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abstract  
 
This paper assesses alternative granular material use as regards ecotoxicity and toxicity. Stockpiling and use in various roads 

are considered. Leachates datasets of materials and field tests are collected from lit-erature, the study is focused on MSWI BA, 

RAP and FS. LCIs due to leaching and percolation are built. Corresponding impacts were determined using a mid-point method: 

the EP TP results exhibit significant differences between the resources in favour of including such impact to LCA for recycling 

assessment. A model to allocate all the leaching potential to the alternative resource is proposed and discussed for bet-ter 

assessment within LCA framework. 
 

  

 

 
 
1. Introduction 
 

The continuous increase of industrial waste production still requires 

strategies to reuse and recycle these materials since their storage by landfilling 

is limited by a decreasing availability of space and increasing of cost disposal. 

The last two decades have shown a growing interest in the use of alternative 

materials within the area of road construction, deriving from the wish to spare 

natural resources as well as to reduce landfills [1–5]. Laws, and directives as 

well as guidelines and methods were published to support the development of 

this industry, in different countries [6,7], establish-ing a legal framework for 

alternative materials recycling in road. Generally, the prescriptions are based 

on intrinsic geotechnical and environmental properties of the alternative 

materials. When  
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road projects’ stakeholders are interested in the use of these mate-rials, they 

may need a global evaluation not only on the road con-struction but also for 

use phase, maintenance and end-of-life. Therefore, the assessment of the effects 

on the environment of road infrastructures need operational tools along the 

whole life cycle. Several Life Cycle Assessment (LCA) tools exist at the 

international level [8–10], as LCA is the commonly used global assessment 

methodology. LCA requires both the identification of relevant and reliable 

indicators for impact assessment applicable to a project, a process, a product, 

from its cradle-raw material extraction to its end-of-life or grave-disposal 

[11,12]. 

 
LCA allows the comparison of the effects on environment of var-ious 

alternative resources for road projects, which is valuable for circular economy 

only if taking into account the corresponding impacts. 
 

Actually, the use phase in roads LCA tools is assessed consider-ing traffic 

impacts. The impacts of alternative materials during stockpiling and use under 

traffic conditions, when submitted to 
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rainfall are not considered. As regards alternative materials, rain-water may 

leach chemicals substances such as heavy metals, met-alloids, polycyclic 

aromatic hydrocarbons and salts, either during handling and stockpiling 

[13,14], or due to infiltration through the pavement surface containing recycled 

materials [15–18]. All these pollutants contribute to different environmental 

impacts. Thus, even if the alternative material fits with guidelines and reg-

ulatory limits and is suitable to be used as road material, it leaches chemical 

substances to water and has an impact on the surround-ing environment. For 

comparisons between materials, any LCA should take into account such 

impacts, which needs to build LCI related with release to water during the 

material life cycle. 

 
The present study aims at quantifying the release to water, the 

corresponding LCIs and the materials impacts considering their use in different 

road layers. The alternative materials investigated in this study for that purpose 

are therefore municipal solid waste incinerator (MSWI BA), milled recycled 

asphalt pavement (RAP) and foundry sand (FS). 
 

A general approach to build alternative materials LCI applicable during 

road use (in any layer) is set, it is based on the comparison between the range 

of LCI and EP and TP indicators (impacts) of alternative resources and of the 

pavements made with these resources. 

 

 
2. Impacts assessment of roads alternative materials 
 
2.1. Review of literature 
 

A state of the art was undertaken in 2001 and updated in 2014 through the 

French national project OFRIR [19] dealing with back analysis of alternative 

material use in transport infrastructures. A network of actors of the public 

organisms involved in the project performed a very wide survey. In 2014, the 

project included also LCA data dedicated to road applications and a state of the 

art of LCA for each resource available (http://ofrir2.ifsttar.fr) [6]. Today, after 

several international conferences on the topic (LCA 2014 [20], LCA 2017 [21]) 

alternative materials ecotoxicity and toxicity impacts have still to be assessed 

for use in roads. 

