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List of abbreviations 

 

ABT= Dense Asphalt Concrete - Wear layer for low and medium trafficked surfaces 

D = Specimen diameter, mm 

DOT= Department of Transportation 

HMA= Hot mix asphalt  

ITS = Indirect tensile strength, kPa 

ITSR = The tensile strength ratio (%) 

ITSRD = Tensile strength of five unconditioned (dry) specimens (MPa) 

ITSRW= Tensile strength of five conditioned (wet) specimens (MPa)  

KM= Sensitive land use 

MIST= Moisture Induced Sensitivity Test  

MKM= Less sensitive land use  

MR= Resilient modulus  

P = Maximum load, N 

t = Specimen height immediately before test, mm 

Va= The air voids content of the asphalt specimen, in 0.1% (by volume) 

XRD= X-Ray Diffraction 

XRF= X-ray fluorescence  

ρb= The bulk density of the specimen, in (Mg/m3) 

ρm= The maximum density of the mixture, in (Mg/m3) 
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Sammanfattning 

Det är välkänt att återvinning av restprodukter sparar på naturresurser, minskar 

restproduktsvolymer och minskar behovet av jungfruliga material. Stålindustrin 

producerar en mängd metallkomponenter för industrikomplex som bilindustrin, som i 

sin tur genererar kasserade sandformar. Även om denna sand är ren före användning 

kan den efter gjutning innehålla föroreningar (t.ex. bränt kol, kvarvarande 

bindemedel, metallpartiklar och damm). Därför hamnar stora mängder överflödig 

gjutningssand (BFS) och tar upp stora volymer på deponier. I Sverige hamnar cirka 

200000 ton överskott av BFS på deponier. Transport- och byggindustrin har den 

största potentialen för återanvändning av restprodukter eftersom de använder stora 

mängder obundna material årligen. 

Eftersom det är mycket önskvärt att ersätta naturliga jordar och aggregat med robusta 

industriella biprodukter, handlar den aktuella forskningen om återvinning av 

gjuterisand som restprodukt i asfaltblandningar. Följaktligen har ett experimentarbete 

utförts för att utvärdera den möjliga användningen av två utvalda BFS från två 

svenska gjuterier i en konventionell svensk asfaltblandning, nämligen ABT 11. 

Bitumeninnehållet har valts att vara av typ 160/220 och har lagts till blandningarna 

med en bindemedelshalt på 6% av den totala vikten av asfaltblandningen för alla 

beredda serier. BFS som kommer från olika gjuterier kan skilja sig åt i dess 

partikelstorleksfördelning och densitet baserat på typen av original sand och typen av 

tillsatser som gjuterierna tillsätter. En av de BFS som användes i denna studie togs 

från Federal-Mogul Göteborg gjuteri AB, betecknad FM-serien, innehåller vattenglas 

(natriumsilikat) härdat med Veloset 1 och 3 som tillsatser. Den andra BFS togs från 

Storebro gjuteri AB och utsågs till S-serien i denna studie. Detta gjuteri använder 

formar som handformas med furansand, där furanharts verkar som bindemedel. 

Det experimentella förfarandet för denna forskning har fokuserat på dosering, miljö 

och tekniska egenskaper för samma blandningstyp ABT 11 och samma bitumen 

160/220 men vid olika ersättningsförhållanden för den konventionella 

finsandfraktionen 0-2 mm med BFS. De testade asfaltblandningarna inkluderar en 

referensserie utan någon BFS-ersättning, tre serier med delvis ersättning av BFS från 

Federal-Mogul Göteborg-gjuteri vid 1%, 4% och 8% av den totala vikten av 

asfaltblandningen och tre serier med partiell ersättning av BFS från Storebro gjuteri 

vid 4%, 8% och 12% av den totala vikten av asfaltblandningen. Miljökraven utöver 

de tekniska kraven, nämligen hålrumshalt, statisk indirekt draghållfasthetsförhållande 

och styvhetsmodul före och efter fuktinducerade känslighetstester av 

asfaltblandningarna har undersökts i den aktuella studien. 

Testresultaten visade att asfaltblandningen med 8% BFS från Storebro gjuteri har 

uppfyllt de svenska standardkraven för ABT 11 160/220 enligt svenska Trafikverket. 

Det rekommenderas därför ytterligare undersökning av denna vid långvarig 

trafikbelastning och klimatbetingelser. Å andra sidan rekommenderas 

asfaltblandningar med upp till 1% BFS från Federal-Mogul Göteborg gjuteri för 

ytterligare undersökningar under långvarig trafikbelastning och klimatförhållanden 

på grund av den höga vattenkänsligheten hos denna BFS. 
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Nyckelord: 

Asfaltblandningar, restprodukt gjutningssand, indirekt draghållfasthet (ITSR), 

fuktinducerade känslighetstester (MIST), styvhetsmodul. 

 

 

 

 

 

Provkroppar av asfalt med diameter 100 mm tillverkas på VTIs laboratorium. 
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Summary 

It is well known that recycling of by-product materials saves natural resources, 

reduce by-product volumes, and reduce the need to virgin materials. The steel 

industry produces a myriad of metal components for industrial chains such as the 

automobile industry, which in turn generates mineral discarded sand molds. 

Although these sands are clean before their use, after casting they may contain 

contaminants (e.g., burnt carbon, residual binder, metal particles and dust).  

Therefore, huge quantities of excess by-product foundry sand (BFS) end up 

occupying large volumes in landfills. In Sweden, approximately 200000 tonnes of 

excess BFS end up in landfills. The transportation and construction industries have 

the greatest potential for reuse by-products because they use vast quantities of 

earthen materials annually.  

Since replacement of natural soils and aggregates with solid industrial by-products is 

highly desirable, the current research deals with recycling by-product foundry sand 

in asphalt mixtures. Accordingly, an experimental work has been undertaken to 

evaluate the possible use of two chosen BFS from two Swedish foundries in a 

conventional Swedish asphalt mixture, namely, ABT 11. The bitumen content has 

been chosen to be of type 160/220 and has been added to the mixtures at 6% of the 

total wight of the asphalt mixture for all the prepared series. The BFS coming from 

different foundries could differ in its particle size distribution and density based on 

the type of the original sand and the type of the additives added by the foundries. 

One of the BFS used in this study was brought from Federal- Mogul Göteborg 

foundry AB, designated as FM series, contains water glass (Sodium silicate) cured 

with Veloset 1 and 3 as additives. The other BFS was brought from Storebro foundry 

AB and designated as S series in this study. This foundry uses castings by hand 

molding with furan resin sand, in which furan resin plays a role as a bonding agent.  

The experimental procedure of this research has focused on the dosage, 

environmental and technical properties of the same mixture type ABT 11 and the 

same bitumen 160/220 but at different replacement proportions of the conventional 

fine sand fraction 0-2 mm with BFS. The tested asphalt mixtures include one 

reference series without any BFS replacement, three series with partial replacement 

of BFS from Federal- Mogul Göteborg foundry at 1%, 4% and 8% by the total 

weight of the asphalt mixture and three series with partial replacement of BFS from 

Storebro foundry at 4%, 8% and 12% by the total weight of the asphalt mixture. The 

environmental requirements in addition to the technical requirements, namely, void 

ratio, static indirect tensile strength ratio, and resilient modulus before and after 

moisture induced sensitivity tests of the asphalt mixtures have been investigated in 

the current study. The test results demonstrated that the asphalt mixture with 8% BFS 

from Storebro foundry has fulfilled the Swedish standards requirement for ABT 11 

160/220 as specified by the Swedish Transport Administration and hence it is 

recommended for further investigation under long-term traffic loading and climate 

conditions. On the other hand, asphalt mixtures with up to 1% BFS from Federal-

Mogul Göteborg foundry is recommended for further investigations under long-term 

traffic loading and climate conditions due to the high-water sensitivity of this BFS. 
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Introduction 

Recycling of by-product construction materials saves natural resources, saves energy, 

reduce by-product volumes, reduce the need to mine virgin materials, and may 

reduce costs for both producers and end users (United States Environmental 

Protection Agency, 2007). Therefore, extensive research has been undertaken to 

develop systems for solid waste management to maximize the volume of by-products 

recovered for reuse and/or recycling (Bakis et. al. 2006, Kuttah et. al. 2015, Kuttah 

and Porot 2019, Chen and Liu 2020), among others. The transportation and 

construction industries have the greatest potential for reusing the industrial by-

products because they use vast quantities of earthen materials annually.  

According to Campelo (2019), the steel industry produces a myriad of metal 

components for industrial chains such as the automobile industry, which in turn 

generates mineral discarded sand moulds (by-product foundry sand, BFS) that end up 

occupying large volumes in landfills.  

