are influenced by separate rate constants, K_slow and K_vslow, and the 

initial mass in the material in each of the components.   

 
Figure 7-1: Fast, Slow and Very Slow Phases of Release Shown on Pyrene Data from Column 2 of 
Percolation Test 3 

The PAH mass at each time step of the model is calculated by adding the masses in fast, slow and 

very slow phases and subtracting the mass exiting the column due to percolation of the leachant. 

Concentrations are then calculated simply by dividing the mass by the volume of leachant in the 

column. 

Initially, a two-phase model was tested, which was comprised of only a fast phase and a slow phase. 

However, when fitted to the measured early and long-term response, it was found that two phases 

were insufficient to adequately model the intermediate portions of the measured data and resulted 

in an undesirable dip in the model curve, as shown in Figure 7-3 for naphthalene. Thus, a third phase 

was added which was slower than the fast phase and faster than the slow phase, resulting in a fast 

phase, a slow phase and a very slow phase. The three-phase model fitted to naphthalene leaching 

from column 2 of Percolation Test 3 is shown in Figure 7-4. As seen in the figure, it was found that 

the three-phase model fitted the measured data well. 
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Figure 7-2: Outline of Leaching Model 
 

 
Figure 7-3: Two-Phase Model for Naphthalene Leaching from Column 2 of Percolation Test 3 
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Figure 7-4: Three-Phase Leaching Model Fitted to Naphthalene from Column 2 of Percolation Test 3 

The three-phase model was fitted separately to all of the PAHs from Percolation Tests 2 and 3, which 

were above detection limits. Table 7-1 shows the PAHs modelled for each percolation test.  

Table 7-1: PAHs Modelled from Percolation Tests 2 and 3 
PAH Percolation Test 2 Percolation Test 3  

Naphthalene √ √ 

Acenaphthylene √ √ 

Acenaphthene √ √ 

Fluorene √ √ 

Phenanthrene √ √ 

Anthracene √ √ 

Fluoranthene √ √ 

Pyrene √ √ 

Benzo(a)anthracene  √ 

Chrysene  √ 

Benzo(bk)fluoranthene  √ 

Benzo(a)pyrene  √ 

Indeno(123-cd)pyrene   

Dibenzo(ah)anthracene   

Benzo(ghi)perylene   
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An Excel spreadsheet was developed to implement the model equations and to allow the model 

curve to be fitted to the measured data manually by adjusting the initial mass in each phase and the 

rate of reaction for each phase, as listed in Table 7-2. As seen in the table, both K and M values were 

almost always of the same order of magnitude for individual PAHs from both datasets. Further work 

should include a sensitivity analysis to assess the relationship between the model parameters.  

It was possible to produce an excellent to good fit for every modelled PAH from both percolation 

tests and examples of the fitted curves are shown in Figures 7-5 to 7-8. The accuracy of the fit was 

determined based on a visual assessment of the model curve and measured data. It should be noted 

that there may not be a single optimum combination of parameters which generate the best fit and 

that multiple combinations of the parameters may produce similar results. In general, the GCRB 

curves fit better than the TCA curves due to fewer fluctuations in the measured data. The model 

fitted the measured GCRB data very well or excellently for all of the modelled PAHs. With regards to 

the TCA material, the fit was very good to good for all PAHs. As seen in Figures 7-5 to 7-8, the model 

fit the fluoranthene and pyrene data very well. Naphthalene was amongst the PAHs which the model 

curves fit the least well, although the fit was still good. 

Table 7-2: Model Parameters for Fast, Slow and Very Slow Phase of Leaching Model 
Phase Fast  Slow  Very Slow 

Parameter M_Fast K_fast M_Slow K_Slow M_Vslow K_Vslow 

Naphthalene TCA–C1 42 820 3 73 10 200 

TCA-C2 18 200 25 65 270 200 

TCA-C3 16 100 42 50 130 160 

GCRB-

C1 

20 1000 45 80 1210 410 

GCRB-

C2 

16 800 30 57 464 267 

GCRB-

C3 

11 820 22 55 390 270 

Acenaphthylene TCA–C1 1.1 400 0.75 55 20 310 

TCA-C2 1 200 2.1 50 24 320 

TCA-C3 0.9 100 1.65 53 27.5 310 

GCRB-

C1 

0.55 290 0.38 40 3.3 120 
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Phase Fast  Slow  Very Slow 

Parameter M_Fast K_fast M_Slow K_Slow M_Vslow K_Vslow 

GCRB-

C2 

1.45 1300 0.6 57 4.5 130 

GCRB-

C3 

0.8 800 0.4 47 2.58 120 

Acenaphthene TCA–C1 2.8 400 2.9 70 115 330 

TCA-C2 3.8 500 7.9 50 152 400 

TCA-C3 2.65 400 6.3 54 188 400 

GCRB-

C1 

6.4 940 13 61 287 285 

GCRB-

C2 

7 900 13.3 55 194 255 

GCRB-

C3 

4.9 530 10.8 51 146 230 

Fluorene TCA–C1 2.6 250 3.9 70 155 350 

TCA-C2 4.25 600 9.5 52 194 400 

TCA-C3 2.85 400 7.8 57 236 400 

GCRB-

C1 

3 860 7 62 165 300 

GCRB-

C2 

3.6 800 7.05 56 89 240 

GCRB-

C3 

2.65 590 5.3 50 73.2 225 

Phenanthrene TCA–C1 4.2 250 7.7 84 271 370 

TCA-C2 5.5 600 12.9 52 300 400 

TCA-C3 4.4 300 11.7 62 350 400 

GCRB-

C1 

7.2 800 12 60 1100 450 

GCRB-

C2 

12 1000 17 60 285 250 

GCRB-

C3 

9 650 15.4 50 291 265 

Anthracene TCA–C1 0.5 270 0.75 65 38 380 
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Phase Fast  Slow  Very Slow 

Parameter M_Fast K_fast M_Slow K_Slow M_Vslow K_Vslow 

TCA-C2 0.45 200 1.35 48 38 400 

TCA-C3 0.5 300 1.45 65 46 400 

GCRB-

C1 

0.8 800 1.5 50 60 300 

GCRB-

C2 

1.2 750 2.35 60 48 290 

GCRB-

C3 

1.3 700 2.1 45 23.7 220 

Fluoranthene TCA–C1 0.26 200 0.65 90 21.5 310 

TCA-C2 0.29 400 0.86 57 18.2 320 

TCA-C3 0.3 300 1.18 73 33 390 

GCRB-

C1 

1.5 600 3.5 46 113 320 

GCRB-

C2 

3.55 1100 5.4 57 66 240 

GCRB-

C3 

2.9 700 4.5 45 70.5 240 

Pyrene TCA–C1 0.12 200 0.3 90 9.5 310 

TCA-C2 0.12 400 0.41 59 9 320 

TCA-C3 0.13 300 0.58 78 15 380 

GCRB-

C1 

0.7 500 1.8 47 68 360 

GCRB-

C2 

1.95 1500 2.4 58 29.3 225 

GCRB-

C3 

1.35 650 2.35 46 37.5 250 

Benzo(a)anthrace

ne 

GCRB-

C1 

0.075 300 0.24 43 2.94 260 

GCRB-

C2 

0.53 3500 0.36 130 3.6 300 

GCRB-

C3 

0.12 200 0.34 44 3.25 240 
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Phase Fast  Slow  Very Slow 

Parameter M_Fast K_fast M_Slow K_Slow M_Vslow K_Vslow 

Chrysene GCRB-

C1 

0.08 300 0.25 44 3.8 270 

GCRB-

C2 

0.44 3000 0.35 92 7.1 370 

GCRB-

C3 

0.15 500 0.28 45 3.2 210 

Benzo(bk)fluoran

thene 

GCRB-

C1 

0.026 100 0.13 44 2.3 360 

GCRB-

C2 

0.02 100 0.125 41 2.85 330 

GCRB-

C3 

0.11 100 0.074 50 0.48 240 

Benzo(a)pyrene GCRB-

C1 

0.025 70 0.055 45 0.4 150 

GCRB-

C2 

0.02 100 0.07 41 0.82 230 

GCRB-

C3 

0.055 1 0.068 43 0.54 250 
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Phase Fast  Slow  Very Slow 

Parameter M_Fast K_fast M_Slow K_Slow M_Vslow K_Vslow 

 

 
 

 

 

 

 

 
 

 

 

Figure 7-5: Leaching Model Fitted to Measured Pyrene Data from Columns 1, 2 & 3 from 
Percolation Tests 2 & 3 
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Figure 7-6: Leaching Model Fitted to Measured Fluoranthene Data from Columns 1, 2 & 3 from 
Percolation Tests 2 & 3  
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Figure 7-7: Leaching Model Fitted to Measured Naphthalene Data from Columns 1, 2 & 3 from 
Percolation Tests 2 & 3 

Pyrene was the heaviest molecular weight PAH which was detected in the eluates from both 

