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Abstract: Nowadays, budget restrictions for road construction, management, and maintenance
require innovative solutions to guarantee the user acceptable service levels respecting environmental
requirements. Such goals can be achieved by the re-use of various waste materials at the end of
their service life in the pavement structure, therefore avoiding their disposal in landfill. At the same
time, significant savings are achieved on natural aggregate by replacing it with such waste materials,
improving the economic and environmental sustainability of road constructions. The purpose of this
study is to discuss a laboratory investigation about foamed bitumen-stabilized mixtures for road
foundation layers, in which the aggregate structure was entirely made up of industrial by-products
and civil wastes, namely metallurgical slags such as electric arc furnace (EAF) and ladle furnace (LF)
slags, coal fly (CF) ash, bottom ash from municipal solid waste incineration (MSWI), glass waste
(GW) and reclaimed asphalt pavement (RAP). Combining these recycled aggregates in different
proportions, six foamed bitumen mixtures were produced and investigated in terms of indirect
tensile strength, stiffness modulus, and fatigue resistance. The leaching test carried out on the waste
materials considered did not show any toxicological issue and the best foamed bitumen mixture’s
composition was characterized by 20% of EAF slags, 10% of LF slags, 20% of MSWI ash, 10% of CF
ash, 20% of GW, and 20% of RAP. Its mechanical characterization presented a dry indirect tensile
strength at 25 ◦C of 0.62 MPa (well above the Italian technical acceptance limits), a stiffness modulus
at 25 ◦C equal to 6171 MPa, and a number of cycles to failure at 20 ◦C equal to 6989 for a stress level
of 300 kPa.

Keywords: pavement engineering; road foundation; foamed bitumen; waste materials; recycling

1. Introduction

In the last decades, the topic of civil construction sustainability, considered from both
environmental and economic points of view, has encouraged the development of innovative
technological solutions that allow materials at the end of their service life to be recycled
as secondary raw materials [1–3], thus avoiding their direct disposal in landfills. In this
regard, one of the most involved sectors is road construction, forced by the significant
increase in the costs of pavement materials, particularly of bitumen, observed over the
years [4]. Therefore, the recycling of waste materials should be implemented in pavement
management best practices in order to improve the sustainability of road construction.

There are several recycling approaches for asphalt pavements that differ in mixing
temperature (cold recycling and hot recycling) and recycling location (in plant or in situ).
Multiple studies confirm that cold recycling technologies are generally more environmen-
tally friendly [5–8].

One of the most interesting solutions adopted by road agencies is represented by
foamed bitumen (FB), since it allows waste materials to be stabilized, as well as low quanti-
ties of water or additives to be used, thus reducing the mixtures’ costs and environmental
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impact [7]. The foaming bitumen process was first discussed by Csanyi in 1957 [9], and
since then FB technology has been investigated and discussed by many researchers in order
to enhance pavement management and rehabilitation [10–14].

He and Lu in 2004 [15] discovered that adding a small percentage of cement (1 to 1.5%)
to the mix composition does not provide appreciable improvements in terms of strength;
however, it significantly increases its water resistance. Subsequently, He and Wong [16]
thoroughly investigated the decay properties of foamed bitumen, demonstrating that water
content has a major impact on bitumen decay lines, in contrast to insufflated air pressure,
which instead has a much smaller impact. Kowalska and Maciejewski [17] in 2020 carried
out an experiment on cold recycled mixtures with foamed bitumen and demonstrated how
several bituminous binders are suitable for producing mixtures that can be used as road
subgrades, using 50% reclaimed asphalt pavement and 30% recycled materials within the
aggregate structure.

Given this framework, the main goal of the present research was to investigate the
technical feasibility of cold recycled mixtures for road foundation layers, prepared with
waste materials composing 100% of the aggregate structure, foamed bitumen, and cement.
Different amounts of waste materials were combined [18], namely electric arc furnace
steel slag, ladle furnace slag, municipal solid waste incineration ash, coal fly ash, glass
waste, and reclaimed asphalt pavement. This implements foamed bitumen technology in
a context of sustainable road construction, management, and maintenance with reduced
environmental impact.