 

Some recent literature standards [22] and review [23] gather and explain 

the knowledge on LCA applied to construction and road sectors including 

alternative materials [18]. Mid-points and end-points indicators impacts 

calculation methods, and available tools and LCI database are considered. The 

literature highlights that neither excotoxicity nor toxicity impacts are assessed 

by NF EN 15804 [22]. Only ecotoxicity is mentioned in a 2016 literature review 

[23]. Besides, for other authors (i.e. [24]), the full set of indi-cators including 

toxicity and ecotoxicity is taking into considera- 
 

 
 

tion mi-points indicators but in a very global way. Indeed, as regards road 

sections, the impact assessment of the release to water should be linked with 

local data. Therefore, if alternative materials are used they should be related to 

the precise road works investigated. Such approach would be better than the 

use of glob-alized data by means a national database containing old historic 

data. However, this implies to be able to assess quickly and simply any local 

resource release in a robust way. Hence, the waste from which derives an 

alternative resource has changing chemical com-position with time, inducing 

different release to environment and associated impacts. 
 

 

 

2.2. Indicators 
 

The calculation of impact indicators is performed according to a model 

explained in a previous work by Sayagh et al. [25]: 
 

Indj ¼ aij Cij mi ð1Þ 
 

i 
 

where Indj = indicator associated with impact category j; aij = classification 

coefficient (from Goedkoop, [26]; Cij = contribution coefficient of inventory flow 

i to impact category j; mi = mass of inventory flow i (kg). 
 

Each indicator is expressed in specific units per kilogram or tons. The 

contribution coefficients selected from the literature and used for the impact 

calculations, based on Eq. (1), and the cho-sen impact categories (and 

indicators) are derived from classical LCA and include all references given in 

[25]. Only ecotoxic poten-tial, EP (kg eq 1,4 DCB), and toxic potential, TP (kg 

Eq 1,4 DCB), are investigated in the present study. The EP and TP values were 

calculated using ECORCE database [9] which integrates the first work of 

Huijbregts, updated in 2000 [27]. 

 

 

2.3. System boundaries 
 

Performing materials LCA as initiated by SETAC [11] involves underlying 

objectives leading to compare products (or processes) or providing 

environmental information (for public and/or private organizations). In the 

former case, the system includes only pro-cesses and life cycle steps that may 

induce differences between the compared products. The latter need to choose 

wide systems. Fig. 1 gives industrial waste second life options investigated 

here. We focus on recycling options of aggregates and sand for road use, 

without assessing landfilling option. 

 
Fig. 2 describes the system boundary to build the LCI. The mate-rials 

selected cover a range of secondary aggregates resources avail-able for roads 

and address several kinds of road layers and traffics. 

 
 
 
 
 
 
 
 

Fig. 1. Industrial waste second life options investigated.  
 
 
 
 
 
 
 
 

 
Fig. 2. Alternative material road use studied. 

http://ofrir2.ifsttar.fr/


  
  
2.4. Methodology to build the LCIs to assess release to water 
 

According to standards, leaching and percolating tests are expressed in 

concentrations of leaching pollutants. The LCIs in the study were built 

transforming leaching and percolation results into flux data. This is applicable 

on any test performed with various international standards. 
 

After building LCI of alternative resources (Section 3.4.1) and building LCI 

for the case studies (Section 3.4.2), the respective impacts were determined, 

using the model of impacts calculation presented in Section 2.2. for the studied 

materials.  
The assumption of allocating all the materials leaching potential to their 

LCI was investigated to take into account release to water during all their life 

cycle. To validate this assumption, the EP and TP impacts of the materials and 

pavements were considered. 

 
3. Materials, roads experimental sections and methods 
 

Municipal solid waste incineration bottom ash (MSWI BA), reclaimed 

asphalt pavement (RAP) and foundry sand (FS), and the corresponding 

leaching data were investigated to assess LCI and impacts. 

 

 
3.1. Municipal solid waste incineration bottom ash (MSWI BA) 
 

Old MSWI BA was obtained from a road section at La Teste near Bordeaux 

in France after a long period of service. In the area of the road section, important 

quantities of MSWI BA were sampled on the production site of MSWI BA after 

the incineration (frequently incomplete) of municipal solid waste in early 2000. 