Percolation Test 2 and 3 and Figure 7-5 shows that the model fitted the measured data from both 

tests very well. The model was also fitted to benzo(a)anthracene, chrysene, benzo(bk)fluoranthene 

and benzo(a)pyrene data from Percolation Test 3. Figure 7-8 shows the model fitted to the measured 

data for benzo(a)pyrene. The curves for the benzo(a)anthracene and benzo(bk)fluoranthene data 

fitted as well as those for the benzo(a)pyrene data, whilst the curves for the chrysene showed an 

excellent fit. This indicates that the model has the potential to work well for low molecular weight, 

medium molecular weight and high molecular weight PAHs, once the measured data does not 

fluctuate greatly. The fitted curves for all of the remaining modelled PAHs are contained in Appendix 

C. 
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Figure 7-8: Leaching Model Fitted to Measured Benzo (a)pyrene Data from Columns 1, 2 & 3 from 
Percolation Test 2 

The average of the measured flowrates through each column was used to fit the model to the 

measured data, as shown in Figures 7-5 to 7-8 above. The actual flowrate can be input to the model 

at each individual timestep, if desired. This was carried out for a selection of PAHs from Percolation 

Test 2 and 3 using the flowrates calculated for Fractions 1 to 7. These flowrates are simply calculated 

based on the volume of eluate collected in each fraction divided by the time taken.  Figures 7-9 and 

7-10 show the results for pyrene from column 1 of each test as an example. The model curves show 

“steps” where there is change in flowrate and these cannot always be smoothed by varying the 

model parameters. This was particularly noticeable for the GCRB material and can be seen in Figure 

7-10 at time = 90 hours, time = 215 hours and time = 430 hours, approximately. This effect can be 

mitigated by eliminating the sharp changes in the flowrates used in the model, perhaps by using the 

Spline function in MATLAB or Octave, or an equivalent, to generate an equation from the measured 

flowrates. This equation can then be used to generate a flowrate value for each timestep, thus 

eliminating the sharp changes.  
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Figure 7-9: Leaching Model Fitted to Measured Pyrene Data from Column 1 of Percolation Test 2 
Using Measured Flowrates 

 
Figure 7-10: Leaching Model Fitted to Measured Pyrene Data from Column 1 of Percolation Test 3 
Using Measured Flowrates 

7.3 Results – Percolation Test Model 

Standard modelling practise requires testing a fitted model by comparing its performance against 

data not used in calibrating the model parameters, often called “split-sample” testing. Here, the 

model calibrated with the data from two columns was used to predict the performance of the other. 

The calibrated model was validated against measured data from Percolation Tests 2 and 3 for each of 

the PAHs listed in Table 7-1. The parameters fitted to the model curve for a PAH for two columns 

were averaged and then applied to the model curve for the third column. The resulting curve was 
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plotted against the actual measured data for the PAH from the third column. This resulted in three 

validation exercises for each PAH for each of the two percolation tests as follows: 

1. Average of the parameters for columns 1 and 2 applied to column 3 curve and plotted 

against column 3 measured data. 

2. Average of the parameters for columns 2 and 3 applied to column 1 curve and plotted 

against column 1 measured data. 

3. Average of the parameters for columns 1 and 3 applied to column 2 curve and plotted 

against column 2 measured data. 

Figures 7-11, 7-12 and 7-13 show a comparison of the leaching model to the measured data from 

Percolation Tests 2 and 3 for pyrene, fluoranthene and naphthalene, respectively. Figure 7-14 shows 

a comparison of the leaching model to the measured data for benzo(a)pyrene from Percolation Test 

3. The comparisons for all of the remaining modelled PAHs are contained in Appendix C.  

Figure 7-11 shows a comparison of the leaching model to measured pyrene data. The model 

accurately predicted the early stage of the tests in all replicas and also the later stages for the 

majority of the replicas. The model did not reflect the fluctuations in the measured data in the 

middle stages of Percolation Test 2 as it is deterministic and does not contain a random effects 

component but performed reasonably well over the entire duration of Percolation Test 3.  

Figure 7-12 shows a comparison of the leaching model to the measured leaching data for 

fluoranthene. The model performed quite well for the majority of the replicas over the duration of 

both tests. Again, fluctuations in the measured data were not reflected in the model but the overall 

shape of the measured data curve was predicted well.  
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Figure 7-11: Comparison of Leaching Model to Measured Pyrene Data from Percolation Tests 2 & 3 
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Figure 7-12: Comparison of Leaching Model to Measured Fluoranthene Data from Percolation Tests 
2 & 3 

 

 

 



139 
 

 

  

  

  

Figure 7-13: Comparison of Leaching Model to Measured Naphthalene Data from Percolation Tests 
2 & 3 

Figure 7-13 shows a comparison of the concentrations predicted by the model to measured 

naphthalene data. Although naphthalene was one of the PAHs for which the model performed the 

least well, the model still predicted the early leaching behaviour reasonably well for both tests. The 

measured leaching behaviour of naphthalene from approximately time = 60 hours was not uniform 

across the three replica columns of Percolation Test 2 and therefore the model did not accurately 

predict this part of the test. However, the model does predict the slope of the measured data curve 

for the later stages of the test, even if the predicted concentrations are not accurate. The model 

accurately predicted the shape of the leaching curve for the duration of the test for all three replicas 

of Percolation Test 3, although it slightly underestimated the concentrations in two replicas and 

overestimated the final concentrations in the other. 
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Figure 7-14: Comparison of Leaching Model to Measured Benzo(a)pyrene Data from Percolation 
Test 3 

Figure 7-14 shows a comparison of the leaching model to the measured benzo(a)pyrene data from 

Percolation Test 3. Benzo(a)pyrene was not detected in the eluates from Percolation Test 2. The 

middle and later stages of the test are modelled reasonably accurately in columns 2 and 3, however 

the model predicts a rise in concentration in the later stages of the test for column 1 which does not 

match the measured data. As seen in the figure, the spike in concentration in the measured data 

from replica column 3 results in a spike in the predicted concentrations for columns 1 and 2 which 

does not exactly match the measured data from those columns.   

7.4 Conclusions – Percolation Test Leaching Model 

 It is possible to achieve a good to excellent fit to measured data for all modelled PAHs using 

the simple, manually calibrated, three-phase deterministic leaching model described in this 

Chapter.  

 The rate constants, K values, and initial masses in each model phase, M values, are similar in 

the majority of cases for each PAH within each test and across both tests. 

 The leaching model predicts the early stages of the test well for all PAHs and the later stages 

for the majority of test replicas. 
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 The model works best when leaching patterns in the measured data between test replicas 

are similar and have minimal random fluctuations, as the model is deterministic and does 

not include a random effects component. 

7.5 Development of Sawtooth Test Model 

The leaching model was also used to simulate the Sawtooth Test results. The model was identical to 

that used to simulate the percolation test results, except that the percolation component was 

switched off and the sampling regime during the Sawtooth Test was included in the model. This was 

achieved by assuming a dilution of the concentration in the test bottle relative to the volume 

sampled and replenishing of the same volume with “fresh” leachant at a time 0.2 hours following 

sampling. This resulted in the distinctive shape of Sawtooth curve as illustrated in Figure 7-15 for 

naphthalene.  

The leaching model was fitted to two replicas from the Sawtooth Test and the average of the 

parameters was used to predict the concentrations in the third replica. Replicas 1 and 3 were 

selected for fitting arbitrarily and were compared to the measured data from replica 2. Comparisons 

of the measured data to the fitted curves are shown for naphthalene, acenaphthene, phenanthrene 

and benzo(a)pyrene in this section, as these are representative of the results for all of the measured 

PAHs. The remaining figures are contained in Appendix D. 

Figure 7-15 below shows the leaching model fitted to the measured naphthalene data from replicas 1 

and 3 of the Sawtooth Test. As seen in the figure, the model fitted the measured naphthalene very 

well during all stages of the test. It should be noted that the measured data is shown with a straight 

line fit between the data points and that the actual leaching profile between the points is unknown.  

Figure 7-16 shows the model curve fitted to acenaphthene data. It was possible to achieve a very 

good fit for the measured data from replica 1 of the test; however, this was not the case for replica 2, 

where the measured data exhibited a spike in concentration at approximately 12 hours. The model 

fit well to the data from both the early and late stages of the test but it was not possible to 

accurately model the middle stages. This phenomenon was also observed for the majority of the 

other PAHs where the peak in measured concentrations generally occurred at 12 or 24 hours.  
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Figure 7-15: Leaching Model Fitted to Measured Naphthalene Data from Replicas 1 & 3 of 
Sawtooth Test 
 

  

Figure 7-16: Leaching Model Fitted to Measured Acenaphthene Data from Replicas 1 and 3 of 
Sawtooth Test 
 

  
Figure 7-17: Leaching Model Fitted to Measured Phenanthrene Data from Replicas 1 and 3 of 
Sawtooth Test 
 



143 
 

 

  
Figure 7-18: Leaching Model Fitted to Measured Benzo(a)pyrene Data from Replicas 1 and 3 of 
Sawtooth Test 

Figure 7-17 shows the model fitted to the measured phenanthrene data from replicas 1 and 3 of the 

Sawtooth Test. The model fit the early and middle stages of the test for replica 1 but could not 

accurately model the later stages in the test where the concentration decreased. This indicates that 

there is a process occurring which is not captured by the model. When the percolation component is 

switched off, the model does not allow mass to leave the system. This could be addressed by adding 

a degradation component to represent the decline in concentrations, following a peak, observed in 

the measured data for the majority of the PAHs. The model fit the early stages of the data from 

replica 3 but could not model the peak in data at around 12 hours. The fit to the later stages of the 

test is fair but again a decline in concentration could not be accurately modelled. 