2. Materials and Methods

The fundamental principle of the present research is to replace entirely the natural
aggregate conventionally used in road foundations with industrial by-products and civil
waste materials. The focus was on electric arc furnace (EAF) slags, ladle furnace (LF)
slags, bottom ash from municipal solid waste incineration (MSWI), coal fly (CF) ash, glass
waste (GW) and reclaimed asphalt pavement (RAP). Municipal waste produced in Italy
in 2019 amounted to about 30 million tons [19]. Since bottom ash from the incineration of
municipal waste consists of 25% of the total initial waste [20], around 7.5 million tons of
MSWI bottom ash were produced. In Italy, around 1 million tons of CF ash are produced
every year [21], and, in 2014, 4.1 million tons of steel slags were produced [22]. Regarding
RAP, in 2014, only the Lombardy region roughly managed 1 million tons [23]. As for GW,
fewer references are available on its production; however, in 2008, 27 European countries
(EU-27) produced about 4 million tons of glass waste [24].

The re-use of wastes in pavement and civil engineering is clearly limited to those
which are not characterized by a concentration of heavy metals above the legal thresh-
olds. Therefore, the first step in the study was to evaluate the potential environmental
hazard associated with the waste materials investigated. The toxicological properties were
determined by means of the ICP-AES (Inductively Coupled Plasma–Atomic Emission
Spectrometer) approach. In addition to the initial heavy metal concentration, the leach-
ing process also needed to be investigated. In this case, the TCLP (Toxic Characteristic
Leachability Procedure) was followed, according to the methods specified in EN 12457-2.
Subsequently, physical and mechanical properties of the above-mentioned waste materials
were determined, namely: shape, flakening, and plasticity indexes; equivalent in sand; Los
Angeles coefficient; particle density; and size. For each of the foamed bitumen mixtures
analyzed in the experimental study, the active filler used was the Portland cement CEM
II/B LL 32.5R.

The binder used in the laboratory specimen’s production was a soft bitumen charac-
terized by an 80/100 penetration grade, because, according to the literature [25,26], soft
bitumens provide optimal properties in the foaming process. The water used for the sub-
sequent foamed bitumen production was clear, and presented no dangerous chemical or
organic agents.
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Six different aggregate structures were prepared: five entirely composed of waste
materials in different percentages (Mixes 1 to 5), and a control aggregate structure contain-
ing only limestone (LS). For each mix, 3 percentages of foamed bitumen were considered,
namely 2%, 3%, and 4%. A fixed percentage of cement (2%) was included in all mixtures to
provide proper moisture resistance.

It is worth noting that all waste materials were used in their original condition, as
supplied by the production company, without selecting a specific aggregate size. The
grain size curves were designed according to the reference envelope defined by the Italian
national road agency (ANAS).

2.1. Optimum Moisture Content and Foaming Water Content Evaluation

To determine the values of maximum dry density and optimum moisture content
(OMC), modified Proctor compaction tests were carried out on granular mixtures in accor-
dance with EN 13286-2. Subsequently, the OMC value was implemented in the equation
proposed by Wirtgen [27] to estimate the mixing moisture content:

Wadd = 1 + (0.5 × WOMC − Wmoist) (1)

where Wadd, WOMC, and Wmoist represent the water content that should be added to the
sample, the OMC, and the moisture content in the air-dried sample, respectively, expressed
in percentage by mass.

The bitumen foaming phenomenon can be described by means of two main parame-
ters, namely half-life (HL) and expansion ratio (ER) [25–33], which are generally inversely
proportional. According to Wirtgen Cold Recycling Manual [27], and by means of Wirtgen
WLS S10 foaming equipment, the foaming water content (FWC) that maximized the afore-
mentioned bitumen’s foaming properties was determined by performing multiple tests
repeated under various operating settings. Since a variation in FWC results in opposing
effects on ER and HL (directly proportional to ER and inversely proportional to HL), the
best FWC value was identified as the average between the FWC values that resulted in the
lowest ER and HL.

2.2. Specimens Preparation and Mechanical Characterization

Wirtgen WLB S10 laboratory foaming equipment was used to inject both air and
water into the hot bitumen. By means of a Hobart mixer, foamed bitumen was mixed
with the aggregates for one minute, and the resulting mixtures were then compacted using
75 Marshall blows for each side of the cylindrical specimens [27]. All foamed bitumen
mixture specimens, after being cured for 24 h at room temperature, were aged at 40 ◦C in
an oven for 3 days [29,30,32–34]. With respect to the optimization of the foamed bitumen
content (FBC), previous studies in the literature suggest different methodologies to carry out
such an evaluation [26,28,31,35–37]. In this study, it was decided to estimate the optimum
binder content following the indirect tensile strength (ITS) tests-based approach.