Before use, the raw MSWI BA are discharged in wet condition from the furnace 

chamber. They are transferred to a platform for processing (crush-ing, scrap-

metal removal and screening). Then, this resource is stockpiled for months to 

be aged prior to landfilling or use as sec-ondary aggregates for road 

construction. Leaching tests according to the NFX31-210 [28] were performed 

on the MSWI BA studied 

 
[29] at different life stages (raw materials, 6 weeks aging, 5, 6 and 18 

months aged samples). 

 
3.2. Reclaimed asphalt pavement (RAP) 
 

Reclaimed asphalt pavement studied herein was obtained from a 

demolition/reconstruction road site located close to the city of Romorantin, on 

France’s RN76 supporting a heavy traffic [30]. The pavement was slowly and 

selectively milled in 2001, from the existing pavement surface to obtain 

reclaimed asphalt pave-ment of high quality, suitable grading and for direct 

recycling in the plant with the new binder (without additional processing on the 

milled aggregate). This road works included a specific pro-gramme for the 

environmental impact assessment of pavement construction and use under 

traffic conditions. New asphalt with  

  
recycling rates of 0%, 10%, 20% and 30% of the old pavement was produced. 

Four road sections 150 m long and 3.80 m wide were realised. Road rebuilding 

was undertaken using hot-mixed asphalt pavement made of either 5% bitumen 

and 95% natural aggregates or a mixture containing natural aggregates and 

different rates of reclaimed asphalt pavement. Here only the 20% RAP binding 

course section is considered. 
 

 
3.3. Foundry sands (FS) 
 

The foundry sand of a secondary road under rehabilitation in 2012 (France 

RN 80) was studied. More than 17 000 tons of waste foundry sands stockpiled 

at Autun city were treated with hydraulic binder (cement) to constitute the sub-

base layer with a thickness of 46 cm. Waste foundry sands present a gap-

grading analysis close to 0/2 mm with more than 80% as fines (<0.5 mm). They 

are relatively homogenous across the samples. Foundry sand con-sists of 

primarily of clean, uniformly sized, high-quality silica sand or lake sand that is 

bonded to form moulds and cores for ferrous (iron and steel) and nonferrous 

(copper, aluminium, brass) metal castings due to its thermal conductivity. In 

foundry, the sand is regenerated several times. It is removed and qualified as 

waste foundry sand (FS) when it cannot be regenerated any more. Then it is 

tested, analysed and stockpiled for another use. In the RN 80 road section the 

bituminous wearing course is of 18 cm thick as follows: 10 cm of high modulus 

asphalt (EME), 6 cm of bituminous concrete with high modulus (BBME) and 

2.5 cm of very thin bitu-minous concrete (BBTM) [13]. 

 
 

 
3.4. Materials and pavement LCIs 
 

LCI is built considering data from leaching and percolation test as shown 

on Fig. 3. The leaching tests were done on crushed aggre-gates according to 

NFX31-210 [28]. The test consists of extractions of the material at liquid on 

solid ratio (L/S) equal to 10 by specific mixing. The leachate is demineralized 

water and the particle size is inferior to 4 mm. 

 

 
3.4.1. Alternative materials LCI from leaching data  

Table 1 gives the LCI for all the studied materials. The pollutant 

concentrations are obtained using the NF X31210 [28] applicable at this time. 

Although the NFX31-210 [28], was replaced by the NF EN 12 457 [31], the 

method for LCI determination is still valid. The dis-cussion section shows the 

influence of the standard. All the data of the present study were obtained 

considering NFX31-210 [28]. 

 

3.4.2. In situ pavement materials LCI from leaching data  
The leaching data for each experimental road section are detailed below. 

LCIs are given for each material.  
Fig. 4 shows the MSWI BA LCI data and the materials location in the 

pavements (La Teste road section) after 22 years of service. The 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. LCI built from leaching and percolation tests. 



  

 
Table 1  
LCI results at material scale for MSWI BA, RAP and FS with NF X31210 [28] (–: not 

determined).   
mg/Kg MSWI BA RAP FS 

 18 months   
     

Al 1.4. 10 3 – – 
As –  – 1.29 
Ba –  – 1.09 
Cd <3.0.10 3 – <0.05 
Cr (total) <0.9  – <0.1 
Co –  – <0.3 
Cu 0.9  <0.050 0.6 
Fe <0.9  – – 
Hg –  – <0.002 
Mo –  – <0.3 
Ni –  – <0.2 
Pb <0.9  – <0.24 
Se –  – <0.2 
Zn 0.5  1.150 <1.5 
Chlorides 2114  <50 15.02 
Sulfates 979  22 47.29 
Ammonia nitrogen –  – 120.24 
Nitrates nitrogen –  – 103.3 
Total organic carbon –  31 64.1 
Total Cyanide –  – 0.6 
Phenol –  – <1.5 

     

 
layers were made of MWSI BA in this road section and drilling were realized 

in both (sample A) and (sample B) [32]. Then leaching tests were performed 

on these drilled materials. 