Figure 7-18 shows the model fitted to the measured data for benzo(a)pyrene from replicas 1 and 3 of 

the Sawtooth Test. The early part of the test is modelled very well in replica 1 and well in replica 2, 

however the model did not fit the middle and later parts of the test well. As explained above, the 

decrease in concentration in the later stages of the test could be better modelled by adding a 

degradation component. It may be possible to better model the middle stages of the test, where 

spikes in the measured data were observed, by adding a delay to one of the model phases, likely the 

slow phase. Both of these options should be explored in future work. 

7.6 Results – Sawtooth Test Model 

A validation exercise has been carried using the split-sampling method outlined in Section 7.3. The 

average of the parameters fitted to the measured data for replicas 1 and 3 of the Sawtooth Test have 

been used to predict leaching from replica 2. This section contains results of the predicted data 

plotted against the measured data for naphthalene, acenaphthene, phenanthrene and 

benzo(a)pyrene. The remaining figures are contained in Appendix D. 
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Figure 7-19 shows the model prediction of leaching of naphthalene from replica 2 of the Sawtooth 

Test in green plotted against the measured data. The model predicted naphthalene leaching very 

well for the entire test duration and just slightly over-estimated the concentrations at the end of the 

test. 

 
Figure 7-19: Comparison of Leaching Model to Measured Naphthalene Data from Replica 2 of 
Sawtooth Test 
 

 
Figure 7-20: Comparison of Leaching Model to Measured Acenaphthene Data from Replica 2 of 
Sawtooth Test 
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Figure 7-21: Comparison of Leaching Model to Measured Phenanthrene Data from Replica 2 of 
Sawtooth Test 

Figure 7-20 shows the model’s prediction of acenaphthene leaching plotted against the measured 

data from replica 2. The overall shape of the model curve fits the leaching data well but the model 

over predicts the concentration of acenaphthene over the majority of the test duration. As shown in 

Figure 7-21, the results are similar for phenanthrene, although the drop in concentration at 

approximately 2 hours is not reflected well in the model prediction. 

 
Figure 7-22: Comparison of Leaching Model to Measured Benzo(a)pyrene Data from Replica 2 of 
Sawtooth Test 
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Figure 7-22 shows the predicted leaching of benzo(a)pyrene compared to the measured 

benzo(a)pyrene data from replica 2 of the Sawtooth Test. The overall shape of the model curve fits 

the data reasonably well however, the predicted concentrations are much higher than the measured 

data.  

Where the model overestimates the leached concentrations for the majority of the test duration, this 

is due to the disparity in the measured concentrations between the replicas of the Sawtooth Test. 

With the exception of naphthalene and dibenzo(ah)anthracene, the measured concentrations of the 

PAHs in replica 3 are significantly higher than those in the other two replicas, particularly at the 12-

hour point in the test. This indicates that it may be prudent to validate the model using a 

homogeneous material before further work is carried out on reclaimed asphalt materials.   

7.7 Conclusions – Sawtooth Test Model 

 It was possible to achieve an excellent fit to the measured data for naphthalene and for one 

replica for acenaphthene using the leaching model.  

 It was possible to achieve a good to excellent fit for the early stages of the test for all PAHs.  

 Where the measured concentrations peaked in the middle stages of the test, it was not 

possible to fit the model to the peak. This may be addressed by adding a delay to one of the 

model phases.    

 Where the concentration of a PAH decreases at the end of the test, this may be better 

modelled by adding a degradation component to the leaching model. 

 The model predicts naphthalene leaching very well for the entire duration of the Sawtooth 

Test. 

 In many cases, the model predicts the shape of the leaching curve well but generally 

overestimates the leached concentrations (except for naphthalene). This is due to higher 

concentrations in the measured data from replica 3 than in the data from the other two 

replicas. 

7.8 Predicting Percolation Test Results Using Sawtooth Test Data 

A simple relationship has been developed between the parameters governing the fitted curves for 

two replicas each of Percolation Test 3 and the Sawtooth Test. This has been achieved simply by 

finding the average ratio of the Sawtooth Test and Percolation Test 3 parameters. Table 7-3 shows 

the fitted parameters for columns 1 and 3 of the percolation test and replicas 1 and 3 of the 

Sawtooth Test. The results for naphthalene, acenaphthene, phenanthrene and benzo(a)pyrene are 

shown in this section. 
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Table 7-3: Fitted Model Parameters for Columns/Replicas 1 and 3 of Percolation Test 3 and 
Sawtooth Test 

Phase Fast  Slow  Very Slow 

Parameter M_Fast K_fast M_Slow K_Slow M_Vslow K_Vslow 

Naphthalene 

PERC3 –C1 20 1000 45 80 1210 410 

PERC3 -C3 11 820 22 55 390 270 

SAWTOOTH – R1 6.5 50 3.5 4 21 50 

SAWTOOTH – R3 6.7 50 1.6 4 27 50 

Acenaphthene 

PERC3 –C1 6.4 940 13 61 287 285 

PERC3 -C3 4.9 530 10.8 51 146 230 

SAWTOOTH – R1 2.1 20 5.6 2.7 31 80 

SAWTOOTH – R3 8 40 0.6 3 30 60 

Phenanthrene 

PERC3 –C1 7.2 800 12 60 1100 450 

PERC3 -C3 9 650 15.4 50 291 265 

SAWTOOTH – R1 22 50 11 6 1 400 

SAWTOOTH – R3 8 5 50 1 1 400 

Benzo(a)pyrene PERC3 –C1 0.025 70 0.055 45 0.4 150 

PERC3 -C3 0.055 1 0.068 43 0.54 250 

SAWTOOTH – R1 2 15 10.5 2.5 21 50 

SAWTOOTH – R3 3 2 60 1 1 50 

The average of the ratio of the Sawtooth Test and Percolation Test 3 parameters shown in Table 7-3 

above was then multiplied by the fitted parameters for replica two of the Sawtooth Test. The 

resulting parameters were then fed into the leaching model and compared against the measured 

data for column 2 of Percolation Test 3. Table 7-4 shows the parameters calculated for each PAH in 

this way, rounded to two decimal places. 

Table 7-4: Calculated Model Parameters for Naphthalene, Acenaphthene, Phenanthrene and 
Benzo(a)pyrene  

Phase Fast Slow Very Slow 

PAH M_Fast K_fast M_Slow K_Slow M_Vslow K_Vslow 

Naphthalene 15.74 910.00 35.09 67.50 677.25 340.00 

Acenaphthene 4.08 551.25 57.09 53.20 205.91 300.42 

Phenanthrene 15.19 3987.50 6.84 192.50 695.50 357.50 

Benzo(a)pyrene 0.06 402.33 0.03 73.92 0.25 200.00 
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Figure 7-23 shows a comparison of the model to measured naphthalene data using the parameters in 

Table 7-4. The model predicts naphthalene leaching very well for the duration of the test, just slightly 

underestimating the concentrations in the early stages of the test and very slightly overestimating 

the concentration at the end of the test. This demonstrates that this approach can work very well.   

 
Figure 7-23: Comparison of Model to Measured Naphthalene Data from Column 2 of Percolation 
Test 3 Using Parameters Derived from Sawtooth Test 

Figure 7-24 shows a comparison of the model to the measured acenaphthene data from column 2 of 

Percolation Test 3. The model predicts the early stages of the test well and the late stages of the test 

reasonably well. However, the model greatly overestimates the concentrations in the middle stages 

of the test. This is because the acenaphthene concentration in replica 2 of the Sawtooth Test at 

around 12 hours was much lower than in the other two replicas, as shown in Figure 7-25. The 

calculated parameters used in the model were based on the ratio of the parameters used to fit the 

curves for replicas 1 and 3 of the Sawtooth Test to the percolation test parameters, resulting in an 

overestimation of the leached concentrations in the middle part of the test. 
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Figure 7-24: Comparison of Model to Measured Acenaphthene Data from Column 2 of Percolation 
Test 3 Using Parameters Derived from Sawtooth Test 

 
Figure 7-25: Leaching of Acenaphthene in Sawtooth Test  
 

It was not anticipated that the model would predict the leaching of phenanthrene or benzo(a)pyrene 

well since it was not possible to model leaching in the Sawtooth Test well for either of these PAHs. 

Figures 7-26 and 7-27 show the model prediction of leaching of phenanthrene and benzo(a)pyrene 

compared to measured data for completeness.  
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As shown in Figure 7-26, the model underestimated phenanthrene leaching in the early and middle 

stages of the test and overestimated leaching in the later stages of the test. Figure 7-27 shows that 

the model overestimated benzo(a)pyrene leaching in the early stages of the test and underestimated 

leaching for the remainder of the test. The curves for all remaining modelled PAHs are shown in 

Appendix E. 