ITS values were evaluated at 25 ◦C, following the technical specifications reported
in the standard EN 12697-23, on both dry and wet specimens. The latter were condi-
tioned by soaking in water at 25 ◦C for 24 h before testing [26,28,29,32,37]. The minimum
FBC that provided the required minimum dry ITS value, according to ANAS acceptance
requirements, was identified as optimal.

The stiffness properties of different mixtures were determined by performing indi-
rect tensile stiffness modulus (ITSM) tests on Marshall specimens, following Annex C of
EN 12697-26, at a temperature of 25 ◦C, with a rise time of 124 ms.

Finally, fatigue cracking resistance tests were performed at the reference temperature
of 20 ◦C by means of repeated indirect tensile fatigue tests (ITFTs), following the British
Standard Draft for development DD ABF. Similar to the ITSM protocol, the same cylindrical
specimens, wave shape, and rise time were used. However, tests were carried out until
sample failure or, alternatively, until a 10 mm deformation along the loading axis was
reached. Furthermore, for the ITFT the stress-control procedure was used, instead of the
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strain-control approach typical of the ITSM test. The stress level adopted for the ITFTs
was equal to 300 kPa, which has been verified as appropriate for a road foundation layer
material [38].

3. Results and Discussion
3.1. Bitumen and Aggregates Analysis

A penetration of 82 dmm at 25 ◦C was shown by the foamed bitumen under analysis.
With respect to a foaming temperature equal to 180 ◦C and an optimal water content
equal to 3%, HL and ER were found equal to 87 s and 18, respectively. These values
are significantly higher than the recommended minimum thresholds of 16 s and 8 [27],
and suggest that an adequately large time is available for aggregate mixing operations.
According to EN 12697-1, RAP material presents a bitumen content of 4.9% (by weight
of the aggregate). Penetration (EN 1426) and Ring and Ball method (EN 1427) tests on
such bitumen resulted in 9 dmm and 75 ◦C, respectively. These results highlight how aged
and hard the bitumen of the RAP material was. In regard to the other waste materials
investigated, they can be classified as non-harmful and non-hazardous according to Italian
standards. The pH corresponding to the different industrial waste materials is shown in
Figure 1.
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The results of the toxicological tests performed on the different industrial waste
materials considered in this research are presented in Table 1. The results show significantly
different heavy metal concentrations. Specifically, EAF slags were characterized by the
highest amount of thallium and total chromium; LF slags showed an intermediate content
of all the heavy metals analyzed; MSWI ash was the richest in terms of lead; CF ash
was characterized by the highest concentrations of cadmium, nickel, selenium, arsenic,
and beryllium; whereas GW slags were characterized by the highest quantities of copper
and zinc.

The findings of the leaching tests conducted on the industrial waste materials con-
sidered in the investigation are shown in Table 2. It may be noted that all heavy metal
concentrations are lower than the legal thresholds set by Italian law (Legislative Decree
152/2006). Since no toxicological issues were found for any of the waste materials, it was
decided not to proceed further with chemical analysis on the foamed bitumen mixtures.

The aggregates’ physical and mechanical characterization, along with the reference
technical standards, are reported in Table 3. Based on the percentages of equivalent in sand,
it can be observed that all waste materials are characterized by a cleanliness level well above
the threshold level set by the ANAS specification, i.e., 30%. The EAF and LF slag particles,
along with those of RAP and MSWI, present a cubic shape, confirmed by the low values
of both shape and flakening indexes. Such a particle property is very advantageous since
it provides a significant interlocking effect between the grains composing the aggregate
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structure of the foamed bitumen mixtures. This is not true for the GW particles, which
presented high values of the flakening index, with particularly flat and elongated grain
shapes. These properties potentially cause problems during the compaction operations,
and, therefore, the maximum amount of such aggregates was fixed at 40%.

Table 1. Initial concentration of major heavy metals within the used industrial wastes.