Europe's foundries recycle annually large amounts of sand in their internal cycles. In 

order for the cycle to function technically, it is required that a certain proportion of 

virgin sand is added in the form of cores or as an additive in the mixture of the 

molding sand. The corresponding amount of sand must also leave the system in the 

form of excess by-product sand and dust. This means that the foundries generating 

large amounts of excess sand annually. In Sweden today, approximately 200,000 

tonnes of by-product foundry sand are produced and approximately 3 million tonnes 

circulate in the foundries' internal cycle (Lindskog and Lassesson, 2018). 

Since replacement of natural soils and aggregates with solid industrial by-products is 

highly desirable, many researchers have been focused on recycling and reusing solids 

industrial by-products in new manufacturing of building materials including asphalt. 

In Sweden, the reclaimed asphalt is the major recycled materials used in the 

production of new asphalt. In addition, intensive research has been carried out to 

used steel slag in manufacturing new asphalt mixtures. Nevertheless, the current 

research deals neither with recycling of reclaimed asphalt nor slag but it deals with 

recycling of other by-product, namely, foundry sand in asphalt mixtures.  

Due to the fact that the number of landfills in Europe decreases and the 

environmental requirements for the use of residual material increase, there are 

increasing challenges for the foundries to find a sustainable use of their excess by-

product foundry sand. 

As far as the author knows, this is the first study in Sweden dealings with this issue 

and the research teams hope that this report will open the door for future 

standardizing and usage of the Swedish by-product foundry sand in manufacturing 

asphalt mixtures in a wider range.     

Accordingly, an experimental work has been undertaken to demonstrate the possible 

use of BFS in asphalt mixtures and to evaluate the performance of a chosen asphalt 
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mixture incorporating different percentages of Swedish BFS produced by two 

foundries namely Federal- Mogul Göteborg foundry AB and Storebro foundry AB. 

Foundry Sand 

The material to be used to form molds and cores for steel casting in a foundry should 

have both cohesiveness and porosity properties at the same time. Virgin foundry sand 

consists of three components sand, clay and water. The physical, chemical and 

technical characteristics of virgin foundry sand make it a popular material for sand 

molds, but after several reuses in molds and cores, it becomes a by-product foundry 

sand “BFS” (Bakis et al. 2006).  To produce durable molds and cores in sand, it is 

required that the sand grains be bonded together with binder. Adding binder 

(bentonite, resins, cement, sodium silicate and oils) will improve the cohesiveness of 

the sand grains but will tend to reduce porosity. Additives are added to the bonded 

sands either during the molding process or during the casting process or both (Javed 

1994). Nowadays, a large number of different binder systems are used for molding 

and core masses, among others Na-Silicate water glass, bentonite, cement, salt and 

phosphates Gjuterihandboken (2015). Generally, the molding processes consists of 

mixing raw sand with additives, preparing of the molds and core production, melting 

and casting, then material separation, recycling of sand and scrap metal, and finally 

collecting products and by-products, see Figure 1. 

 

Figure 1: Schematic of foundry sand processes and material flows (Bastian and 

Alleman, 1998) 
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Using of BFS in Asphalt Mixtures 

Hot mix asphalt (HMA) is produced in both fixed and mobile asphalt plants that are 

close to infrastructure. Asphalt consists mainly of stone material (approx. 95%) and 

bitumen (approx. 5%). Sand is used as a fine fraction in HMA. A life cycle analysis 

has shown reduced environmental impact when by-product sand replaces virgin sand 

in various applications (Lindskog och Lassesson, 2018). In all cases, the new road 

materials which contains by-products must satisfy the technical functions and the 

environmental requirements before any large-scale usage. 

 

Literature review on the effect of BFS on the technical performance of asphalt 
mixtures 

Concerning physical characteristics, it was found that for asphalt mixtures 

incorporating BFS, the percentage of air voids of the asphalt mixtures increase with 

increasing the BFS contents in the mixtures (Javed, 1994). 

The densities of the asphalt mixtures were found to decrease as the percentage of 

BFS increase (Tikalsky et al, 2004; Bakis et al., 2006; Dyer et al., 2021).  

Regarding the optimum binder content, it was found that for HMA mixtures 

containing various amounts of BFS, the optimum binder content increased with 

increasing the BFS percentage (Dyer et al 2021).  

Regarding the technical characteristics of the asphalt mixtures incorporating BFS, it 

was found that the Marshall stability of the asphalt samples decreased as the quantity 

of BFS increased (Javed, 1994; Bakis et al., 2006; Dyer et. al, 2018 and Gedik et. al 

2018) and Marshall flow decreased with increasing BFS in the asphalt mixtures 

(Bakis et al., 2006; Dyer et al 2021). 

With respect to the indirect tensile strengths (ITS) of the asphalt mixtures, it was 

found that the ITS decreased as the percentage of BFS increased (Javed, 1994; Bakis 

et al., 2006; Gedik et al., 2018 and Dyer et al., 2021). 

In relation to moisture susceptibility, it has been found that the BFS has a little effect 

on the moisture susceptibility of the mixtures. Some researchers contend that when 

BFS replacement is higher than 15%, asphalt mix may become more sensitive to 

moisture damage (i.e., stripping) due to the presence of silica (Winkler and 

Bol’shakov, 2000): Generally, the BFS, may decrease the unconditioned (dry) tensile 

strength and thus reduce the durability of asphalt mixtures; on the other hand, BFS 

do not necessarily increase or decrease a mixture’s rutting potential but do improve 

fatigue performance (Tikalsky et al, 2004). Superpave performance tests carried out 

in Wisconsin showed a potential for positive performance in using BFS. In 

particular, it was found that the stability of HMA with by-product foundry sand 

could be higher than HMA with conventional sand; moisture resistance was higher 

than mixes with conventional sand; and some mixes demonstrated increased 

resistance to rutting (Delange et al., 2001).  
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However, Studies have shown that by-product foundry sand can be used to replace 

between 8 and 25 percent of the fine aggregate content in asphalt mixes (FIRST, 

2004).  

It is important to highlight that although by-product foundry sand can be successfully 

incorporated into asphalt mix designs, large variability can exist between sands. 

Therefore, each sand should be treated as a unique source of aggregate (Tikalsky et 

al., 2004).  

Historical overview on large scale usage of asphalt mixtures incorporating 
BFS 

By-product foundry sand has been used successfully as a partial replacement for the 

fine aggregate in hot mix asphalt pavements (HMA), (Collins and Ciesielski 1994 

and FIRST, 2004). 

Pennsylvania DOT allows the use of 8 to 10 percent foundry sand in asphalt 

mixtures. One asphalt producer in Michigan consistently supplies HMA with 10 to 

20 percent recycled foundry sand to replace conventional aggregate. A hot mix 

producer in Ontario, Canada has also used foundry sand since 1994 in both 

foundation and surface HMA layers (FIRST, 2004).  

In 2003, Weil-McLain partnered with Reith-Riley, a large Indiana paving contractor, 

to use foundry sand in a commercial asphalt mix. The asphalt was used at the AM 

General Test Track for Hummers in Mishawaka, Indiana.  The foundry sand made up 

roughly 10% (by weight) of the asphalt aggregate. Reith-Riley reported that they 

believed using the foundry sand contributed to producing a smooth finish surface for 

the asphalt (FIRST, 2009). 

 

Requirements for a partial replacement of natural fine aggregates by BFS in 
asphalt mixtures 

For by-product foundry sand to be suitable for a partial replacement of natural fine 

aggregates in asphalt mixtures, processing, technical and environmental requirements 

should be considered and fulfilled as discuss below. 

  

Processing Requirements  

In order to consider by-product foundry sand for a partial replacement of natural fine 

aggregates in asphalt mixtures, it should be free of objectionable materials such as 

wood, garbage, and metal, which can be introduced at the foundry. By-product 

foundry sand should also be free of thick coatings of burnt carbon, binders, and mold 

additives. These constituents can inhibit adhesion of the asphalt binder to the foundry 

sand (Hughes, 2002). 

As mentioned previously, the amount of by-product foundry sand used in asphalt 

mixtures depends largely on the quantity of fines in the sand and therefore the 
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asphalt producers should run test batches with the local by-product foundry sand 

source to adjust the mix design.  To satisfy the gradation requirements for HMA fine 

aggregates, the by-product foundry sand should be blended with crushed rock sand at 

the hot mix plant. Crushing and screening of by-product foundry sand may be 

required to reduce the size of any oversize core butts or un-collapsed molds prior to 

use as aggregate (Kuttah et. al, 2018).  