 
Figure 7-26: Comparison of Model to Measured Phenanthrene Data from Column 2 of Percolation 
Test 3 Using Parameters Derived from Sawtooth Test 
 

 
Figure 7-27: Comparison of Model to Measured Benzo(a)pyrene Data from Column 2 of Percolation 
Test 3 Using Parameters Derived from Sawtooth Test 
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7.8.1 Conclusions – Prediction of Percolation Test Results Based on Sawtooth Tests 

 Naphthalene leaching from a column in the percolation test has been predicted very well 

using the model which has been calibrated with calculated parameters. The parameters were 

calculated by applying a factor to the parameters fitted to data from a replica of the 

Sawtooth Test. The factor is based on the ratio between the parameters fitted to 

independent data from two percolation test columns and two Sawtooth Test replicas.  

 The model was less successful in predicting leaching of the remaining PAHs. The modelling 

attempts were hampered by the quality of the model fit to the measured Sawtooth data, as 

described in Sections 7.5 and 7.6.  

 The case of naphthalene indicates that this approach to predicting leaching without 

performing a percolation test is valid. Further work should begin with better capturing 

leaching in the Sawtooth Test. Following this, percolation tests and Sawtooth Tests should be 

carried out on a range of asphalts to further develop the relationship between the model 

parameters.  

    

 



152 
 

8 Summary, Conclusions and Recommendations for Further Work 

8.1 Summary & Conclusions 

 A dataset has been created containing measured data from nine batch leaching tests, three 

percolation leaching tests and a novel leaching procedure, the Sawtooth Test, which have 

been performed on a range of reclaimed asphalt materials. One material was subject to all 

three test types. 

 The majority of the batch test eluates from the emulsion and foam mixtures showed a 

reduction in the concentrations of the low molecular weight PAHs and an increase in the 

concentrations of the medium and high molecular weight PAHs when compared with the 

eluates from the base materials. There were two exceptions to this trend, the CZRA-FOAM 

material and the IRRA-EMUL material. The eluates from the CZRA-FOAM material showed an 

increase in the majority of the low and medium molecular weight PAHs and a decrease in the 

majority of the high molecular weight PAHs. The IRRA-EMUL material showed a reduction in 

all 16 PAHs when compared with the eluates from the base material. This indicates that 

there is potential for cold mix technology to be used in the remediation of reclaimed 

asphalts, where required, but that a leaching test should be carried out on a sample of the 

remediated material in order to assess the efficacy of the encapsulation effect prior to its 

reuse. 

 The analysis of leaching patterns according to CEN/TS 16637-3 (European Committee for 

Standardization, 2016) indicated that apparent depletion may be the dominant mechanism 

for naphthalene, acenaphthylene and possibly for acenaphthene, fluorene, phenanthrene, 

anthracene, fluoranthene and pyrene. Solubility controlled leaching may be the dominant 

process for benzo(a)anthracene and chrysene. Leaching patterns could not be discerned for 

the remaining PAHs. 

 A novel leaching procedure, the Sawtooth Test, has been proposed, which when used in 

conjunction with a deterministic leaching model, may provide an alternative to the standard 

up-flow percolation test. 

 In a direct comparison of the batch, percolation and Sawtooth Tests at 24 hours, the highest 

concentrations of 13 of the 16 PAHs were found in the Sawtooth Test eluates. The highest 

concentrations generally occurred at 25% or 50% of the Sawtooth Test generation, whereas 

the concentrations of many PAHs were still increasing at the end of the percolation test.  

 Dissolved concentrations of PAHs, particularly the more hydrophobic medium and high 

molecular weight PAHs have been overestimated in the batch tests and Sawtooth Test. This 
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is due to incomplete separation of the solid particles from the leachate, as settling was used 

due the lack of a suitable centrifuge.   

 A simple leaching model has been developed to simulate the percolation and Sawtooth test 

results.  

 The leaching model is capable of modelling the observed leaching behaviour of the GCRB and 

TCA materials in the percolation tests very well. The model curves fitted the measured GCRB 

data very well to excellently for all of the modelled PAHs and very well to well for the TCA 

material. The model accurately predicted the early stage of the percolation tests in all 

replicas and also the later stages for the majority of the replicas. The model did not reflect 

the fluctuations in the measured data in the middle stages of Percolation Test 2 but 

performed quite well over the entire duration of Percolation Test 3. 

 It was possible to achieve an excellent fit to measured naphthalene data using the leaching 

model and to accurately predict leaching over the duration of the Sawtooth Test.  

 A peak in concentrations at 12 or 24 hours was observed in the measured Sawtooth Test 

data for the majority of the remaining PAHs and it was not possible to model this peak well 

using the leaching model. The model predicts the shape of the leaching curve well but 

generally overestimates the concentrations of these PAHs. 

 An attempt has been made at predicting leaching of PAHs in the percolation test using 

Sawtooth Test data by applying a factor to the parameters used to fit the model to measured 

Sawtooth Test data. A factor was determined for each PAH by calculating the ratio of the 

model parameters fitted to independent data from the percolation and Sawtooth Tests. 

 Naphthalene leaching in the percolation test was predicted very well using this approach but 

predictions for the other PAHs were hampered by the quality of the fit of the model to the 

measured Sawtooth data. However, the successful results for naphthalene indicate that the 

approach is valid. 

8.2 Recommendations for Further Work  

 The performance of Sawtooth Tests on a range of homogeneous materials to validate the 

procedure. Ruggedness testing should also consider the effects of the test parameters, 

including particle size and the number and timing of eluate samples. 

 Separation of solids from the leachate is a critical step in both the batch test and Sawtooth 

Test and future work should focus on centrifugation as a separation technique.  
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 The performance of both the percolation and Sawtooth tests on a range of reclaimed 

asphalts in order to generate a larger dataset from which to calibrate and validate the newly-

developed leaching model. 

 A sensitivity analysis to assess the relationship between the parameters of the leaching 

model. 

 Further development of the leaching model to incorporate the measured flowrates at each 

timestep of the percolation test rather than the average of the measured flowrates. This 

should begin with eliminating sharp changes in the flowrate data. 

 Further development of the leaching model to improve the fit to measured Sawtooth Test 

data. This may include adding a degradation component and considering how best to capture 

any peaks in concentration throughout the test. 
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Appendix A – Leaching Test Data 

Table A-1: Leached Concentrations of 16 PAHs in Eluate from CZRA Material from Batch Test 1 

PAH 
Concentration (µg/l) 

Replica 1 Replica 2 Replica 3 Replica 4 
(Blank) 

Naphthalene 0.17 0.03 0.04 <0.014 
Acenaphthylene <0.013 <0.013 <0.013 <0.013 
Acenaphthene 0.02 0.02 0.02 <0.013 
Fluorene 0.02 <0.014 0.02 <0.014 
Phenanthrene 0.02 0.02 0.03 <0.011 
Anthracene <0.013 <0.013 <0.013 <0.013 
Fluoranthene 0.02 0.02 0.05 <0.012 
Pyrene 0.02 0.02 0.05 <0.013 
Benzo(a)anthracene <0.015 <0.015 0.02 <0.015 
Chrysene <0.011 <0.011 0.02 <0.011 
Benzo(b)fluoranthene <0.01 <0.01 0.04 <0.01 
Benzo(k)fluoranthene <0.01 <0.01 0.01 <0.01 
Benzo(a)pyrene <0.016 <0.016 0.03 <0.016 
Indeno(123cd)pyrene <0.011 <0.011 0.02 <0.011 
Dibenzo(ah)anthracene <0.01 <0.01 <0.01 <0.01 
Benzo(ghi)perylene <0.011 <0.011 0.03 <0.011 
PAH Surrogate % 
Recovery 

87 78 79 79 

 

Table A-2: Leached Concentrations of 16 PAHs in Eluate from CZRA-FOAM Material from Batch Test 
2 

PAH 
Concentration (µg/l) 

Replica 1 Replica 2 Replica 3 Replica 4 
(Blank) 

Naphthalene 1.9 2.04 1.92 0.014 
Acenaphthylene <0.013 <0.013 <0.013 0.013 
Acenaphthene 0.11 0.1 0.09 0.013 
Fluorene 0.08 0.08 0.07 0.014 
Phenanthrene 0.26 0.22 0.18 0.011 
Anthracene <0.013 <0.013 <0.013 0.013 
Fluoranthene 0.13 0.1 0.08 0.012 
Pyrene 0.07 0.06 0.04 0.013 
Benzo(a)anthracene 0.03 0.02 <0.015 0.015 
Chrysene 0.03 0.02 <0.011 0.011 
Benzo(b)fluoranthene 0.02 0.02 <0.01 0.01 
Benzo(k)fluoranthene <0.01 <0.01 <0.01 0.01 
Benzo(a)pyrene 0.02 <0.016 <0.016 0.016 
Indeno(123cd)pyrene <0.011 <0.011 <0.011 0.011 
Dibenzo(ah)anthracene <0.01 <0.01 <0.01 0.01 
Benzo(ghi)perylene <0.011 <0.011 <0.011 0.011 
PAH Surrogate % 
Recovery 92 98 92 94 
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Table A-3: Leached Concentrations of 16 PAHs in Eluate from GCRB Material from Batch Test 3 

PAH 
Concentration (µg/l) 

Replica 1 Replica 2 Replica 3 Replica 4 
(Blank) 

