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Abstract 
The medium-term (5-10 years) elemental leaching from five different materials used in 
full-scale road applications was evaluated. Two materials, fayalite slag and blast-
furnace slag, leached high concentrations of trace metals such as Cu and Zn throughout 
the study period. At several occasions, the blast-furnace slag generated leachates with 
acidic pH-values (<4). Leachate from crushed concrete and MSWI bottom ash 
contained elevated concentrations of e.g. Cr and Cu during the first 2-3 years. 
Enrichment of trace elements occurred in sediments of roadside drainage ditches, but 
the respective contribution from leachate and road surface runoff is unclear. Migration 
of the elements through subsoil and plants in the ditches was limited, but clear 
anthropogenic signals were observed for e.g. Cu and Zn at the BA section. Further 
studies are recommended to verify if laboratory tests used for impact assessments are 
able to predict the observed field leaching and how the road environment is affected by 
leaching from the road materials in the longer term. 
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1. Introduction 
Concerns about the depletion of non-renewable natural resources and increased costs 
due to taxing of natural gravel and waste deposited on landfills have focussed attention 
on the potential use of recycled materials in geotechnical applications, especially roads 
(OECD, 1997). Common examples of such materials include construction and 
demolition waste, incineration ash, metallurgical slags and mine waste rock. Some of 
them, either inherently or as a result of the process from which they originate, contain 
elevated amounts of potentially harmful constituents compared to amounts in natural 
gravel and soil (Chandler et al., 1997; Tossavainen, 2005; Fällman and Hatrlén, 1994). 
This has raised concern over the potential for release of toxic constituents from these 
materials and for resultant contamination of adjacent soil and ground water.  
Measurements of total chemical content and leaching behaviour are currently a key in 
any environmental assessment of materials considered for recycling. However, feedback 
from experience with full-scale applications is scarce and often considers a short period 



of time (1-3 years) compared to the life of a road. Shreurs et al. (2000) observed a 
quantifiable release of many environmentally relevant elements from MSWI bottom ash 
after about 10 years of exposure in road applications. Lind et al. (2008) found that the 
leaching of Cu and Zn from MSWI bottom ash in roads might cause a geochemical 
anomaly in the regional environment. Lind et al. (2001) reported a low migration of 
trace elements from ferrochrome slag in roads to the underlying soil and the ground 
water, but a significant uptake of Cr by plants growing with their roots in the slag.  
In this study, full-scale road test sections with five different materials, including one 
reference, were monitored. The objectives were to (i) evaluate the elemental leaching 
from the materials under field conditions in the medium-term perspective (5-10 years) 
and (ii) to assess the potential impact of leachate from the materials on elemental 
concentrations in roadside drainage ditches. 

2. Methods 

2.1 Road test sections 
Samples were collected from two road sites in Northern Sweden: 
• A public country road containing four test sections constructed in 1997. The test 

sections, each 100 m long and asphalted, were built with a 40-50 cm thick sub-base 
of (1) fayalite slag (FS), (2) blast-furnace slag (BFS, (3) crushed concrete (CC), and 
(4) crushed rock (CR). The FS is an amorphous (water granulated) slag from copper 
smelting with a chemical composition similar to the iron-rich silicate fayalite and a 
particle size of 0-5 mm. The BFS is a crystalline (air-cooled) slag from ore based 
production of pig iron which consists mainly of silicate phases such as melilite. The 
CC consists of sorted building demolition waste and the CR consists of a biotite 
gneiss-granite. Both the BFS and the CC were crushed to a particle size of 0-100 
mm, while the CR was crushed to a particle size of 0-30 mm. 

• A test road constructed at an industrial site in 2001 (Lidelöw and Lagerkvist, 2007). 
The road is divided into sections, including one 120 m long asphalted test section 
with a 40 cm thick sub-base of MSWI bottom ash (BA). The BA originates from 
stoker grate type incineration of MSW and small fractions of sorted industrial waste 
such as wood and plastics. The BA was screened to remove bigger metal pieces and 
stored outdoors for ~6 months prior to the building of the road. 