Element
Initial Concentration (mg/kg)

EAF Slags LF Slags MSWI Ash CF Ash GW

Copper (Cu) 188.9 107.0 575.0 304.6 989.0
Cadmium (Cd) 14.5 <0.5 1.2 2.3 <0.5

Lead (Pb) 58.2 7.1 480.0 54.8 226.0
Zinc (Zn) 749.2 63.3 815.0 217.4 901.0

Chromium, Total (Cr) 18,150.5 599.0 60.0 292.7 250
Chromium, Hexavalent (Cr) <1 <5.0 <0.1 1.8 <5

Nickel (Ni) 74.1 27.6 55.0 143.8 13.8
Mercury (Hg) 1.0 <0.5 <0.1 <1.0 <0.5
Selenium (Se) 87.3 5.3 <0.1 62.7 <2.0
Arsenic (As) 131.5 14.7 <0.1 23.7 <2.0

Beryllium (Be) 0.5 0.6 <0.1 4.5 0.9
Antimony (Sb) 6.0 7.3 2.9 5.6 2.0
Thallium (TI) 19.1 <0.5 <0.01 <1.0 <0.5

Table 2. Leaching concentration of major heavy metals within the used industrial wastes.

Element UM
TCLP Leaching Concentration

EAF Slags LF Slags MSWI Ash CF Ash GW Legal Threshold

Copper (Cu) (mg/L) <0.001 0.001 0.042 <0.05 0.043 <0.05
Cadmium (Cd) (µg/L) <1.0 <1.0 <0.3 <5.0 <1.0 <5

Lead (Pb) (µg/L) <5.0 10.7 15.0 <50.0 <5.0 <50
Zinc (Zn) (mg/L) 0.004 <0.001 0.018 <3.0 <0.001 <3

Chromium (Cr) (µg/L) 38.0 1.3 23.0 <50.0 <1.0 <50
Nickel (Ni) (µg/L) <3.0 <3.0 0.6 <10.0 <3.0 <10

Mercury (Hg) (µg/L) <1.0 <1.0 0.2 <1.0 <1.0 <1
Selenium (Se) (µg/L) <5.0 <5.0 1.7 <10.0 <5.0 <10
Arsenic (As) (µg/L) <5.0 <5.0 <2.0 <50.0 <5.0 <50
Barium (Ba) (mg/L) 0.5 0.002 0.85 <1.0 0.01 <1

Table 3. Physical and mechanical characteristics of waste materials.

Properties Reference Standards EAF Slags LF Slags MSWI Ash CF Ash GW RAP

Equivalent in sand (%) EN 933-8 79 52 65 – 68 82
Shape Index (%) EN 933-4 2 5 6 – 14 10

Flakening Index (%) EN 933-3 5 2 9 – 32 7
Los Angeles coefficient (%) EN 1097-2 19 – – – – 27
Particle density (Mg/m3) EN 1097-6 3.71 2.23 2.21 2.01 2.45 2.36

With respect to the Los Angeles test, a good result was achieved by the EAF slags,
which, with a value of 19%, showed excellent abrasion and friction resistance. This value is
fully satisfactory according to ANAS specification requirements, which are fixed at 30%.
Conversely, RAP showed values still below the ANAS requirements, but with a far smaller
margin. As expected and largely reported in the literature [39–45], the particle density of
the EAF slags was much higher than that of the other aggregates.

Figures 2 and 3 show the results of the particle size analysis conducted on the aggre-
gates, whether recycled or virgin, in accordance with EN 933-1. A substantially continuous
curve can be observed for recycled aggregate from LF slags, MSWI and RAP. Conversely,
the aggregates deriving from EAF slags and GW are characterized by discontinuous curves.
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It can also be seen that CF ash presents very fine particles, to the point that it could be
compared to an artificial filler from the point of view of grain size.
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3.2. Grading and Composition of the Mixtures

The different compositions of the five mixtures entirely composed of waste materials,
along with the composition of the LS control mixture, are described analytically and
graphically in Table 4 and Figure 4, respectively. Values represent the percentage by weight
of the aggregate.
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Table 4. Mixtures composition (% by weight of the aggregate).