Naphthalene 3.06 2.51 3.34 <0.014 
Acenaphthylene 0.15 0.12 0.17 <0.013 
Acenaphthene 4.12 3.46 4.36 <0.013 
Fluorene 2.35 1.99 2.48 <0.014 
Phenanthrene 8.33 7.09 8.27 0.02 
Anthracene 0.24 0.16 0.36 <0.013 
Fluoranthene 3.97 3.34 4.19 <0.012 
Pyrene 2.27 1.89 2.34 <0.013 
Benzo(a)anthracene 1.09 0.89 1.12 <0.015 
Chrysene 1.07 0.87 1.1 <0.011 
Benzo(b)fluoranthene 1.21 0.91 1.2 <0.01 
Benzo(k)fluoranthene 0.47 0.35 0.47 <0.01 
Benzo(a)pyrene 0.92 0.69 0.93 <0.016 
Indeno(123cd)pyrene 0.48 0.38 0.5 <0.011 
Dibenzo(ah)anthracene 0.1 0.09 0.11 <0.01 
Benzo(ghi)perylene 0.36 0.24 0.32 <0.011 
PAH Surrogate % 
Recovery 

78 71 84 77 

 

Table A-4: Leached Concentrations of 16 PAHs in Eluate from IRRA-FOAM Material from Batch Test 
4 

PAH 
Concentration (µg/l) 

Replica 1 Replica 2 Replica 3 Replica 4 
(Blank) 

Naphthalene 0.74 0.76 0.9 0.02 
Acenaphthylene 0.19 0.28 0.24 0.02 
Acenaphthene 4.57 5.08 4.77 <0.013 
Fluorene 1.86 2.09 1.97 0.02 
Phenanthrene 6.48 8.17 8.06 0.03 
Anthracene 1.48 1.81 1.97 <0.013 
Fluoranthene 7.08 9.68 8.69 <0.012 
Pyrene 6.55 9.27 7.86 <0.013 
Benzo(a)anthracene 2.79 4.31 3.9 <0.015 
Chrysene 3.28 5.14 3.79 <0.011 
Benzo(b)fluoranthene 5.2 8.86 6.84 <0.01 
Benzo(k)fluoranthene 2.02 3.45 2.66 <0.01 
Benzo(a)pyrene 5.13 8.67 5.99 <0.016 
Indeno(123cd)pyrene 4.19 7.21 5.67 <0.011 
Dibenzo(ah)anthracene 0.34 0.59 0.43 <0.01 
Benzo(ghi)perylene 4.16 6.55 5.25 <0.011 
PAH Surrogate % 
Recovery 88 91 87 81 
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Table A-5: Leached Concentrations of 16 PAHs in Eluate from IRRA Material from Batch Test 5 

PAH 
Concentration (µg/l) 

Replica 1 Replica 2 Replica 3 Replica 4 
(Blank) 

Naphthalene 10.65 11.23 11.13 <0.01 
Acenaphthylene 0.28 0.31 0.3 <0.01 
Acenaphthene 16.34 22.25 18.76 <0.01 
Fluorene 6.36 8.57 7.32 <0.01 
Phenanthrene 17.01 23.17 18.89 <0.01 
Anthracene 2.57 3.04 2.14 <0.01 
Fluoranthene 10.65 14.01 11.5 <0.01 
Pyrene 8.68 11.27 9.39 <0.01 
Benzo(a)anthracene 2.89 3.84 3.54 <0.01 
Chrysene 3.07 3.9 3.56 <0.01 
Benzo(b)fluoranthene 3.7 4.69 4.82 <0.01 
Benzo(k)fluoranthene 1.44 1.83 1.8 <0.01 
Benzo(a)pyrene 3.68 4.73 4.73 <0.01 
Indeno(123cd)pyrene 2.26 2.76 2.96 <0.01 
Dibenzo(ah)anthracene 0.22 0.26 0.29 <0.01 
Benzo(ghi)perylene 2.63 3.04 3.34 <0.01 
PAH Surrogate % 
Recovery 

99 103 110 81 

 
 
Table A-6: Leached Concentrations of 16 PAHs in Eluate from GCRB-BC Material from Batch Test 6 

PAH 
Concentration (µg/l) 

Replica 1 Replica 2 Replica 3 Replica 4 
(Blank) 

Naphthalene 0.8 0.74 0.91 <0.014 
Acenaphthylene <0.65 <0.65 <0.65 <0.013 
Acenaphthene <0.65 <0.65 <0.65 <0.013 
Fluorene <0.7 <0.7 <0.7 <0.014 
Phenanthrene 0.87 0.62 1.06 <0.011 
Anthracene <0.65 <0.65 0.75 <0.013 
Fluoranthene 1.61 1.23 2.27 <0.012 
Pyrene 1.45 1.12 1.99 <0.013 
Benzo(a)anthracene 1.17 0.86 1.83 <0.015 
Chrysene 1.19 0.99 2.35 <0.011 
Benzo(b)fluoranthene 1.6 1.2 0.92 <0.01 
Benzo(k)fluoranthene 0.62 <0.5 3.27 <0.01 
Benzo(a)pyrene 1.17 0.89 1.76 <0.016 
Indeno(123cd)pyrene 0.88 0.68 1.22 <0.011 
Dibenzo(ah)anthracene <0.5 <0.5 <0.5 <0.01 
Benzo(ghi)perylene 0.71 <0.55 0.99 <0.011 
PAH Surrogate % 
Recovery 78 73 95 71 
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Table A-7: Leached Concentrations of 16 PAHs in Eluate from GCRB-FOAM Material from Batch Test 
7 

PAH 
Concentration (µg/l) 

Replica 1 Replica 2 Replica 3 Replica 4 
(Blank) 

Naphthalene 0.04 <2.8 0.06 0.02 
Acenaphthylene 0.06 <2.6 0.06 <0.013 
Acenaphthene 0.13 <2.6 0.11 <0.013 
Fluorene 0.06 <2.8 0.05 <0.014 
Phenanthrene 0.52 9.69 0.56 <0.011 
Anthracene 0.26 4.37 0.28 <0.013 
Fluoranthene 3 51.33 3 0.02 
Pyrene 3.29 50.93 3.32 0.02 
Benzo(a)anthracene 1.92 47.65 2.09 <0.015 
Chrysene 2.39 46.75 2.27 <0.011 
Benzo(b)fluoranthene 3.89 69.75 3.66 <0.01 
Benzo(k)fluoranthene 1.51 27.12 1.43 <0.01 
Benzo(a)pyrene 2.96 56.33 2.87 0.02 
Indeno(123cd)pyrene 1.84 35.21 1.99 <0.011 
Dibenzo(ah)anthracene 0.52 7.62 0.46 <0.01 
Benzo(ghi)perylene 1.36 25.85 1.48 <0.011 
PAH Surrogate % 
Recovery 78 62 75 76 

 
 
Table A-8: Leached Concentrations of 16 PAHs in Eluate from IRRA-EMUL Material from Batch Test 
8 

PAH 
Concentration (µg/l) 

Replica 1 Replica 2 Replica 3 Replica 4 
(Blank) 

Naphthalene 3.36 3.25 2.99 <0.014 
Acenaphthylene 0.06 0.07 0.06 <0.013 
Acenaphthene 3.93 4.03 3.77 <0.013 
Fluorene 1.51 1.59 1.43 <0.014 
Phenanthrene 2.76 3.01 2.7 <0.011 
Anthracene 0.28 0.35 0.3 <0.013 
Fluoranthene 0.54 0.58 0.57 <0.012 
Pyrene 0.35 0.38 0.37 <0.013 
Benzo(a)anthracene 0.04 0.03 0.03 <0.015 
Chrysene 0.04 0.05 0.02 <0.011 
Benzo(b)fluoranthene 0.02 0.04 <0.01 <0.01 
Benzo(k)fluoranthene <0.01 0.01 0.03 <0.01 
Benzo(a)pyrene 0.03 0.03 0.02 <0.016 
Indeno(123cd)pyrene 0.02 0.02 <0.011 <0.011 
Dibenzo(ah)anthracene <0.01 <0.01 <0.01 <0.01 
Benzo(ghi)perylene 0.02 0.02 0.02 <0.011 
PAH Surrogate % 
Recovery 70 72 71 72 
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Table A-9: Leached Concentrations of 16 PAHs in Eluate from GCRB-EMUL Material from Batch Test 
10 

PAH 
Concentration (µg/l) 

Replica 1 Replica 2 Replica 3 Replica 4 
(Blank) 

Naphthalene <2.8 <2.8 <2.8 <0.014 
Acenaphthylene <2.6 <2.6 <2.6 <0.013 
Acenaphthene 2.83 3.07 <2.6 <0.013 
Fluorene <2.8 <2.8 <2.8 <0.014 
Phenanthrene 9.89 16.37 13.13 0.02 
Anthracene <2.6 3.5 2.86 <0.013 
Fluoranthene 9.89 24.32 18.49 <0.012 
Pyrene 6.38 16.5 12.5 <0.013 
Benzo(a)anthracene 5.16 14.14 10.45 <0.015 
Chrysene 5.91 15.32 11.84 <0.011 
Benzo(b)fluoranthene 6.35 17.19 13.23 <0.01 
Benzo(k)fluoranthene 2.47 6.69 5.15 <0.01 
Benzo(a)pyrene 4.31 12.13 10.07 <0.016 
Indeno(123cd)pyrene 2.88 8.1 6.05 <0.011 
Dibenzo(ah)anthracene <2 <2.54 <2 <0.01 
Benzo(ghi)perylene 2.82 7.93 5.66 <0.011 
PAH Surrogate % 
Recovery 91 103 77 95 