Fig. 5 shows the 20% RAP LCI data and the RAP position in the RN76 

binding course rebuilt and instrumented. The percolated 

 
 
water was periodically sampled on the RN76 site. Released pollu-tants were 

analysed and quantified. LCI was determined from 2 years cumulated values. 
 

Fig. 6 highlight the LCI data of FS of the instrumented RN80 road section 

for percolated water collection and chemical analysis. The LCI of the FS use 

phase corresponds to a 2 years infiltration period. 

Because of the implementation of the alternative material with other upper 

layers and compaction of the upper courses, the water percolation through the 

pavement layer must be limited with time. Some percolation levels are given 

in literature as between some % up to 15% of infiltration rates. As the purpose 

of the present study is only to build LCI of alternative materials in relation with 

leaching pollutants total amount, the conditions of percolation and infiltra-tion 

volumes are not given. They have been published for FS in [13] and for RAP 

in [30]. 

 

 
4. Impacts results 
 
4.1. Impacts assessment of materials with EP and TP 
 

Fig. 7a and 7b give the impacts of MSWI BA during the storage on the 

platform. These leaching tests were performed in 2003 according to [29] after 

6 weeks, 5, 6 and 18 months of stockpiling. Each element to EP and TP 

contribution is highlighted. Indeed the pollutant release is decreasing with time. 

The corresponding EP and TP value drop more than one order of magnitude. 

Hence, the variation of EP, TP with time look very sensitive and valuable to 

assess potential impacts on environment of stockpiling. 

 

 

mg/kg Sample A Sample B 
   

Al 15 13 
   

Cd <0.005 <0.005 
   

Cr (total) 0.16 0.12 
   

Cu 0.8 0.6 
   

Fe 10 6 
   

Mn <0.33 < 0.31 
   

Ni <0.15 <0.18 
   

Pb 1.2 0.9 
   

Zn 2.0 3.3 
   

Chlorides 38 35 
   

Sulfates 423 219 
    

 
Fig. 4. Pavement structure of the 320 m 7 m traffic T4 (30–40 heavy vehicles/day) and MSWI BA leaching results with NF X31-210 [27] after 22 years of service.  

 
 

 

µg/kg Cumulated µg/kg Cumulated 
 content  content 

Cd 1.1 Pb 16.3 
Cu 320 Zn 407 
Cr 19 HAP 0.891 
Ni 23.2   

 
 
 

 
Fig. 5. RN 76 pavement structure of the 6 3.8 m instrumented section (heavy traffic) and pavement (very thin asphalt BBTM wearing course + medium coarse asphalt BBSG with 20% RAP binding 

course) percolation results after 2 years of service [29]. 



   
 

 

 mg/kg Cumulated mg/kg Cumulated 
  content  content 

 Al 2.588 Ni 0.079 
     

 Cd 0.000 Pb 0.001 
     

 Cr 0.002 Zn 0.000 
     

 Cu 0.0081 Chloride 9.09 
     

 Fe 0.000 Sulphates 19.82 
     

 Mn 0.003 Phenol 0.057 
     

 
Fig. 6. RN 80 pavement structure instrumented cross section of 20 3.5 m (low traffic) of the experimental site for foundry treated sand section percolation after 2 years of service [13].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. MSWI-BA contribution of assessed chemical substances to a) Ecotoxical potential b) Toxic potential using ECORCE data base [9]; (for 18 month of storage on the platform, global EP and TP 

are respectively 703 and 3.02 in kg eq. 1.4 DCB by tons of materials). 