All test sections are equipped with lysimeters of polyethylene plastic sheets, each with 
an area of 30 m2, for collection of percolating leachate resulting from the infiltration of 
precipitation. The mean annual precipitation in this region is about 600 mm of which 
40-50% fall as snow. The public road is situated in an area with silty clay sediments, 
while the test road at the industrial site is built on a subgrade of silty till. 

2.2 Sampling and sample preparation 
Leachate from the test sections with FS, BFS, CC and CR was collected regularly 
during 1998-2002 (Sweco Viak, 2004) respective 2006-2007. Leachate from the test 
road with BA was monitored during 2001-2004 (Lidelöw and Lagerkvist, 2007) and 
2006-2007.  
Along each test section, triplicate composite soil and sediment samples of ~2 kg each 
were taken in the autumn 2006 from the roadside drainage ditches perpendicular to the 



road and 5 m apart. The samples were taken at two depths at the bottom of the ditches: 
0-10 cm (sediments) and 25-30 cm (subsoil). The aerial parts of plants growing in the 
sampled sediments were also sampled. The plant tissues were rinsed in distilled water, 
oven dried at 65°C for 72 h and grinded to <0.85 mm. Soil and sediment samples were 
oven dried at 30°C and sieved to <2 mm.  

2.3 Soil and leachate analyses 
To determine the total element concentration of soil, sediment and plant tissues, sub-
samples of 2 g were digested using 10 ml of aqua regia solution in a microwave 
digestion system (Mars 5, CEM, USA) according to EPA method 3051. To estimate the 
portion of elements that is potentially mobile under changing environmental conditions 
(non-residual fraction) in soil and sediment samples, sub-samples of 1 g were subjected 
to a single 0.5 M HCl leach (Sutherland, 2002). Element analysis was carried out on 
filtered (0.45 μm, syringe filters) and acidified (HNO3; suprapure) samples using ICP-
OES (Optima 2000 DV, Perkin Elmer, USA). pH and electrical conductivity (EC) of the 
leachates were measured on site using a MX-300 X-mate meter (Mettler-Toledo, 
Switzerland). 

3. Results and discussion 

3.1 Leaching from the test sections over time 
pH is one of the most important factors controlling the leachate composition. The 
leachates from CR and CC were alkaline (pH>7) throughout the observation period, 
while that of FS remained circum-neutral (Figure 1). The high initial pH of CC leachate 
was probably due to the release of free lime (CaO) liberated during crushing 
(Wahlström et al., 2000). During the second year, the pH decreased towards calcite 
equilibrium (pH ~8) as a result of carbonation. The pH of BFS leachate varied largely 
over time and acidic pH-values (<4) were observed at several occasions (Figure 1). 
Fällman and Hartlén (1994) observed a pH of about 4 in leachate from coarse BFS 
readily exposed to the atmosphere. The decrease to pH 4 is probably the result of 
oxidation of the reduced sulphides in the slag. In the presence of acidic water the 
silicates may dissolve, providing buffering capacity that eventually will neutralise the 
leachate pH.  
The pH of the BA leachate was high (>10) during the first three years but had after five 
years declined towards calcite equilibrium (Figure 1). However, these pH-values were 
measured in leachate collected at the edge of the construction which not necessarily is 
representative for the whole road body. Leachate collected from the middle of the road 
had a pH of 8-11 during the fifth year, indicating heterogeneities and flow channelling. 
The BFS leachate maintained a high EC during the observation period (Figure 2) due to 
its high concentration of e.g. sulphate, Ca and K (on average 1.6 g l-1, 0.5 g l-1 respective 
0.3 g l-1). The peaks in the leachate EC coincided with the drops to acidic leachate pH, 
probably due to the release of e.g. Al, Ca, Mg and Na upon dissolution of the silicates 
inherent in the BFS. The rapid drop in EC of the BA leachate (Figure 2) was likely due 
to the wash-out of readily leachable elements such as Cl, K and Na from the ash 
(Lidelöw and Lagerkvist, 2007). The amorphous FS is relatively resistant in aqueous 
solutions, which explains the low and constant EC of the FS leachate.  
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Figure 1. Changes of pH in leachates from the road sections over time. 
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Figure 2. Changes of electrical conductivity in leachates from the road sections over time. 