 
 
Table A-10: Leached Concentrations of 17 PAHs in Eluate from MSS Material from Percolation Test 
1 

PAH Fraction 
Concentration (µg/l) 

Column 1 Column 2 Column 3 

Naphthalene 

1 0.030 0.030 0.030 
2 0.250 0.250 0.250 
3 0.340 0.660 0.810 
4 0.220 0.070 1.570 
5 <0.014 0.100 0.100 
6 0.080 0.030 0.020 
7 0.040 0.020 <0.014 

Acenaphthylene 

1 0.330 0.330 0.330 
2 0.580 0.580 0.580 
3 0.540 0.580 0.470 
4 0.280 0.650 0.600 
5 0.350 2.800 3.170 
6 0.720 0.350 0.320 
7 0.220 0.360 0.140 

Acenaphthene 

1 3.560 3.560 3.560 
2 3.510 3.510 3.510 
3 3.280 3.490 3.010 
4 2.980 4.770 3.610 
5 2.770 27.270++ 30.450++ 
6 5.880 2.760 2.480 
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7 2.050 3.490 1.290 

Fluorene 

1 2.080 2.080 2.080 
2 1.910 1.910 1.910 
3 1.670 1.840 1.670 
4 1.630 1.970 1.940 
5 1.430 8.930++ 9.340++ 
6 2.980 1.120 1.070 
7 0.950 1.770 0.610 

Phenanthrene 

1 2.020 2.020 2.020 
2 1.640 1.640 1.640 
3 1.340 1.550 1.630 
4 1.560 1.020 1.380 
5 1.270 3.710 9.140++ 
6 2.570 1.050 0.910 
7 0.960 1.620 0.580 

Anthracene 

1 0.300 0.300 0.300 
2 0.270 0.270 0.270 
3 0.180 0.240 0.220 
4 0.200 0.400 0.230 
5 0.270 1.680 3.190 
6 0.450 0.160 0.190 
7 0.150 0.300 0.090 

Fluoranthene 

1 0.310 0.310 0.310 
2 0.220 0.220 0.220 
3 0.140 0.200 0.210 
4 0.150 0.320 0.160 
5 0.190 1.420 2.800 
6 0.380 0.150 0.140 
7 0.140 0.270 0.080 

Pyrene 

1 0.170 0.170 0.170 
2 0.130 0.130 0.130 
3 0.090 0.120 0.120 
4 0.090 0.210 0.100 
5 0.120 0.960 1.720 
6 0.230 0.100 0.090 
7 0.080 0.160 0.050 

Benzo(a)anthracene 

1 0.020 0.020 0.020 
2 <0.015 <0.015 <0.015 
3 <0.015 <0.015 <0.015 
4 <0.015 0.020 <0.015 
5 <0.015 0.110 0.120 
6 0.020 <0.015 <0.015 
7 <0.015 <0.015 <0.015 

Chrysene 

1 0.020 0.020 0.020 
2 <0.011 <0.011 <0.011 
3 0.030 <0.011 <0.011 
4 <0.011 0.020 <0.011 
5 <0.011 0.130 0.130 
6 0.020 <0.011 <0.011 
7 0.020 <0.011 <0.011 



173 
 

Benzo(bk)fluoranthene 

1 <0.018 <0.018 <0.018 
2 <0.018 <0.018 <0.018 
3 <0.018 <0.018 <0.018 
4 <0.018 <0.018 <0.018 
5 <0.018 0.070 0.060 
6 <0.018 <0.018 <0.018 
7 <0.018 <0.018 <0.018 

Benzo(a)pyrene 

1 <0.016 <0.016 <0.016 
2 <0.016 <0.016 <0.016 
3 <0.016 <0.016 <0.016 
4 <0.016 <0.016 <0.016 
5 <0.016 0.040 0.030 
6 <0.016 <0.016 <0.016 
7 <0.016 <0.016 <0.016 

Indeno(123-cd)pyrene 

1 <0.011 <0.011 <0.011 
2 <0.011 <0.011 <0.011 
3 <0.011 <0.011 <0.011 
4 <0.011 <0.011 <0.011 
5 <0.011 0.020 <0.011 
6 <0.011 <0.011 <0.011 
7 <0.011 <0.011 <0.011 

Dibenzo(ah)anthracene 

1 <0.01 <0.01 <0.01 
2 <0.01 <0.01 <0.01 
3 <0.01 <0.01 <0.01 
4 <0.01 <0.01 <0.01 
5 <0.01 <0.01 <0.01 
6 <0.01 <0.01 <0.01 
7 <0.01 <0.01 <0.01 

Benzo(ghi)perylene 

1 <0.011 <0.011 <0.011 
2 <0.011 <0.011 <0.011 
3 <0.011 <0.011 <0.011 
4 <0.011 <0.011 <0.011 
5 <0.011 0.030 0.020 
6 <0.011 <0.011 <0.011 
7 <0.011 <0.011 <0.011 

Coronene 

1 <0.1 <0.1 <0.1 
2 <0.1 <0.1 <0.1 
3 <0.1 <0.1 <0.1 
4 <0.1 <0.1 <0.1 
5 <0.1 <0.1 <0.1 
6 <0.1 <0.1 <0.1 
7 <0.1 <0.1 <0.1 

++ Result outside calibration range. Results are indicative only and not accredited. 

 

Table A-11: Leached Concentrations of 17 PAHs in Eluate from TCA Material from Percolation Test 
2 

PAH Fraction 
Concentration (µg/l) 

Column 1 Column 2 Column 3 
Naphthalene 1 6.830 6.830 6.830 
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2 16.110++ 16.110++ 16.110++ 
3 19.660++ 9.400 10.730++ 
4 7.130 3.380 7.120 
5 1.720 8.860++ 14.770++ 
6 0.810 11.60++ 7.640 
7 0.270 10.110++ 4.340 

Acenaphthylene 

1 0.840 0.840 0.840 
2 0.740 0.740 0.740 
3 0.660 0.980 0.550 
4 0.480 0.370 0.340 
5 0.280 0.760 0.550 
6 0.330 0.390 0.440 
7 0.490 0.560 0.620 

Acenaphthene 

1 1.920 1.920 1.920 
2 2.080 2.080 2.080 
3 2.090 2.900 2.080 
4 1.360 1.140 0.930 
5 0.940 2.910 1.980 
6 1.690 1.480 1.690 
7 2.590 2.490 2.840 

Fluorene 

1 2.280 2.280 2.280 
2 2.280 2.280 2.280 
3 2.090 3.280 2.270 
4 1.750 1.200 1.010 
5 1.270 3.400 2.390 
6 2.000 1.940 2.190 
7 3.230 3.140 3.500 

Phenanthrene 

1 3.620 3.620 3.620 
2 3.480 3.480 3.480 
3 2.600 4.270 3.620 
4 2.500 1.600 1.720 
5 1.960 4.510 3.410 
6 3.450 3.070 3.390 
7 5.210 4.850 5.230 

Anthracene 

1 0.410 0.410 0.410 
2 0.410 0.410 0.410 
3 0.270 0.410 0.400 
4 0.270 0.200 0.220 
5 0.240 0.500 0.410 
6 0.400 0.320 0.450 
7 0.680 0.630 0.690 

Fluoranthene 

1 0.230 0.230 0.230 
2 0.220 0.220 0.220 
3 0.160 0.250 0.240 
4 0.200 0.100 0.150 
5 0.150 0.300 0.310 
6 0.400 0.300 0.360 
7 0.540 0.430 0.520 

Pyrene 1 0.110 0.110 0.110 
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2 0.090 0.090 0.090 
3 0.100 0.100 0.100 
4 0.090 0.050 0.070 
5 0.070 0.140 0.140 
6 0.180 0.150 0.180 
7 0.240 0.210 0.250 

Benzo(a)anthracene 

1 <0.015 <0.015 <0.015 
2 <0.015 <0.015 <0.015 
3 0.040 <0.015 <0.015 
4 <0.015 <0.015 <0.015 
5 <0.015 <0.015 <0.015 
6 <0.015 <0.015 <0.015 
7 <0.015 <0.015 0.020 

Chrysene 

1 <0.011 <0.011 <0.011 
2 <0.011 <0.011 <0.011 
3 0.060 <0.011 <0.011 
4 <0.011 <0.011 <0.011 
5 <0.011 <0.011 <0.011 
6 <0.011 <0.011 <0.011 
7 <0.011 <0.011 <0.011 

Benzo(bk)fluoranthene 

1 <0.018 <0.018 <0.018 
2 <0.018 <0.018 <0.018 
3 <0.018 <0.018 <0.018 
4 <0.018 <0.018 <0.018 
5 <0.018 <0.018 <0.018 
6 <0.018 <0.018 <0.018 
7 <0.018 <0.018 <0.018 

Benzo(a)pyrene 

1 <0.016 <0.016 <0.016 
2 <0.016 <0.016 <0.016 
3 0.030 <0.016 <0.016 
4 <0.016 <0.016 <0.016 
5 <0.016 <0.016 <0.016 
6 <0.016 <0.016 <0.016 
7 <0.016 <0.016 <0.016 