 
Table 2 shows EP and TP and results for the raw alternative materials of 

the RN76 and RN80 tests sections. Only RAP and FS are considered (from 

table 1) as their data were obtained before the pavement construction with 

samples used for each roadwork, while for MSWI BA bottom ash leaching data 

of the La Teste road section they were not available. 

 
 
4.2. In situ impacts assessment with EP and TP 
 

Table 3 gives the impacts of alternative materials during the use phase. 

MSWI BA impacts are residual impacts after 22 years of ser-vice 

corresponding to leaching tests on crushed drilled MSWI BA (see Fig. 4 sample 

A and B). The pavement layers (sample A and  
B) have been submitted to rainfall, with possibly significant perco-lating water 

rates. RN76 pavement including RAP shows the EP and 
 
Table 2  
EP and TP values for RN76 RAP and RN80 FS before use in the pavements by tons of 

materials.   
 RAP(NF X31210) FS (NF X31210) 
   

EP kg eq. 1.4 DCB 51.1 1.72.104 
TP kg éq. 1.4 DCB 10.1E 03 17.6 

   

 
Table 3  
EP and TP values obtained for different road sections by tons of material.  
 
 MSWI BA RN76 20% RAP RN80 FS 
 22 years [31] [30] [13] 

 Sample A/B   
    

EP kg eq. 1.4 DCB 660 / 574 48.9 547 
TP kg eq. 1.4 DCB 0.42 / 0.32 0.027 0.0427 

    

 

 
TP values lower than for MSWI BA 18 month as expected, whereas foundry 

sand indicators are much higher in a 2 years period. Both the initial content of 

materials and percolating ratios could explain the difference. 
 

Tables 3 and 2 results show that for eco-toxicity potential (EP) and toxicity 

potential (TP), the maximum values are obtained for leaching tests performed 

on powder. Drop of fuel and oil on the pavement during percolation under 

traffic can add effects. 

 
4.3. Allocation of leaching impacts to alternative materials 
 

The ECORCE model developed in all kinds of road materials was applied 

for EP and TP assessment for MSWI BA, RAP and FS along their ‘‘second” 

life according to Fig. 2). The range of EP and TP var-ied strongly between the 

three materials. For all the selected alter-native materials, for which available 

data were known, calculation gave discriminant impact results: EP ranging 

from 51 to 1.7.104 kg eq. 1.4 DCB by tons of materials and TP ranging from 

1.17.10 3 to 17.6 kg eq. 1.4 DCB by tons of materials. Such indicators are show-

ing also the ability to assess stockpiling (see Fig. 7, for MSWI BA) and use in 

various scenario (Table 3). Hence, this study shows the sensitivity of indicators 

like EP and TP to various scenarios with alternative materials. It suggest the 

necessity to add these impacts to the global life cycle when the alternative 

materials are used. 

 

The historic data from the three field experiments (Section 3-4-  
2) cannot be directly compared because the road sections and traf-fic are not 

identical. Indeed, the scenario strongly depends on the binders around it, the 

pavement compaction and the traffic. 

However, the trends obtained indicate that in situ percolation is less 

influencing than the leaching of the resources. For road use 



  

 
assessment, in situ percolation on test section gives impacts only on a given 

period that can roughly be longer than several years. The tests are realised after 

building the road. The assessment for alternative materials in industrial context 

cannot be done in such a way for EP and TP. 
 

Our proposal would be to add to the resource LCI, the values obtained from 

leaching data of raw alternative materials (Table 1). Such an assessment model 

allocates the maximum potential values of all the life cycle to the resource. 

 
5. Discussion 
 

The fact that the impacts of alternative materials are not consid-ered in LCA 

studies introduces a bias in a global approach, espe-cially comparing with new 

natural resources. In this context, this study aimed at quantifying such impacts 

for some case studies.  
In this study, significant differences are obtained between MSWI BA, RAP 

and FS ecotoxicity and toxicity impacts (with the ECORCE model). Such 

differences are observed both for raw mate-rials and for road use scenario.  
Only leaching data are required to apply the method of impacts allocation 

for a resource level calculations at an international scale. Table 4 highlights a 

non-exhaustive list of available leaching pollu-tant investigated in literature for 

various standards and focusing on wider number materials. The requirements 

to apply such alloca-tion would be to perform leaching tests on crushed raw 

material determining the major leaching elements to measure. Then, a model is 

selected for impacts calculation. 