The leaching of trace metals was generally lower from CC and CR than from the other 
materials (Table 1). However, one exception is the leaching of Cr from CC which 
reached its maximum after two years when the leachate pH decreased to pH 8. The 
highest leaching of Cu, Ni and Zn occurred from the FS. Since the solubility of these 
metals in the FS is lower than that of, e.g., the BFS (Tossavainen, 2005), this is likely an 
effect of their abundant existence in the FS matrix. As for EC, the peaks in trace metal 
leaching from BFS coincided with periods of acidic leachate pH. The concentrations of 
trace metals in BFS leachate decreased over time to very low levels, probably due to the 
depletion of the fraction available for leaching. The mobility of Cu from the BA was 
initially enhanced by organic ligands (Lidelöw and Lagerkvist, 2007). Over time, the 



concentration of Cu and Cr in the BA leachate decreased considerably, reaching its 
minimum level after ten years of leaching.  

Table 1.  Mean concentrations (μg l-1) of trace metals in leachates from each road test section 
over time (n≥14; minimum-maximum values in parenthesis). Values in bold were 
over the freshwater quality criteria. 

 Cd Cr Cu Ni Pb Zn 
FS  0.5 

(0.2-0.8) 
2 

(0.1-6) 
609 

(112-1270) 
225 

(93-463) 
1 

(1-3) 
1276 

(194-3290) 
BFS 0.2 

(0.01-0.5) 
21 

(1-121) 
100 

(<0.2-559) 
13 

(<0.4-35) 
9 

(1-31) 
344 

(<0.4-1520) 
CC  0.03 

(<0.005-0.1) 
86 

(0.4-342) 
50 

(1-243) 
7 

(<1-28) 
2 

(0.2-5) 
7 

(<0.4-22) 
CR 0.03 

(<0.005-0.2) 
4 

(0.3-53) 
5 

(1-14) 
4 

(<0.4-12) 
2 

(0.2-8) 
6 

(<0.4-20) 
BA  2 a 

(<2-9) 
36 

(2-125) 
560 

(27-1920) 
18 

(<3-52) 
5 a 

(<5-12) 
47 

(<0.4-499) 
Freshwater 
quality  
criteria b 

0.3-1.5 15-75 9-45 45-225 3-15 60-300 

a  Detectable levels of Cd were found in five out of 24 samples. 
b  Quality criteria of natural freshwater (SEPA, 2000) corresponding to “class 4” (high levels) 

from which the risk for biological effects is assumed to increase. 
 
According to the quality criteria of natural freshwater set by the Swedish Environmental 
Protection Agency (SEPA, 2000), the mean concentrations of several trace metals in the 
leachates from FS, BFS, CC and BA corresponds to class 4 or higher. The risk for 
biological effects is assumed to increase from class 4 and at levels exceeding this class 
the risk is high already at short exposure. Hence, the leachates from the test sections 
could be considered highly polluted with respect to several trace metals. This stresses 
the need to evaluate the leachate quality for longer time period and to investigate its 
potential effects on the local recipients, e.g. ground water, roadside soil and vegetation.  

3.2 Element concentrations in roadside drainage ditches 
The concentrations of trace elements were generally higher in the sediments than in the 
subsoil (Table 2), indicating anthropogenic pollution. The concentrations of Cu, Pb and 
Zn in sediments along the FS section exceeded the Swedish guideline values for 
contaminated soil, probably due to the presence of FS grains in the samples. Ocular 
examination of the samples supports this hypothesis. In addition, Cu and Pb were less 
mobile in sediments from the FS section than the other sections, indicating their partial 
existence in the silicate matrix of the FS. Sediment concentrations of Cu exceeded the 
guideline values also along the sections with CC, CR, and BA. However, this could not 
be clearly attributed to the leaching from the road materials, possibly with the exception 
of BA (c.f. Table 1). Cu and several other trace metals are also common constituents in 
road surface runoff due to e.g. traffic, maintenance activities and asphalt wear. 
Overall, Cu, Pb, and Zn were the most mobile elements in the sediment samples, while 
the migration potential of Cr and Ni was small due to their limited mobility. Excessive 
levels in plants growing in the roadside ditches appeared for Cu at the BFS and BA 