By-product foundry sand containing bentonite may be processed to reduce the fine 

content because it may affect the asphalt performance. Clay clumps can be removed 

by screening and/or washing, while iron and rubbish can be removed with magnets 

and/or hand separation (Hughes, 2002). An additional note that the foundries should 

consider is that stockpiles of sufficient size should be accumulated so that product 

uniformity can be achieved. This may necessitate the accumulation of a substantial 

quantity of by-product foundry sand in a central site at a specific foundry or group of 

foundries before transferring the material to hot mix producers. 

 

Technical requirements  

As mentioned previously, foundry sands coming from different production centers 

could differ in its particle size distribution and density. Therefore, any material to be 

used in the asphalt mixture should be characterized to check its suitability with 

technical requirements for their specific use. Some properties of by-product foundry 

sand that are of particular interest when used in asphalt paving applications include, 

among others, particle distribution and gradation, clay content and plasticity, density 

and absorption, and stripping.  

• Particle size distribution and gradation 

Generally, the grain size distribution of by-product foundry sand is uniform.  

Usually, the gradation of BFS tends to fall within the limits of a poorly graded fine 

sand that has relatively uniform size.  

ASTM has been developing a standard for the use of by-product foundry sand in 

HMA. The technical problems associated with using BFS in asphalt is that the BFS is 

generally finer than conventional sand (in Sweden, the conventional sand usually 

come from crushed rock). The fine fraction is generally the limiting property for the 

percentage that can be replaced with BFS. 

Therefore, for this study, the particle size distribution and gradation properties of the 

chosen BFS have been declared according to SS-EN 933-1 (2012).  

• Density and absorption 

The density of the used sand should be declared according to SS-EN 1097-6 (2013). 

Regarding the absorption, in general, a higher percentage of fines contributes to 

higher absorption percentages (Miller et al., 2001). Usually, foundry sand has an 

absorption between 0.73 and 6.20 percent (FIRST, 2004).  
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• Stripping 

Stripping is one of the essential properties that should be assessed when by-product 

foundry sand is incorporated into asphalt mixtures. According to Miller et. al. (2001), 

by-product foundry sand is usually composed of silica sand, coated with a thin film 

of burnt carbon, residual binder (bentonite, sea coal, resins), and dust. The 

hydrophilic nature of the (primarily silica) foundry sand, however, can result in 

stripping of the binder coating surrounding the aggregate grains, which will lead to 

fine aggregate loss and accelerated pavement deterioration. This problem can be 

mitigated by limiting the content of by-product foundry sand in the mix to 15 percent 

of the total mass of aggregate or using an antistripping additive (e.g. hydrated lime) 

to treat the aggregate against moisture damage (Miller et. al. 2001). 

In this project the susceptibility to moisture damage of each prepared asphalt mixture 

(with and without BFS) has been examined in accordance with TDOK 2017:0650 

(2017) and in accordance with ASTM D7870/D7870M-20 (2020).  

Environmental requirements 

The sand in Sweden is usually quartz feldspar sand, but can also be olivine, chromite 

or zircon sand (Lindskog and Lassesson, 2018). The content of the sand itself and the 

presence of heavy metal content (from the melt) affects the possibility of external 

recycling from an environmental point of view. Chrome and nickel from steel or 

copper and zinc from bronze / brass melt may remain in the sand. Sand from iron and 

aluminum casting is most investigated and is best suited for external recycling. The 

type of binder used by the foundries is of great importance for the possibility of 

external recycling of the sand, not least from an environmental point of view 

(Lindskog and Lassesson, 2018). In general, excess by- product foundry sand from 

foundries contains small amounts of contaminants and should therefore be used as a 

resource material in other applications as far as possible (Lindskog and Lassesson, 

2018).  

One of the biggest challenges is that the excess sand contains benzene residues, 

PAHs and phenolic substances. Benzene is the substance that is most difficult to deal 

with because the acceptable limits of benzene content in contaminated soil are very 

low in Sweden. There is therefore a clear desire to reduce the benzene content of 

excess sand to low levels. General guideline values according to the Swedish 

Environmental Protection Agency (2016) are 0.012 mg/kg TS for sensitive land use 

(KM) and 0.04 mg/kg TS for less sensitive land use (MKM). 

In order to assess the risks that are considered significant, and due to the general 

complexity of the composition and nature of the casting sand used, appropriate 

analyzes should be performed on BFS from each individual source prior to reuse.  
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Testing Plan and Flowchart 

The laboratory investigation on the effect of the chosen by-product foundry sand on 

the performance of a common Swedish asphalt mixture have been started by 

characterizing the physical, chemical and environmental properties of the aggregate 

(natural and by-product foundry sand) used to manufacture the asphalt samples. 

Also, the characteristics of the binder selected to be used in manufacturing the 

asphalt mixtures have been identified. Then series of technical and environmental 

analysis have been carried out on various asphalt samples prepared with and without 

BFS and different replacement percentages. The testing procedure given in Figure 2 

has been adopted in the current study. 

 

 

 

Figure 2: Testing program of the present study. 
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Materials Used  

In this study, the adopted Swedish asphalt mixture is ABT 11 (160/220). This 

mixture has been chosen based on the fact that it is one of the most common asphalt 

mixtures used in Sweden nowadays and even the most asphalt mixture produced by 

Skanska asphalt plant which is closest to the Federal- Mogul Göteborg foundry AB. 

Therefore, this asphalt mixture type has been adopted to evaluate the influence of 

BFS from the two foundries involved in this study, namely, Federal- Mogul 

Göteborg foundry AB and Storebro foundry AB. 

 

Aggregate  

Types and gradations of the used aggregates 

The coarse and fine aggregate and mineral filler are used in manufacturing asphalt 

mixtures. In Sweden, these aggregates usually come from natural crushed stone.  In 

this study, the natural aggregate used to manufacture the asphalt mixtures are brought 

from Skärlunda in Östergötlands county (Sweden). In addition, two types of by-

product foundry sand have been selected and used in this study, namely, by-product 

foundry sand produced by Federal- Mogul Göteborg AB foundry and the by-product 

foundry sand produced by Storebro foundry AB. These types of BFS have been used 

as fine aggregate in the asphalt mixtures by substituting partially the 0-2 mm fraction 

of the natural fine aggregate at different percentages. Therefore, the technical and 

environmental characteristics of each BFS used in this study have been examined 

and discussed thoroughly in addition to the natural aggregate. 

The Federal- Mogul Göteborg foundry AB located in Mölnlycke, at Gothenburg in 

Sweden. This foundry produces blanks for the manufacture of piston rings for 2-

stroke large bore engines, for the marine business area. Figure 3(A) shows the BFS 

from Federal- Mogul Göteborg foundry used in this study. The annual production of 

excess BFS by Federal- Mogul Göteborg foundry is about 500 tons. The binder used 

is water glass (Sodium silicate) which is cured with (Veloset 1 and 3). This type is 

one of the most "environmentally friendly" binders used by foundries.  

The other by-product foundry sand adopted in this study is produced by Storebro 

foundry AB in Kalmar county (Sweden). This foundry produces cast products that 

are used by pump and packaging companies, engineering and mining industry. 

Figure 3(B) shows the BFS from Storebro foundry used in the study. This foundry 

uses castings by hand molding with furan resin sand, in which furan resin plays a 

role as a bonding agent. The annual production of excess BFS by Storebro foundry is 

about 1200 -1400 tons.  
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Figure 3: (A) BFS from Federal- Mogul Göteborg foundry AB, and (B) BFS from 

Storebro foundry AB, photos by Dina Kuttah, VTI. 

The particle size distributions of the two used BFS are shown in Figure 4. For 

comparison reasons, the size fraction 0-2 mm of the natural aggregate from 

Skärlunda is given on the same figure as well. According to Figure 4, the BFS from 

Federal- Mogul Göteborg foundry AB has about 3% of its particle sizes smaller than 

0.062 mm and about 97% falling between 0.062 and 1 mm. So, the particles are too 

large to replace part of the filler, thus in manufacturing asphalt mixtures of different 

BFS contents, it has been decided to replace part of the natural fine aggregate 

fraction of 0-2 mm by the BFS. The BFS from Storebro foundry has 100% of its 

particle sizes passing 2 mm sieve and retained on 0.062 mm sieve. This gradation 

makes the BFS suitable also to partially substitute the conventional fine aggregate 

fraction 0-2 mm. Note that the particle size distribution analysis of the two types of 

by-products foundry sand have been caried out at VTI as well as by the 

corresponding foundry, as given in Figure 4. 

 

Figure 4: The particle size distributions of the used aggregates for fraction (0-2) 

mm. 
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 The other fractions used to manufacture the asphalt mixtures were in accordance 

with TDOK 2013:0529 (2015) requirements for ABT 11 and brought from the same 

natural crushed stone source Skärlunda as the one for fraction 0-2 mm given in 

Figure 4. More details about the mix design of the adopted mixtures will be 

discussed in the next paragraphs.  