 
These results are consistent with those obtained in [18]. In [18], authors 

were modelling pollutants release, transport and impact from FS and MSWI 

BA looking at three scenario of use: a road dam, a parking and a noise 

protection dam. The model in [18] con-sidered the USEtox method and its end-

point ecotoxicity indicator. However, strongly different values as regards the 

type of alterna-tive materials were also determined like in the present study (see 

Fig. 7 and Table 2). 

 

Our proposal is to assess the leaching material impacts of the alternative 

resources for all their life as if they were those of the use phase in given scenario 

by allocating LCI to the resource. This methodology is applicable to any 

resource and to various leaching 
 

 
Table 4  
Application to other materials and leaching test at the international level.  

 
 

tests and standards. However, alternative materials composition depends on the 

production site. They are most of the time local resources with specific 

chemical content and at least process dependent LCI. 
 

The methodology is still valid for other impact assessment methods because 

it considers only LCI. As for impact over estima-tion, it depends on the road 

layer considered. In road section, the layers can last either 10 years for a 

wearing course but may last longer. This model seems to be more realistic for 

lower course especially knowing that alternative materials are preferably 

located in lower layers. 
 

 

6. Conclusion 
 

LCA was performed for leaching assessment of granular alterna-tive 

materials use in road construction. Dedicated LCIs were built. The potential 

pollutions was determined by means of leaching tests on resources and by 

pollution release during percolation field experiments on road sections 

submitted to traffic. Because pollu-tant release to water depends on the L/S 

ratio with time and of the exchange surfaces between the crushed materials and 

the water, we considered that leaching potential from granular resource could 

define an upper limit reached for ecotoxicity and toxicity impacts during the 

material processing and use phase. 
 

Three alternative materials (MSWI BA, RAP and FS) are stud-ied. Old data 

and recent data from leaching tests are considered. The EP and TP results 

exhibited significant differences between the resources (content, processing 

and use) in favour of including such impact to LCA for recycling assessment. 

The RAP LCI of this study can be used as general data, while MSWI BA and 

FS LCIs, which depend on local production site (in France), should be 

considered as specific data. Because of materials heterogeneity, LCI should be 

improved by the characterisation of several samples. 
 

 

Of course, allocating the materials maximum impact values for the whole 

road life cycle could overestimate real impact. However, doing so would be 

conservative as regards an engineering approach and more adapted to compare 

alternative materials with natural materials. LCI implementation in LCA tools 

is easy for any resources. 

 

  Test  Sample    Ag Al As Cd Co Cr Cu Fe Hg Mn 
                 

Engelsen [33]  L/S = 10  Concrete aggregates  mg/kg    X  X X   X 
Galvin [34]  EN 12457–3  Demolition waste  mg/kg   X X  X X  X  

Leiva [35]  EN 12457–4  Concrete aggredates  g/l   X X  X X    

Marion [36]  NEN 7343  Concrete aggegates  mg/kg X  X X  X X  X X 
Meve Basar [37]  EN 12457–4  WFS   mg/l      X     

Mroueh, 2001 [38]  EN 12457  Natural aggregates  mg/kg   X X  X    X 
Roussat [39]  TS14405  Demolition waste  mg/l   X X X X X  X  

Sorlini [40]  EN 12457  Waste /natural aggregates mg/kg      X X    

Siddique [41], Deng [42]    Sand dust   mg/l X X X X  X X X X X 
Siddique [41], Ji [43]    Foundry sand   mg/l X  X X  X X  X  

Wahlkstrom [44]  EN 12457 et NEN 7343 Demollition waste  mg/kg  X  X  X     

 Mo Ni Pb Sb Se V Zn  Ba  Na Cl– F  NO3  SO4 
Engelsen [33] X X X   X X           

Galvin [34] X X X X X  X  X         

Leiva [35]  X X    X           

Marion [36]  X X X X  X  X         

Meve Basa [37]  X     X      X     

Mroueh [38] X X X   X X           

Roussat [39] X X X X X  X     X X    X 
Sorlini [40] X X X X   X  X   X X  X  X 
Deng [42]  X X  X  X  X  X       

JI [43]   X  X  X  X         

Wahlkstrom [44] X  X   X X          X 
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