sections and for Zn at the BA section (Table 2), whereas the uptake of Pb was low. The 
concentrations of Cu and Pb in sediments from the sections with FS, BFS and CC were 
tenfold that in the subsoil, as were the concentration of Zn in sediments along the FS 
section. Hence, migration of these elements through the subsoil was limited. However, 
monitoring of the ground water beneath the construction is recommended especially for 
Cu and Zn at the sections with FS and BA which showed the highest concentrations in 
subsoil and plants. 

Table 2.  Mean concentrations (mg kg-1) of trace metals in sediment, soil and plant tissue 
samples from the roadside ditches of each test section (n=3; % non-residual in 
parenthesis). Values in bold were over the critical level. 

  FS BFS CC CR BA Critical level a 
Cd sediment 0.4 (42) 0.3 (32) 0.2 (31) 0.3 (35) 0.4 (50) 
 subsoil 0.1 (33) 0.1 (31) 0.07 (32) 0.1 (21) 0.2 (66) 

0.4 

 plants n.a. n.a. n.a. n.a. n.a. 5-50 
Cr sediment 83 (12) 41 (5) 23 (6) 27 (7) 33 (6) 
 subsoil 64 (6) 22 (3) 26 (7) 35 (6) 32 (3) 120 

 plants 3 4 4 3 5 5-30 
Cu sediment 629 (36) 52 (62) 124 (64) 121 (61) 109 (76) 
 subsoil 52 (54) 3 (59) 5 (62) 16 (54) 50 (79) 100 

 plants 16 24 19 9 31 20-100 
Ni sediment 25 (35) 13 (11) 7 (20) 10 (28) 15 (24) 
 subsoil 16 (5) 4 (6) 6 (4) 7 (6) 11 (22) 35 

 plants 3 4 2 2 5 10-100 
Pb sediment 337 (54) 21 (75) 35 (45) 29 (60) 22 (115) 
 subsoil 7 (82) 1 (101) 2 (73) 4 (72) 13 (165) 80 

 plants 1 1 2 0.8 5 30-300 
Zn sediment 845 (47) 70 (32) 91 (55) 97 (53) 162 (57) 
 subsoil 76 (32) 18 (45) 23 (31) 27 (28) 105 (58) 350 

 plants 78 50 54 51 145 100-400 
a  For soil, this refers to the generic guideline values for contaminated land designated for 

“sensitive use” in Sweden (SEPA, 1996). For plant tissues, this refers to values considered 
as excessive or toxic levels (Kabata-Pendias, 2001). 

4. Conclusions 
Recycled materials used in road construction could constitute a potentially significant 
source of trace elements to adjacent soil and ground water. Fayalite slag and blast 
furnace slag leached high concentrations of trace metals such as Cu and Zn during the 
ten years of observation, whereas leachate from crushed rock and MSWI bottom ash 
contained elevated concentrations of e.g. Cr and Cu during the first 2-3 years. Sediment 
in roadside drainage ditches contained elevated concentrations of several trace elements, 
especially Cu, Pb, and Zn. Enrichment of these elements along the section with fayalite 
slag could be attributed to the presence of slag particles in the sediments, whereas the 
respective contribution from leachate and road surface runoff is unclear for the other 
materials. Migration of the elements through subsoil and plants in the ditches was 
limited, but clear anthropogenic signals were observed for e.g. Cu and Zn at the BA 
section. Further studies are recommended to verify if laboratory tests used for impact 



assessments are able to predict the observed field leaching and how the road 
environment is affected by leaching from the road materials in the longer term. The 
contribution of leachate from the studied materials to the overall road runoff quality 
should also be investigated.  
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