Physical properties of the used aggregate 

Regarding the physical properties of the used aggregate, Table 1 below shows the 

characteristics of the used natural aggregate from Skärlunda and the two used BFS 

from Federal- Mogul Göteborg foundry AB, and Storebro foundry AB in terms of 

specific gravity and water absorption. 

It can be seen from Table 1 that the specific gravity of the BFS from Federal- Mogul 

Göteborg and Storebro foundries are 2.63 and 2.58 respectively. These specific 

gravity values of the used BFS are closed to the specific gravity of 2.66 for the 

conventional fine sand from Skärlunda.  

Furthermore, it can be seen from Table 1 that the water absorbability of the BFS 

from Federal- Mogul Göteborg is lower than the water absorbability of the BFS from 

Storebro foundry. 

 

 Table  1: The characteristics of the used aggregate from Skärlunda, BFS from 

Federal- Mogul Göteborg foundry, and Storebro foundry. 

Name of Test Standard Skärlunda BFS from 
Federal- 
Mogul 

Göteborg 
foundry AB 

BFS from 
Storebro 

foundry AB 

Specific gravity SS-EN 1097-6 (2013) 2.66 2.63 2.58 

Water 
absorbability 

SS-EN 1097-6 (2013) 0.0% 0.1% 0.4% 

 

The visual inspection of water absorbability of the used by-product foundry sand is 

shown in Figure 5. 
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Figure 5: Visual inspection of the water absorbability of the used by-product foundry 

sand  

 

It can be seen from Figure 5 that the BFS from Storebro, designated as (S) in Figure 

5, had absorbed more water as compared to the same volume of (40 ml) of the BFS 

from Federal- Mogul (FM) something which goes well with the water absorption 

results given in Table 1. In both cases, the two chosen BFS have lower water 

absorbability as compared to the values of 0.73% to 6.2 % given by (FIRST, 2004). 

  

Mineralogical composition of the used BFS 

Table 2 indicates the result of XRF and XRD analysis carried out by Sibelco 

Technical Center Dessel on BFS from Federal- Mogul Göteborg foundry and 

Storebro foundry. As shown in Table 2, the BFS from Federal- Mogul Göteborg 

foundry and Storebro foundry are essentially formed by quartz mineral with 76.6% 

and 87.5% respectively. Table 2 shows also the composition of the main oxides 

present in the BFS from Federal- Mogul Göteborg and Storebro foundry obtained by 

XRF analysis. The high percentage of silica (SiO2) in both types of BFS goes well 

with the XRD analysis since quartz is the most common form of crystalline silica.  

 

 

 

2020-09-28 

Without water 

2020-10-06 

After several 

days 

2020-09-28 

Directly after 

adding water 

https://www.intechopen.com/online-first/use-of-waste-foundry-sand-wfs-as-filler-in-hot-mixed-asphalt-concrete#F2
https://www.intechopen.com/online-first/use-of-waste-foundry-sand-wfs-as-filler-in-hot-mixed-asphalt-concrete#tab4
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Table  2: The XRF and XRD test results of the BFS from Federal- Mogul Göteborg 

and Storebro foundries 
   

By-product foundry sands 

   Description 
 

From Federal-

Morgul Göteborg 

foundry 

From Storebo 

Foundry 

    Unit     

Chemistry 

XRF 

Fe2O3 % 0.540 0.843 

  Al2O3 % 4.564 2.648 

  TiO2 % 0.094 0.047 

  K2O % 1.944 1.167 

  CaO % 0.406 0.180 

  MgO % 0.190 0.479 

  Na2O % 1.665 0.120 

  SiO2 % 89.910 88.350 

Semi-

quantitative 

BaO % 0.047 0.028 

  SrO % 0.009 0.005 

  ZrO2 % 0.031 0.039 

  Cr2O3 % 0.003 0.249 

  MnO % 0.023 0.011 

  P2O5 % 0.031 0.732 

LOI 1100°C % 0.138 4.059 

Mineralogy 

XRD 

Quartz % 76.6 87.5 

  Plagioclase % 12.2 4.9 

  K Feldspar % 10.9 7.1 

  Mica % 0.3 0.5 

 

Environmental analysis of the used BFS  

Table 3 shows the environmental analysis carried out on BFS from Federal- Mogul 

Göteborg foundry and Storebro foundry by the foundries. Also, Table 3 illustrates 

the corresponding allowable values according to the Swedish Environmental 

Protection Agency's general guideline (2016) values for contaminated soil for MKM 

(less sensitive land use).  
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Table  3: The Environmental analysis of the BFS from Federal- Mogul Göteborg and 

Storebro foundries in addition to the limits specified by the Swedish Environmental 

Protection Agency (2016), all units given in mg/kg TS. 

 

 In Table 3 above, Anm 1 are the substances that can, to a large extent, occur in pore 

air. Supplementary analyzes of ground air and indoor air are recommended. Anm2 

are substances that can, to a large extent, occur in groundwater. Supplementary 

analyzes of groundwater are recommended. 

Substance MKM 
(Road and 
industry) 

Comments BFS from 
Federal- Mogul 
Göteborg 
foundry 

BFS from 
Storebro 
foundry  

Antimon 30  --------- <0.9 

Arsenic 25  0.281 <0.36 

Barium 300  5.44 8.3 

Bly 400  <1 <4.5 

Cadmium 12  <0.1 <0.09 

Cobalt 35  0.275 <2.3 

Copper 200  0.613 9.5 

Mercury 2.5  <0.2 <0.05 

Molybdenum 100  --------- <0.9 

Nickel 120  0.513 6.8 

Vanadin 200  0.952 <9 

Zinc 500  1.70 <9 

PCB-7 0.2 PCB-7 is assumed to be 20% of 
the PCB total 

--------- <0.01 

PAH-L 15 PAH with low molecular weight <0.15 0.38 

PAH-M  20 PAH with medium molecular 
weight 

<0.25 

PAH-H  10 PAH with high molecular 
weight 

<0.3 <0.3 

Benzene 0.04 Anm 1, 2 0.032 0.23 

Toluene 40 Anm 1, 2 <0.1 2.5 

Ethylbenzene 50 Anm 1, 2 --------- <0.1 

Xylene 50 Anm 1, 2 --------- <0.1 

Aliphatic> C5-C8 150 Anm 1, 2 --------- <5 

Aliphatic> C8-C10  120 Anm 1 <10 <5 

Aliphatic> C10-C12  500 Anm 1 <20 <5 

Aliphatic> C12-C16  500  <20 <5 

Aliphatic> C16-C35  1000  <20 14 

Aromat> C8-C10  50  --------- <5 

Aromat> C10-C16 15  <1 <10 

Aromat> C16-C35  30  <1 

Naphthalene --------  < 0.1 0.23 

Total Organic 
Carbon  

--------  --------- 1.9 
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It can be seen from Table 3 that the BFS from Federal- Mogul Göteborg foundry 

fulfil the requirements of the Swedish Environmental Protection Agency's general 

guideline values for contaminated soil. Appendix 1 shows the full environmental 

analysis carried out on BFS from Federal- Mogul Göteborg foundry with the 

corresponding analysis method for each substance.  

Table 3 shows also that the BFS from Storebro foundry AB fulfil the requirements of 

the Swedish Environmental Protection Agency's general guideline values except for 

benzene content. On the other hand, the BFS from Storebro foundry AB is approved 

to be used in filling of the excavation slope in accordance with the Swedish 

Environmental requirements as shown in Appendix 2 (page 11 of the attached 

document). Moreover, the concentration of the benzene content in BFS from 

Storebro foundry will be reduced significantly when preparing the asphalt mixtures 

because it will be mixed with at least 88% natural aggregate.  

Binder content 

Bitumen of type 160/220 grading has been used in this study.  The used bitumen has 

been produced by the oil refinery of Nynas. The characteristics of the binder selected 

to be used in manufacturing the asphalt mixtures have been identified with the 

corresponding analysis method as shown in Table (4). This binder has been chosen 

because it is the most popular type used in manufacturing ABT 11 asphalt mixtures 

by Skanska asphalt plant in Gothenburg. The one nearest to Federal-Mogul Göteborg 

foundry, as described previously. 

Table  4: Properties of the bitumen type 160/220 used in this study. 