Indeno(123-cd)pyrene 

1 <0.011 <0.011 <0.011 
2 <0.011 <0.011 <0.011 
3 <0.011 <0.011 <0.011 
4 <0.011 <0.011 <0.011 
5 <0.011 <0.011 <0.011 
6 <0.011 <0.011 <0.011 
7 <0.011 <0.011 <0.011 

Dibenzo(ah)anthracene 

1 <0.01 <0.01 <0.01 
2 <0.01 <0.01 <0.01 
3 <0.01 <0.01 <0.01 
4 <0.01 <0.01 <0.01 
5 <0.01 <0.01 <0.01 
6 <0.01 <0.01 <0.01 
7 <0.01 <0.01 <0.01 

Benzo(ghi)perylene 1 <0.011 <0.011 <0.011 
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2 <0.011 <0.011 <0.011 
3 0.02 <0.011 <0.011 
4 <0.011 <0.011 <0.011 
5 <0.011 <0.011 <0.011 
6 <0.011 <0.011 <0.011 
7 <0.011 <0.011 <0.011 

Coronene 

1 <0.1 <0.1 <0.1 
2 <0.1 <0.1 <0.1 
3 <0.1 <0.1 <0.1 
4 <0.1 <0.1 <0.1 
5 <0.1 <0.1 <0.1 
6 <0.1 <0.1 <0.1 
7 <0.1 <0.1 <0.1 

++ Result outside calibration range. Results are indicative only and not accredited. 

Table A-12: Leached Concentrations of 17 PAHs in Eluate from GCRB Material from Percolation Test 
3 

PAH Fraction 
Concentration (µg/l) 

Column 1 Column 2 Column 3 

Naphthalene 

1 4.881 4.730 2.847 
2 8.784 8.693 6.356 
3 11.152 11.110 8.532 
4 - 11.505 9.235 
5 11.474 12.666 11.2804 
6 13.713 12.207 10.953 
7 16.953 14.531 13.958 

Acenaphthylene 

1 0.465 0.410 0.347 
2 0.480 0.485 0.452 
3 0.434 0.580 0.543 
4 - 0.446 0.449 
5 0.237 0.241 0.305 
6 0.25 0.256 0.279 
7 0.160 0.156 0.156 

Acenaphthene 

1 1.743 1.970 1.561 
2 3.196 3.931 3.356 
3 4.091 4.940 4.340 
4 - 5.079 4.520 
5 4.513 5.736 5.671 
6 5.663 5.610 5.640 
7 7.264 6.479 6.417 

Fluorene 

1 0.693 0.920 0.745 
2 1.686 2.208 1.654 
3 2.020 2.660 2.362 
4 - 2.703 2.347 
5 2.263 2.954 2.854 
6 2.863 2.927 2.884 
7 3.887 3.250 3.302 

Phenanthrene 
1 2.010 2.560 2.459 
2 4.108 6.208 5.798 
3 4.556 7.390 7.309 
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4 - 7.861 6.724 
5 5.855 7.724 8.207 
6 7.15 8.073 8.070 
7 11.283 10.010 10.542 

Anthracene 

1 0.248 0.290 0.255 
2 0.490 0.782 0.683 
3 0.566 0.840 1.106 
4 - 1.069 0.888 
5 0.645 0.931 1.171 
6 0.813 1.037 0.965 
7 1.387 1.344 1.094 

Fluoranthene 

1 0.564 0.770 0.908 
2 1.118 1.743 1.788 
3 1.212 2.310 2.394 
4 - 2.356 2.276 
5 1.513 2.322 2.585 
6 1.413 2.220 2.256 
7 2.321 2.438 2.948 

Pyrene 

1 0.287 0.380 0.469 
2 0.539 0.842 0.875 
3 0.596 1.080 1.191 
4 - 1.178 1.143 
5 0.737 1.126 1.305 
6 0.663 1.085 1.128 
7 1.123 1.167 1.490 

Benzo(a)anthracene 

1 0.050 0.060 0.133 
2 0.069 0.089 0.106 
3 0.071 0.110 0.128 
4 - 0.158 0.143 
5 0.105 0.115 0.183 
6 0.063 0.110 0.116 
7 0.085 0.125 0.135 

Chrysene 

1 0.050 0.060 0.122 
2 0.078 0.099 0.125 
3 0.071 0.130 0.138 
4 - 0.158 0.143 
5 0.105 0.138 0.159 
6 0.075 0.122 0.140 
7 0.104 0.146 0.156 

Benzo(bk)fluoranthene 

1 0.030 0.020 0.122 
2 0.020 0.020 0.038 
3 <0.018 0.030 0.032 
4 - 0.040 0.031 
5 0.026 0.034 <0.01 
6 0.025 0.037 0.023 
7 0.038 0.063 <0.018 

Benzo(a)pyrene 

1 0.030 0.020 0.071 
2 0.020 0.020 0.029 
3 <0.016 0.020 0.021 
4 - 0.030 0.020 
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5 0.053 0.057 0.037 
6 0.025 0.024 <0.016 
7 0.019 0.031 0.021 

Indeno(123-cd)pyrene 

1 <0.011 <0.011 0.031 
2 <0.011 <0.011 <0.011 
3 <0.011 <0.011 <0.011 
4 - <0.011 <0.011 
5 <0.01 <0.01 <0.01 
6 <0.011 <0.011 <0.011 
7 <0.011 <0.011 <0.011 

Dibenzo(ah)anthracene 

1 <0.01 <0.01 <0.01 
2 <0.01 <0.01 <0.01 
3 <0.01 <0.01 <0.01 
4 - <0.01 <0.01 
5 <0.01 <0.01 <0.01 
6 <0.01 <0.01 <0.01 
7 <0.01 <0.01 <0.01 

Benzo(ghi)perylene 

1 <0.011 <0.011 <0.011 
2 <0.011 <0.011 <0.011 
3 <0.011 <0.011 <0.011 
4 - <0.011 <0.011 
5 <0.01 <0.01 <0.01 
6 <0.011 <0.011 <0.011 
7 <0.011 <0.011 <0.011 

++ Result outside calibration range. Results are indicative only and not accredited. 

Table A-13: Leached Concentrations of 16 PAHs in Eluate from GCRB Material from Replica 1 of 
Sawtooth Test 

PAH 
Concentration (µg/l) 

4hr Sample 8hr Sample  12hr 
Sample 

24hr 
Sample 

48hr 
Sample 

Naphthalene 4.72 5.44 7.67 6.61 5.86 
Acenaphthylene 0.27 0.4 <2.0 <1.0 0.31 
Acenaphthene 3.8 4.21 7.32 4.92 3.97 
Fluorene 2.19 2.39 5.78 2.96 2.18 
Phenanthrene 11.16 12.84 32.03 16.11 8.47 
Anthracene 2.33 2.74 10.38 4.2 1.68 
Fluoranthene 10.3 14.49 55.92 19.42 5.07 
Pyrene 6.64 9.44 38.89 13.12 3.2 
Benzo(a)anthracene 5.16 7.69 34.37 11.63 2.0 
Chrysene 5.55 8.22 36.95 12.92 2.16 
Benzo(b)fluoranthene 5.7 9.54 41.33 13.66 2.28 
Benzo(k)fluoranthene 2.22 3.71 16.07 5.31 0.88 
Benzo(bk)fluoranthene 7.92 13.25 57.4 18.97 3.16 
Benzo(a)pyrene 4.41 7.22 32.99 9.98 1.82 
Indeno(123cd)pyrene 2.29 4.92 16.34 5.27 0.75 
Dibenzo(ah)anthracene 1.05 1.89 9.83 <1.0 <0.2 
Benzo(ghi)perylene 1.94 3.83 13.61 4.29 <0.2 
PAH Surrogate % 
Recovery 

92 89 121 91 80 
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Table A-14: Leached Concentrations of 16 PAHs in Eluate from GCRB Material from Replica 2 of 
Sawtooth Test 

PAH 
Concentration (µg/l) 

4hr Sample 8hr Sample  12hr 
Sample 

24hr 
Sample 

48hr 
Sample 

Naphthalene 2.78 5.75 5.41 5.6 5.9 
Acenaphthylene <0.1 <1.0 0.34 <1.0 0.32 
Acenaphthene 2.12 4.22 4.22 4.75 4.41 
Fluorene 1.19 2.97 2.39 3.24 2.41 
Phenanthrene 6.25 14.9 10.8 15.13 11.32 
Anthracene 1.29 3.66 2.53 4.35 2.38 
Fluoranthene 5.95 16.31 9.13 19.6 10.18 
Pyrene 3.79 11.08 5.87 12.78 6.46 
Benzo(a)anthracene 3.11 9.06 4.25 10.87 4.93 
Chrysene 3.07 9.88 4.38 11.78 5.41 
Benzo(b)fluoranthene 3.23 11.04 4.87 12.15 5.52 
Benzo(k)fluoranthene 1.26 4.3 1.89 4.72 2.14 
Benzo(bk)fluoranthene 4.49 15.34 6.76 16.87 7.66 
Benzo(a)pyrene 2.62 8.88 3.84 8.09 4.41 
Indeno(123cd)pyrene 1.3 <1.0 2.28 6.11 2.68 
Dibenzo(ah)anthracene 0.28 <1.0 <0.2 <1.0 1.09 
Benzo(ghi)perylene 0.97 <1.0 1.67 <1.0 1.8 
PAH Surrogate % 
Recovery 53 97 90 87 92 