Name of Test Standard Experimental value 
according to VTI 

Standard 
value/range 

according to Nynas 

Penetration (0.1mm) at water 

temperature of 25 Cº 

SS-EN 1426 
(2015) 

192 160-220 

Softening point (Cº) SS-EN 1427 
(2015) 

40.0 35-43 

Density (kg/m3) SS-EN ISO 3838 
(2004) 

1014.1 ----------- 

Kinematic viscosity, 135 °C 
(mm2/s) 

 

SS-EN 12595 
(2014) 

 

---------- Min. 135 

Breaking point Fraass (Cº) SS-EN 12593 
(2015) 

---------- Max. -15 

Flash point (Cº) SS-EN ISO 2592 
(2017) 

---------- Min. 220 
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Testing Methodology 

Preparation of the asphalt mixtures for laboratory tests 

As described previously, the experimental tests carried out in this study contemplates 

testing the same mixture type ABT 11 and the same bitumen type 160/220 at 6% but 

at different replacement proportions of the conventional fine sand fraction 0-2 mm.  

The bitumen content has been chosen to be added to the mixtures at 6% of the total 

wight for all the prepared series because it is the most popular binder content 

percentage used for ABT 11 160/220 mixture. According to the Swedish Transport 

Administration requirement (TDOK 2013:0529), the minimum binder content of 

type 160/220 for ABT 11 is 5.8% by weight.  

The tested asphalt mixtures include one reference (control) series without any BFS 

replacement, three series at 1%, 4% and 8% replacement proportions of the 

conventional fine sand by BFS from Federal-Mogul Götebory foundry and three 

series at 4%, 8% and 12% replacement proportions of the conventional fine sand by 

BFS from Storebro foundry. Accordingly, it has been necessary to adjust and 

optimize the mixing fractions of each series to give the best fitting to the ideal 

particle size distribution of standard ABT 11 mixture. This has been done by using 

an Excel program available at VTI to optimize the particle size distribution to fit as 

much as possible any standard mixture if new fractions are to be introduced to the 

mixture.  

Table 5 shows the resulting granulometric composition of the mineral aggregates 

with and without the addition of BFS from the two foundries.  

As shown in Table 5, seven asphalt mixtures series have been prepared and tested in 

this study. The first series is the control asphalt mixture without any added BFS and 

designated as R. Three series were prepared with partial replacement of BFS from 

Federal-Mogul Göteborg foundry at 1%, 4% and 8% by the total weight of the 

asphalt mixture and designated as FM 1%, FM 4%, and FM 8% respectively. 

Another three series were prepared with partial replacement of BFS from Storebro 

foundry at 4%, 8% and 12% by the total weight of the asphalt mixture and 

designated as S 4%, S 8% and S 12% respectively.  For each series given in Table 5, 

fourteen asphalt samples of 100 mm diameter were prepared and compacted by 

Marshall compaction using 50 blows/ layers for each side of a Marshall specimen 

according to SS-EN 12697-30 (2019), see Figure 6. 

The initial plan was based on studying the technical properties of asphalt samples 

prepared at zero BFS, 4%, 8% & 12% BFS from Federal-Mogul Göteborg foundry 

and the same replacement percentage for mixtures with BFS from Storebro foundry. 

Upon the preliminary data collected from the initial tests, it has been found that the 

high percentages of 4% and 8% BFS from Federal-Mogul Göteborg foundry already 

affected the technical properties of the asphalt samples negatively, therefore, it has 

been decided to testing asphalt samples prepared with only 1% BFS replacement 

instead of the initially planned of 12% BFS from Federal-Mogul Göteborg foundry. 
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Table  5: Granulometric composition of mineral aggregate asphalt mixtures with and 

without BFS. 

Aggregate Mixture designation 

R FM 1% FM 4% FM 8% S 4% S 8% S 12% 

Filler 2.7 2.7 2. 3.1 3.8 5.1 6.7 

0-2 mm 48.8 48.3 46.3 42.7 45 40.6 35.4 

2-4 mm 0.3 1.1 4 8.5 4.2 8.5 13.5 

4-8 mm  26 25.7 24.6 22.9 24.6 23.0 21.2 

8-12 mm  12.6 12.7 13 13.5 13 13.4 14 

12-16 mm 8.8 8.8 8.7 8.6 8.7 8.6 8.5 

16-25 mm 0.7 0.7 0.7 0.7 0.7 0.7 0.7 

% Total  100 100 100 100 100 100 100 

% 

Replacement of 

BFS by weight 

of the 

conventional 

sand fraction 

0-2mm 

0 2.06 8.7 18.80 9 19.75 33.7 

% 

Replacement of 

BFS by total 

weight of the 

total asphalt 

mixture 

0 1 4.03 8.03 4.05 8.02 11.94 

Type of BFS None- 

Reference 

mixture 

Federal-

Mogul 

Göteborg 

foundry 

Federal-

Mogul 

Göteborg 

foundry 

Federal-

Mogul 

Göteborg 

foundry 

Storebro 

foundry 

Storebro 

foundry 

Storebro 

foundry 
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Figure 6: Asphalt samples of 100 mm diameter prepared in accordance with SS-EN 

12697-30 (2019), photo by Dina Kuttah-VTI 

 

Laboratory tests carried out on the asphalt samples 

Environmental analysis  

In this study, different environmental suitability analyses have been carried out on 

chosen asphalt mixtures, namely the reference asphalt mixtures, the asphalt mixture 

with 8% BFS from Federal-Mogul Göteborg foundry and the asphalt mixture with 

12%Storbro foundry. The series that includes the maximum percentages of BFS from 

Federal-Mogul Göteborg foundry and the series that includes the maximum 

percentages of BFS from Storebro foundry have been included in this analysis. These 

tests included the leaching test ICP according to ASTM D3987-12 (2020) ICP 

quantitative sample mass and leaching test ICP according to ASTM D3987-12 

(2020) ICP semi-quantitative sample mass in addition to pH test, as will be discussed 

in the next paragraphs. 

 

Technical characteristics tests  

 

• Water sensitivity of asphalt samples using static indirect tensile strength 

In order to check the potential stripping problems with the use of the two chosen 

types of by-product foundry sand, Marshall specimens were prepared, and the 

stripping resistance (water sensitivity) of the samples was evaluated based on the loss 

of the indirect tensile strength (ITS) up on wetting according to TDOK 2017:0650 

(2017).  
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The ITS test has been caried out according to SS-EN 12697-23 (2017). This test is a 

performance test which is often used to evaluate the moisture susceptibility of 

asphalt mixtures. In the ITS test, the peak load is recorded, and it is divided by 

appropriate geometrical factors to obtain the split tensile strength using Eq. 1: 

ITS= 2000 P/π t D            ………………………………………………………… (1) 

where: 

ITS = indirect tensile strength, kPa 

P = maximum load, N 

t = specimen height immediately before test, mm 

D = specimen diameter, mm 

According to the test standard of determining the water sensitivity of asphalt 

specimens. Ten Marshall specimens should be prepared for each tested series.  Half 

of the specimens were saturated with water at negative pressure (absolute pressure 

6.7 kPa) and then stored in a water bath at 40 ± 1 ° C for 7 days. The other five 

specimens were stored dry at room temperature (20 - 25°C) for the same time. All 

specimens were tempered at the test temperature (10 ± 0,5°C) for 4 hours before the 

test, after which the tensile strength of the specimens is determined, see Figure 7. 

 

 

 

Figure 7: Measuring the indirect tensile strength of asphalt samples, photo by Dina 

Kuttah-VTI.  
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The indirect tensile strength ratio (ITSR) is a measure of water sensitivity. It is the 

ratio of the tensile strength of water conditioned specimen (, to the tensile strength of 

unconditioned specimen which is expressed as a percentage as given in Eq. 2. 

ITSR= (ITSRW/ITSRD) *100    ……………………………………………… (2) 

where: 

ITSR = the tensile strength ratio (%), 

ITSRW= tensile strength of five conditioned (wet) specimens (MPa) and; 

ITSRD = tensile strength of five unconditioned (dry) specimens (MPa). 

 

It is worth to mention that the average indirect tensile strength (ITS) for each dry test 

series shall be > 1000 kPa according to TDOK 2013:0529 (2015). However, this 

does not apply to masses made with bitumen softer than penetration bitumen 160/220 

and not to fine-grained masses with a nominal stone max ≤ 8 mm. 

In addition, the acceptable rang of ITSR limited by the Swedish Transport 

Administration is ITSR ≥ 75% according to TDOK 2013:0529 (2015). A higher 

ITSR value typically indicates that the mixture will perform well with a good 

resistance to moisture damage. 

  

• Void ratio  

Air voids are small air spaces or pockets of air that occur between the coated 

aggregate particles in the final compacted HMA. It is one of the most important 

volumetric properties of an asphalt mixture that affects the mixture’s stability and 

durability (Chen et al, 2013).  

Density and air void content are directly related. The higher the density, the lower 

the percentage of air voids in the HMA. Specifications require pavement densities 

that produce the proper amount of air voids in the pavement. An asphalt mixture with 

air void content lower than optimum may cause rutting due to plastic flow, whereas 

higher air voids can result in premature cracking or raveling due to moistures and 

oxidation (Roberts et al., 1996) 

The range of design air void values in laboratory compacted asphalt mixtures is 

included in asphalt mix design standards.  Different types of asphalt include different 

design air voids. The Swedish Transport Administration (TRV) requirements for 

design air voids are set out in TDOK 2013:0529 (2015).   