 

Table A-15: Leached Concentrations of 16 PAHs in Eluate from GCRB Material from Replica 3 of 
Sawtooth Test 

PAH 
Concentration (µg/l) 

4hr Sample 8hr Sample  12hr 
Sample 

24hr 
Sample 

48hr 
Sample 

Naphthalene 6.05 8.38 7.08 6.91 6.65 
Acenaphthylene 2.53 2.19 2.83 <2.0 <2.0 
Acenaphthene 7.83 8.63 10.24 6.75 5.8 
Fluorene 6.21 6.27 8.22 4.65 3.43 
Phenanthrene 63.21 63.15 86.12 42.93 24.9 
Anthracene 17.62 14.69 23.27 10.19 5.85 
Fluoranthene 136.51 137.37 189.04 84.59 39.91 
Pyrene 93.96 92.27 129.17 57.9 26.69 
Benzo(a)anthracene 87.99 86.83 119.71 54.59 25 
Chrysene 83.98 85.1 119.35 55.11 25.3 
Benzo(b)fluoranthene 102.54 99.99 141.36 63.98 27.09 
Benzo(k)fluoranthene 39.87 38.88 54.98 24.88 10.53 
Benzo(bk)fluoranthene 142.41 138.87 196.34 88.86 37.62 
Benzo(a)pyrene 82.16 94.77 122.97 54.16 25.4 
Indeno(123cd)pyrene 41.23 49.72 56.94 28.05 10.5 
Dibenzo(ah)anthracene <2.0 <2.0 <2.0 <2.0 <2.0 
Benzo(ghi)perylene 27.19 32.7 40.3 18.66 8.63 
PAH Surrogate % 
Recovery 

119 140 123 120 103 
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Table A-16: Blank Samples from Sawtooth Test 

PAH 
Concentration (µg/l) 

Blank 1 Blank 2  
Naphthalene <0.01 <0.01 
Acenaphthylene <0.01 <0.01 
Acenaphthene <0.01 <0.01 
Fluorene <0.01 <0.01 
Phenanthrene 0.01 0.01 
Anthracene <0.01 <0.01 
Fluoranthene 0.01 0.01 
Pyrene 0.01 0.01 
Benzo(a)anthracene 0.01 0.01 
Chrysene <0.01 <0.01 
Benzo(bk)fluoranthene <0.01 <0.01 
Benzo(a)pyrene <0.01 <0.01 
Indeno(123cd)pyrene <0.01 <0.01 
Dibenzo(ah)anthracene <0.01 <0.01 
Benzo(ghi)perylene <0.01 <0.01 
PAH Surrogate % 
Recovery 88 94 
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Appendix B – Anthracene Leaching in Percolation Test 1 

 
Figure B-1: Anthracene Leaching from the MSS Material in Percolation Test 1 
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Appendix C – Additional Model Curves - Percolation Test Data 

 

  

  

  

Figure C-1: Leaching Model Fitted to Measured Acenaphthylene Data from Columns 1, 2 & 3 from 
Percolation Tests 2 & 3  



183 
 

  

  

  
Figure C-2: Leaching Model Fitted to Measured Acenaphthene Data from Columns 1, 2 & 3 from 
Percolation Tests 2 & 3  
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Figure C-3: Leaching Model Fitted to Measured Fluorene Data from Columns 1, 2 & 3 from 
Percolation Tests 2 & 3 
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Figure C-4: Leaching Model Fitted to Measured Phenanthrene Data from Columns 1, 2 & 3 from 
Percolation Tests 2 & 3  



186 
 

  

  

  
Figure C-5: Leaching Model Fitted to Measured Anthracene Data from Columns 1, 2 & 3 from 
Percolation Tests 2 & 3 
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Figure C-6: Leaching Model Fitted to Measured Benzo(a)anthracene Data from Columns 1, 2 & 3 
from Percolation Test 3 

 

  

 

 

Figure C-7: Leaching Model Fitted to Measured Chrysene Data from Columns 1, 2 & 3 from 
Percolation Test 3 
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Figure C-8: Leaching Model Fitted to Measured Benzo(bk)fluoranthene Data from Columns 1, 2 & 3 
from Percolation Test 3  
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Figure C-9: Comparison of Leaching Model to Measured Acenaphthylene Data from Percolation 
Tests 2 & 3  
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Figure C-10: Comparison of Leaching Model to Measured Acenaphthene Data from Percolation 
Tests 2 & 3  
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Figure C-11: Comparison of Leaching Model to Measured Fluorene Data from Percolation Tests 2 & 
3  
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Figure C-12: Comparison of Leaching Model to Measured Phenanthrene Data from Percolation 
Tests 2 & 3  
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Figure C-13: Comparison of Leaching Model to Measured Anthracene Data from Percolation Tests 2 
& 3  
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Figure C-14: Comparison of Leaching Model to Measured Benzo(a)anthracene Data from 
Percolation Test 3 

 

  

 

 

Figure C-15: Comparison of Leaching Model to Measured Chrysene Data from Percolation Test 3 
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Figure C-16: Comparison of Leaching Model to Measured Benzo(bk)fluoranthene Data from 
Percolation Test 3  
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Appendix D – Additional Model Curves - Sawtooth Test Data 

  
Figure D-1: Leaching Model Fitted to Measured Acenaphthylene Data from Replicas 1 & 3 of 
Sawtooth Test 

  
Figure D-2: Leaching Model Fitted to Measured Fluorene Data from Replicas 1 & 3 of Sawtooth Test 

  
Figure D-3: Leaching Model Fitted to Measured Anthracene Data from Replicas 1 & 3 of Sawtooth 
Test 
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Figure D-4: Leaching Model Fitted to Measured Fluoranthene Data from Replicas 1 & 3 of Sawtooth 
Test 
 

  
Figure D-5: Leaching Model Fitted to Measured Pyrene Data from Replicas 1 & 3 of Sawtooth Test 
 

  
Figure D-6: Leaching Model Fitted to Measured Benzo(a)anthracene Data from Replicas 1 & 3 of 
Sawtooth Test 
 

  
Figure D-7: Leaching Model Fitted to Measured Chrysene Data from Replicas 1 & 3 of Sawtooth 
Test 
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Figure D-8: Leaching Model Fitted to Measured Benzo(bk)fluoranthene Data from Replicas 1 & 3 of 
Sawtooth Test 
 

 
Figure D-9: Comparison of Leaching Model to Measured Acenaphthylene Data from Replica 2 of 
Sawtooth Test 
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Figure D-10: Comparison of Leaching Model to Measured Fluorene Data from Replica 2 of 
Sawtooth Test 
 

 
Figure D-11: Comparison of Leaching Model to Measured Anthracene Data from Replica 2 of 
Sawtooth Test 
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Figure D-12: Comparison of Leaching Model to Measured Fluoranthene Data from Replica 2 of 
Sawtooth Test 
 

 
Figure D-13: Comparison of Leaching Model to Measured Pyrene Data from Replica 2 of Sawtooth 
Test 
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Figure D-14: Comparison of Leaching Model to Measured Benzo(a)anthracene Data from Replica 2 
of Sawtooth Test 
 

 
Figure D-15: Comparison of Leaching Model to Measured Chrysene Data from Replica 2 of 
Sawtooth Test 
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Figure D-16: Comparison of Leaching Model to Measured Benzo(bk)fluoranthene Data from Replica 
2 of Sawtooth Test 
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Appendix E – Additional Model Curves – Prediction of Leaching in Percolation Test Using 
Sawtooth Test Parameters 

 
Figure E-1: Comparison of Model to Measured Acenaphthylene Data from Column 2 of Percolation 
Test 3 Using Parameters Derived from Sawtooth Test 
 
 

 
Figure E-2: Comparison of Model to Measured Fluorene Data from Column 2 of Percolation Test 3 
Using Parameters Derived from Sawtooth Test 
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Figure E-3: Comparison of Model to Measured Anthracene Data from Column 2 of Percolation Test 
3 Using Parameters Derived from Sawtooth Test 
 

 

 
Figure E-4: Comparison of Model to Measured Fluoranthene Data from Column 2 of Percolation 
Test 3 Using Parameters Derived from Sawtooth Test 
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Figure E-5: Comparison of Model to Measured Pyrene Data from Column 2 of Percolation Test 3 
Using Parameters Derived from Sawtooth Test 
 

 
Figure E-6: Comparison of Model to Measured Benzo(a)anthracene Data from Column 2 of 
Percolation Test 3 Using Parameters Derived from Sawtooth Test 
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Figure E-7: Comparison of Model to Measured Chrysene Data from Column 2 of Percolation Test 3 
Using Parameters Derived from Sawtooth Test 
 

 
Figure E-8: Comparison of Model to Measured Benzo(bk)fluoranthene Data from Column 2 of 
Percolation Test 3 Using Parameters Derived from Sawtooth Test 
 