The air voids content of an asphalt specimen is calculated according to SS-EN 

12697-8 (2019) using the maximum density of the mixture, according to SS-EN 

12697-5 (2019) and the bulk density of the specimen, according to SS-EN 12697-6 

(2020). This method has been adopted to test the void ratio of the Marshall asphalt 

specimens prepared in this study. 
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The air voids content is calculated as shown in Eq.3: 

 

𝑉𝑎 =  
𝜌𝑚−𝜌𝑏

𝜌𝑚
. 100                  ………………………………………………………(3) 

where: 

Va = the air voids content of the asphalt specimen, in 0.1% (by volume); 

ρm = the maximum density of the mixture, in (Mg/m3); 

ρb = the bulk density of the specimen, in (Mg/m3) 

 

According to the Swedish requirement TDOK 2013:0529 (2015), the air voids range 

of Marshall asphalt samples should be between 1.5 to 3.5% (by volume) for ABT 11, 

160/220 binder. Therefore, the qualification of the void ratios of the tested samples 

have been checked based on the give limits as discussed in the following paragraphs.   

 

•  Marshall stability and flow 

The method given SS-EN 12697-34 (2020) part E, has been adopted in this study to 

determining Marshall stability, flow and Marshall quotient of specimens of asphalt 

mixtures prepared in this study.  

Marshall stability measures the maximum load sustained by the asphalt material at a 

loading rate of 50.8 mm/minute. The test load is increased until it reaches a 

maximum. Beyond that, when the load just starts to decrease, the loading is ended 

and the maximum load (i.e. Marshall stability) is recorded. During the loading test, 

dial gauge is attached which measures the specimen’s plastic flow owing to the 

applied load. The flow value refers to the vertical deformation when the maximum 

load is reached. 

The Marshall quotient which is the ratio of Marshall stability (kN) to flow (mm) is an 

index that indicates the mixture stiffness, and it is also related to the resistance to 

permanent deformation. A higher Marshall quotient means higher stiffness and a 

better resistance to permanent deformation (Kuttah et. al., 2017). 

The Marshall stability and flow tests have been carried out at VTI using the material 

testing unit, see Figure 8. 
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Figure 8: Marshall stability and flow tests (Photo by Andreas W. VTI) 

 

• Resilient modulus 

Many asphalt samples were prepared to determine the resilient modulus (MR) for 

different asphalt mixtures series adopted in this study, see Figure 9.  

 

 

Figure 9: Resilient modulus test (Photo by Andreas W., VTI) 
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As described previously, the asphalt samples were prepared according to Marshall 

compaction as specified in SS-EN 12697-30 (2019). The resilient modulus tests were 

carried out in accordance with FAS 454 (1998).   

In this test a cylindrical sample is subjected to a vertical, periodical load on the 

lateral surface (normal frequency = 0.3 Hz with a pulse length of 0.1 s). The 

horizontal resilient deformation during unloading is measured and the stiffness 

modulus is then calculated according to a formula from the theory of elastic 

cylinders. The test is performed at different temperatures, usually -5, 10 and 25 ° C.  

 

• Dynamic water sensitivity of asphalt samples using (MIST)  

Since moisture damage is one of the major problems encountered in asphalt 

pavements, the dynamic water susceptibility of asphalt mixtures should be 

determined in addition to the static water susceptibility tests described in previously. 

Therefore, the effect of moisture damage on the resilient modulus (MR) property of 

the asphalt samples using Moisture Induced Sensitivity Test (MIST) has been 

evaluated in this study in accordance with ASTM D7870/D7870M-20 (2020). 

MIST is an accelerated conditioning method designed to simulate the stripping 

mechanisms under cyclic (dynamic) loading. It can simulate moisture damage due to 

water, repeated traffic loading and elevated in place temperatures. It can be 

conducted on compacted laboratory and field samples at adjustable temperature, 

pressure and number of cycles. 

The test involves placing a sample inside a cylindrical sample chamber (3 levels for 

up to 3 samples), filling the chamber with water, closing the sample chamber lid, and 

starting the test. 

The machine automatically heats up the water/sample and start cycling (to desired 

temperature and pressure).  In this study, the entire cyclic conditioning process took 

approximately 4 hours, for each tested group of three asphalt samples, during which 

the samples were subjected to 7000 conditioning cycles, see Figure 10. 

It is worthy to mention that for each tested series, three compacted Marshall asphalt 

samples were tested for resilient modulus (as described previously) for three times 

each. Firstly, the resilient moduli of the three samples were measured under dry 

conditions. Then the resilient moduli of the same samples were measured under wet 

conditions. Finally, the resilient moduli of the same wet sample were measured again 

after conditioning the samples by MIST. 
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Figure 10: MIST testing (Photo by Dina Kuttah-VTI) 

 

Results and Discussions 

This paragraph discusses the main environmental and technical tests results of the 

asphalt mixtures under study. 

 

Environmental analysis results 

Table 6 shows the main substances concentration in the reference asphalt mixtures, 

asphalt mixture with 8% BFS from Federal-Mogul Göteborg foundry and asphalt 

mixtures with 12% BFS from Storebro foundry. These tests include the leaching tests 

and pH tests as carried out by Sibelco Technical Center Dessel. 
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Table  6: Main substances concentration in different asphalt mixtures as analyzed by 

Sibelco Technical Center Dessel, all units in mg/kg TS. 

  Symbol Substance Ref FM 8% S 12% 

Leaching test   ICP As Arsenic <0.2 <0.2 <0.2 

according to ASTM D3987 

ICP 

Ba Barium <0.08 <0.08 <0.08 

Quantitative Cd Cadmium <0.08 <0.08 <0.08 

sample mass 35g, 700 ml Co Cobalt <0.08 <0.08 <0.08 

  Cr Chromium <0.08 <0.08 <0.08 

  Cu Copper <0.08 <0.08 <0.08 

  Mo Molybdenum <0.08 <0.08 <0.08 

  Ni Nickel <0.08 <0.08 <0.08 

  Pb Lead <0.2 <0.2 <0.2 

  Zn Zinc <0.08 <0.08 <0.08 

  Se Selenium <0.4 <0.4 <0.4 

Leaching test   ICP 

according to ASTM D3987 

ICP 

Semi-quantitative 

sample mass 35g, 700 ml 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Ag Silver 0.082 0.010 <0.02 

Al Aluminum 5.843 5.418 6.005 

As Arsenic <0.02 <0.02 0.042 

Au Gold 0.025 <0.02 0.031 

B Boron 0.088 0.061 0.115 

Ba Barium 0.013 0.023 <0.02 

Be Beryllium <0.02 <0.02 <0.02 

Bi Bismuth <0.02 0.047 0.050 

Ca Calcium 54.232 46.350 49.631 

Cd Cadmium <0.02 <0.02 <0.02 

Ce Cerium 0.012 <0.02 0.019 

Cl Chlorine 0.011 <0.02 0.016 

Co Cobalt <0.02 <0.02 <0.02 

Cr Chromium 0.039 0.017 0.093 

Cs Cesium 0.010 <0.02 <0.02 

Cu Copper <0.02 <0.02 <0.02 

Dy Dysprosium 0.011 0.012 <0.02 

Er Erbium <0.02 <0.02 <0.02 

Eu Europium 0.238 0.392 0.323 

Fe Iron <0.02 <0.02 <0.02 

Ga Gallium <0.02 <0.02 <0.02 

Gd Gadolinium <0.02 0.135 0.082 

Ge Germanium 0.033 <0.02 0.010 

Hf Hafnium <0.02 <0.02 <0.02 

  Ho Holmium <0.02 <0.02 <0.02 

  In Indium 0.178 <0.02 0.023 

  Ir Iridium 1.071 1.444 1.741 

  K Potassium 28.841 18.893 16.545 
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Continued-  

Leaching test   ICP 

according to ASTM D3987 

ICP 

Semi-quantitative 

sample mass 35g, 700 ml 

  

  

  

  

  

La Lanthanum <0.02 <0.02 <0.02 

Li Lithium 0.042 0.039 0.035 

Lu Lutetium <0.02 <0.02 <0.02 

Mg Magnesium 1.086 0.905 1.516 

Mn Manganese 0.015 0.015 0.036 

Mo Molybdenum <0.02 <0.02 <0.02 

Na Sodium 7.460 65.302 6.649 

Nb Niobium 0.059 <0.02 0.022 

Nd Neodymium <0.02 <0.02 <0.02 

Ni Nickel <0.02 <0.02 <0.02 

  P Phosphorus <0.02 2.098 17.506 

  Pb Lead 0.100 0.136 <0.02 

  Pd Palladium 0.054 0.057 0.054 

  Pr Praseodymium <0.02 <0.02 <0.02 

  Pt Platinum 0.072 0.025 0.133 

  Rb Rubidium 0.016 <0.02 <0.02 

  Re Rhenium 0.016 0.023 0.013 

  Rh Rhodium <0.02 <0.02 <0.02 

  Ru Ruthenium <0.02 <0.02 <0.02 

  S Sulfur 5.241 3.270 8.336 

  Sb Antimony <0.02 <0.02 <0.02 

  Sc Scandium <0.02 <0.02 <0.02 

  Se Selenium 0.280 0.332 0.388 

  Si Silicon 20.060 56.935 19.766 

  Sm Samarium <0.02 <0.02 <0.02 

  Sn Tin 0.025 0.000 0.036 

  Sr Strontium 0.058 0.051 0.052 

  Ta Tantalum <0.02 0.057 <0.02 

  Tb Terbium <0.02 <0.02 <0.02 

  Te Tellurium <0.02 <0.02 <0.02 

  Th Thorium <0.02 <0.02 <0.02 

  Ti Titanium 0.014 0.019 0.016 

  Tl Thallium <0.02 <0.02 <0.02 

  Tm Thulium <0.02 <0.02 <0.02 

  U Uranium 0.046 0.166 0.076 

  V Vanadium <0.02 <0.02 <0.02 

  W Tungsten <0.02 0.046 0.022 

  Zn Zinc 0.047 0.022 0.018 

  Zr Zirconium <0.02 <0.02 <0.02 

pH  after 18h 
 

10.00 10.29 9.57 
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Based on Table 6 (Leaching test   ICP according to ASTM D3987 ICP-Quantitative), 

the elements analyzed in the leachate, namely (Arsenic, Barium, Cadmium, Cobalt, 

Chromium, Copper, Molybdenum, Nickel, Lead and Zinc) showed that the 

concentration of these elements in FM 8% and S 12% were within the same limits as 

for the reference mixture. The groundwater will thus not become contaminated with 

metallic compounds. Also, the pH scale of the three mixtures given in Table 6 shows 

that all the tested mixtures are basic with pH>7. 

 

Technical characteristics tests results 

This paragraph discusses the main technical characteristics of the chosen asphalt 

mixtures (with and without BFS) determined through various laboratory tests, 

namely, static water susceptibility via indirect tensile strength test, void ratio, 

Marshall stability and flow, resilient modulus at dry conditions and the resilient 

modulus at wet conditions before and after moisture Induced Sensitivity Test 

(MIST). 

 

Static water sensitivity tests results 

The indirect tensile strength tests result for the reference mixture and mixtures 

containing BFS at different percentages for conditioned and unconditioned samples 

are given in Figures 11 and 12 respectively. 

Figure 11 a and b shows the static indirect tensile strength at dry conditions for all 

tested samples and the average static indirect tensile strength for each series, 

respectively. It is evident from Figure 11 that all the asphalt mixtures with 1%, 4% 

and 8% BFS from Federal-Mogul Göteborg foundry and mixtures with 4%, 8% and 

12% BFS from Storebro foundry, in addition to the reference mixture, showed 

relatively high indirect tensile strengths. It can be seen from Figure 11 that all the 

tested asphalt showed ITS at dry conditions higher than the minimum allowable 

value of 1000 kPa according to TDOK 2013:0529 (2015) requirement. This is a good 

indication for durability of the mixtures since fatigue life is a function of ITS 

(Campelo, 2019). Nevertheless, it can be seen from Figure 11 b, that there is a 

decreasing tendency of the static ITS under dry conditions with increasing the BFS 

contents for both types of BFS as compared to the reference mixture.  

Upon conditioning (wetting), high amounts of BFS from Federal-Mogul foundry 

affected negatively the ITS values of the asphalt mixtures, given the soft 

characteristic of asphalt as shown in Figure 12 a and b.  
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(a) 

 

(b) 

Figure 11:a) Static indirect tensile strength at dry conditions for all tested samples, 

(b) The average static indirect tensile strength for each series at dry conditions  
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(a) 

 

(b) 

Figure 12: a) Static indirect tensile strength at wet conditions for all tested samples, 

(b) The average static indirect tensile strength for each series at wet conditions  

 

The results of the static water sensitivity tests for the tested mixtures are shown in 

Figure 13. It can be seen from this figure that the indirect tensile strength ratios 

(ITSR) for asphalt mixtures with 4% and 8% BFS from Federal-Mogul Göteborg 

foundry were lower than the minimum ratio required of 75% required by TDOK 

2013:0529 (2015). Due to the very low ITSR (of less than 10%) recorded for FM 

8%, this mixture has been excluded from further laboratory investigations in this 

study.  
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As shown in Figure 13, among the asphalt mixtures containing BFS, mixture S 8% 

was the one with the highest ITSR, followed by series S 12%, FM 1%, S 4% and 

REF respectively. In summary, all these mixtures, namely, S 12%, S 8% S4%, FM 

1%, and REF fulfilled the TRV requirements in terms of both dry ITS and ITSR. 

 

 

 

 

Figure 13: Static indirect tensile strength ratios of different asphalt mixtures. 

 

Void ratio tests results 

It was observed that all the seven mixtures tested in this study meet the Swedish 

standards regarding the minimum and maximum void ratio requirements according 

to TDOK 2013:0529 (between 1.5% to 3.5% by volume for ABT 11, 160/220 

binder) as discussed previously.  

It can be noticed from Table 7 that the bulk densities of the asphalt samples have 

increased with increasing the BFS from both foundries. Regarding the void ratios, 

mixture S 12% has the lowest void ratio as compared to all other mixtures. The 

mixtures of series S with BFS from Storebro foundry maintained a decrease in void 

ratio when the proportion of BFS in the mixture was increased while no such a trend 

observed for BFS from Federal-Mogul Göteborg foundry. The observation of 

decreasing the void ratio with increasing the BFS contents differ from those reported 

by (Javed, 1994) who noticed an increase in the percentage of air voids of the asphalt 

mixtures with increasing the BFS contents in the mixtures. This difference in the 

observations can be attributed to the differences in the gradations of the used BFS 

and the corresponding adopted asphalt mixture. According to Table 7, the reference 

mixture had the highest void ratio among all mixtures.  
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Table  7: Void ratio tests results 

Serie REF FM 1% FM 4% FM 8% S4% S8% S12% 

BFS (%) 0 1 4 8 4 8 12 

Void ratio (%) 2.92 2.25 2.74 2.07 2.59 2.32 1.61 

Bulk density 

(Mg/m3) 
2.335 2.343 2.344 2.347 2.347 2.358 2.370 

 

Since asphalt mixtures with 12% BFS from Storebro foundry showed the lowest void 

ratio of 1.61% among the tested mixtures which is very close to the minimum 

allowable value of 1.5% according to TDOK 2013:0529 requirement for ABT 11, 

160/220 binder, and to be in the safe side, asphalt mixtures of up to 8% BFS from 

Storebro foundry seems to be promising and hence are recommended for further 

laboratory investigation in this study. 

 

Marshall stability and flow tests results 

In terms of Marshall stability and flow tests results, it can be seen from Table 8 that 

the reference mixture has showed the best performance with the highest stability and 

lowest flow values.  

 

Table  8: Marshall Stability and Flow Tests Results 

 

 

 

 

 

 

 

 

 

Regarding the mixtures with BFS, it can be noticed from Table 8 that the mixtures 

with 4% BFS from Federal-Mogul Göteborg foundry recorded higher stability than 

the corresponding mixture with 4% BFS from Storebro foundry, but it had the 

highest flow value too. This observation is probably due to the higher absorption 

characteristics of BFS from Storebro foundry as compared to the BFS from Federal-

Series 
Foundry sand Stability Flow 

Marshall 

quotient 

% kN mm kN/mm 

REF 0 12.34 2.57 4.8 

S 4% 4 8.28 2.88 2.9 

S 8% 8 7.72 3.08 2.5 

F 1% 1 10.25 3.19 3.2 

F 4% 4 9.80 3.23 3 
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Mogul Göteborg foundry. Also, this observation could even be due to the grain size, 

since BFS from Storebro has smaller particle size and therefore larger surface area 

and thus it consumed more binder which resulted in lower stability, at the same 

proportion of BFS.  

 In terms of Marshall quotient (stability/flow ratio), the mixtures with 4% BFS from 

Federal-Mogul Göteborg foundry and Storebro foundry have recorded very close 

values of 3 kN/mm and 2.9 kN/mm respectively. 

In summary, the use of BFS decreased the stability of the asphalt mixtures while 

increased their fluency.  

 

Resilient modulus tests results  

Regarding the resilient modulus test as described previously, the use of BFS from 

both foundries decreased the resilient modulus (MR) of asphalt samples tested under 

dry conditions. Adding 1% BFS from Federal-Mogul Göteborg foundry to the 

asphalt mixture caused a sharp decrease of 21% in MR as compared to the MR value 

of the reference mixture. Further increase in BFS from Federal-Mogul Göteborg 

foundry (e.g. to 4%) did not record further decrease in MR values.   

On the other hand, asphalt mixtures with 4% BFS from Storebro, showed only 6.5% 

decrease in MR as compared to the MR of the reference mixture. Similarly, further 

increase in BFS from Federal-Mogul Göteborg foundry (e.g. to 8%) did not record 

further decrease in MR values as compared to the MR value of the reference asphalt 

mixture, see Figure 14.   

 

Figure 14: The resilient moduli for different dry asphalt samples with different BFS 

contents. 
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Moisture induced sensitivity test (MIST) results 

In order to determine the dynamic moisture damage on the performance of the 

asphalt mixtures in terms of wet resilient moduli measurements, the moisture 

induced sensitivity tests (MIST) have been carried out on chosen asphalt samples. 

After determining the resilient moduli at dry conditions for the series REF, FM 1%, 

FM 4%, S4% and S 8%, the samples were soaked in water and then the resilient 

modulus tests have been carried out on these wet samples before MIST conditioning. 

Later, the same wet samples were conditioned by MIST for 7000 cycles under 4 

hours and tested again for their resilient moduli. This action was important to get a 

fair comparison in resilient moduli of the tested samples under wet conditions before 

and after MIST conditioning for all the tested series. 

It can be seen from Figure 15 that conditioning the wet asphalt samples by MIST, 

caused a reduction in the initial wet resilient moduli for all the tested samples even 

the REF mixture but at different rates. The wet resilient moduli decreased by 9.1%, 

14.5%, 25.5%, 17.7% and 24.7% for the REF, S 4%, S 8%, FM 1% and FM 4% 

mixtures respectively after 7000 conditioning cycles with MIST. This means that the 

asphalt mixture with 4% BFS from Storebro foundry recorded the lowest decrease in 

wet resilient moduli, after the reference mixture, due to MIST conditioning.  

 

 

Figure 15: Effect of MIST conditioning on the resilient moduli of the wet asphalt 

samples with different BFS contents. 
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Conclusions and Recommendations 

This study deals with carrying out laboratory investigations to evaluate the use of 

two types of Swedish by-product foundry sand (BFS) in asphalt mixture, namely, 

ABT 11. Generally, by product foundry sand is a by-product material obtained from 

the casting industry (foundries). In this research the used BFS is obtained from 

Federal- Mogul Göteborg foundry AB and Storebro foundry AB. The experimental 

procedure of this research has focused on the dosage, environmental and technical 

properties of the asphalt mixture ABT 11 (160/220) at (6%) binder content with 

different replacement proportions of the conventional fine sand fraction 0-2 mm by 

BFS. The tested asphalt mixtures include one reference series without any BFS 

replacement, three series with partial replacement of BFS from Federal- Mogul 

Göteborg foundry at 1%, 4% and 8% by the total weight of the asphalt mixture and 

three series with partial replacement of BFS from Storebro foundry at 4%, 8% and 

12% by the total weight of the asphalt mixture. The environmental requirements in 

addition to the technical requirements, namely, static indirect tensile strength ratio, 

void ratio, and resilient modulus at dry conditions and before and after the moisture 

induced sensitivity tests have been investigated in the study. 

The conclusions drawn from this study are as follows: 

• From the environmental point of view, according to ASTM D3987 ICP-

Quantitative, the elements analyzed in the leachate of asphalt mixtures FM 

8% and S 12%, namely (Arsenic, Barium, Cadmium, Cobalt, Chromium, 

Copper, Molybdenum, Nickel, Lead and Zinc), showed that the concentration 

of these elements were within the same limits as for the reference mixture. 

The groundwater will thus not become contaminated with metallic 

compounds.   

• From the technical point of view, it has been observed that all the asphalt 

mixtures with 1%, 4% and 8% BFS from Federal-Mogul Göteborg foundry 

and mixtures with 4%, 8% and 12% BFS from Storebro foundry, in addition 

to the reference mixture, have showed relatively high indirect tensile 

strengths (ITS) at dry conditions. All these mixtures fulfill the dry ITS 

requirement of TRV according to TDOK 2013:0529 (2015). Upon 

conditioning (wetting), high amounts of by-product foundry sand from 

Federal-Mogul foundry tend to negatively influence the asphalt mixture, 

given the soft characteristic of asphalt. Asphalt mixtures FM 4% and FM 8% 

reported lower indirect tensile strength ratios (ITSR) than a minimum of 75% 

required by TDOK 2013:0529 (2015). The other mixtures reported higher 

ITSR than the minimum of 75% as per TDOK 2013:0529 (2015). Mixture S 

8% was the one with the highest ITSR, followed by series S 12%, FM 1%, S 

4% and REF respectively.  

• All the seven mixtures tested in this study meet the Swedish standards 

regarding the minimum and maximum void ratio requirements according to 

TDOK 2013:0529 (between 1.5 to 3.5% by volume for ABT 11, 160/220 

binder).  
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• The use of BFS tends to decrease the Marshall stability of the asphalt 

mixtures and increasing their fluency as compared to the reference mixtures. 

The mixtures with 4% BFS from Federal-Mogul Göteborg foundry recorded 

higher stability than the corresponding mixture with 4% BFS from Storebro 

foundry, but it had the highest flow value too.  

• Regarding the resilient modulus tests, incorporation of BFS from both 

foundries decreased the resilient modulus (MR) of the asphalt samples tested 

at dry conditions. Adding 1% BFS from Federal-Mogul Göteborg foundry to 

the asphalt mixture caused a sharp decrease of 21% in MR as compared to the 

MR values of the reference mixture. On the other hand, asphalt mixtures with 

4% BFS from Storebro, showed only 6.5% decrease in MR as compared to 

the MR of the reference mixture. 

• With respect to the dynamic moisture damage on the performance of the 

asphalt mixtures in terms of wet resilient moduli measurements, the study 

showed that conditioning the wet asphalt samples by MIST for 4 hours under 

7000 cycles, caused a reduction in the initial wet resilient moduli for all the 

tested samples even the REF mixture but at different rates. The wet resilient 

moduli decreased by 9.1%, 14.5%, 25.5%, 17.7% and 24.7% for the mixtures 

REF, S 4%, S 8%, FM 1% and FM 4% respectively after MIST conditioning.  

 

From this study it can be concluded that BFS can be used as an alternative for sand 

fraction 0-2 mm at different replacement percentages for the asphalt mixture ABT 11 

depending on the type of the BFS. Based on the laboratory tests carried out in this 

study, BFS from Storebro foundry appears to be suitable to substitute up to 12% of 

the total weight of the asphalt mixture. However, since asphalt mixtures with 12% 

BFS from Storebro foundry showed the lowest void ratio of 1.6% among the tested 

mixtures which is very close to the minimum allowable value of 1.5% according to 

TRV requirement, and to be in the safe side, asphalt mixtures of up to 8% BFS from 

Storebro foundry seems to be promising and hence are recommended for further 

investigation under long-term traffic loading and climate conditions. On the other 

hand, asphalt mixtures with up to 1% BFS from Federal-Mogul Göteborg foundry is 

recommended for further investigations under long-term traffic loading and climate 

conditions due to the high-water sensitivity of this BFS.  

In summary, the use of 8% BFS from Storebro foundry and 1% BFS from Federal-

Mogul Göteborg foundry (by the total weight of the asphalt mixtures ABT 11 

(160/220) at 6% binder content) proved to be adequate according to the laboratory 

investigations carried out in this study and meets the physical and technical criteria 

of TRV as per TDOK 2013:0529 (2015). 
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List of publications   

It is intended to publish the results (or part of the results) of this project as an article 

in international journal or conference. 

 

Project communication  

The final report has been sent to the contact person from Skanska Industrial 

Solutions AB (asphalt manufacturing company) who shows his interest to discuss the 

possible financial incentives for the asphalt industry to start using BFS from Storebro 

foundry. Key person from Storebro foundry AB has been informed of such possible 

cooperation with Skanska Industrial Solutions AB and the discussion is ongoing. 
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Appendix  1 

 Full environmental analysis on BFS from Federal- Mogul Göteborg foundry  
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Appendix 2 

Permits of using BFS from Storebro foundry AB according to the 
Environmental Code 
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