Aggregate Type Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 LS

EAF slags 20 20 20 20 20 0
LF slags 10 10 10 10 10 0

MSWI ash 0 10 20 30 40 0
CF ash 10 10 10 10 10 0

GW 40 30 20 10 0 0
RAP 20 20 20 20 20 0

Limestone 0/5 0 0 0 0 0 40
Limestone 5/10 0 0 0 0 0 15

Limestone 10/15 0 0 0 0 0 15
Limestone 15/25 0 0 0 0 0 12
Limestone 25/40 0 0 0 0 0 10

Filler 0 0 0 0 0 8
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Percentages of EAF and LF slags, as well as RAP and CF ash, were kept constant
within the five different mixtures. Conversely, different percentages of MSWI ash and GW
completed the aggregate structure and were used to evaluate their influence on the mechan-
ical behavior of the foam bitumen-bound mixtures. EAF slags were used at a percentage of
20% to provide a relatively high amount of aggregate characterized by good physical and
mechanical properties. According to Table 3, both the morphological characteristics (shape
and flakening index) and mechanical resistance (Los Angeles coefficient) of LF slags are
lower than those of EAF slags; for this reason, the percentage of LF slags was fixed at 10%.
RAP was included at 20% because of its useful particle size distribution. The percentage of
CF ash was fixed at 10% for all mixtures, in order to meet the requirement for proper filler
amount, and to ensure effective dispersion of the foamed bitumen, thus guaranteeing the
good mechanical performance of the mixtures. The low cost of GW and MSWI ash makes
mixtures containing such waste materials economically competitive. For this reason, their
content was varied, while maintaining an overall percentage of both waste materials equal
to 40%. Specifically, the percentage of MSWI started from 0% (Mix 1), and progressively
increased by 10% up to Mix 5. Conversely, the GW content started from 40% (Mix 1) and
progressively decreased by 10% up to Mix 5. It is worth underlining that, within the field
of pavement engineering, the possibility of the combined utilization of different waste
materials to prepare a mixture is a very positive technological aspect. In fact, it allows
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mixtures to be prepared even when there is a temporary low availability of glass waste,
rather than MSWI ash.

3.3. Proctor Test Results

According to the methods described in EN 13286-2, the OMC was evaluated by
means of a modified Proctor test; the results are presented in Table 5. Since GW particles
present higher density than MSWI ash ones, mixtures containing larger quantities of GW
are characterized by higher values of dry density. The Proctor investigation involved
12 specimens (three replicates for four water contents) for each mix, resulting in a total of
72 specimens.

Table 5. Mixture OMC and dry densities.

Aggregate Type Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 LS

OMC (%) 5.5 6.0 6.0 6.5 6.5 5.5
Dry density (Mg/m3) 2.257 2.251 2.243 2.229 2.224 2.302

3.4. Indirect Tensile Strength Test Results

Table 6 shows the results of the indirect tensile strength tests for both dry and water
soaked specimens. In addition, the tensile strength ratio (TSR), defined as the ratio between
ITS soaked and ITS dry, is also presented for each mixture. ITS investigation involved nine
specimens (three replicates for three foamed bitumen contents) for each mix, resulting in a
total of 54 specimens for dry conditions and 54 specimens for soaked conditions.

Table 6. Mix design results.

Aggregate Type Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 LS

ITS dry (MPa) 0.54 0.57 0.62 0.49 0.40 0.28
ITS soaked (MPa) 0.38 0.42 0.47 0.33 0.26 0.17

TSR (%) 0.70 0.74 0.76 0.67 0.65 0.61

ANAS technical specifications considered in the research require a minimum ITS dry
value of 0.32 MPa; it can be observed that all the five mixtures fully composed of recycled
aggregates presented ITS dry values above the acceptance threshold, for a foamed bitumen
percentage of 2%. As a result, the optimum FBC value was found to be 2% by mass for all the
mixtures. Such a percentage is also the lowest one used in the experimental investigation.
Bowering and Martin [46] proposed acceptance requisites in terms of dry ITS and TSR,
fixed at 0.2 MPa and 50%, respectively; it can be appreciated that even these minimum
thresholds have been overcome, therefore denoting an adequate moisture resistance of the
foamed bitumen mixtures under investigation. Furthermore, all of them have shown ITS
improvements in comparison with the LS control mixture, in a range of 43 to 121%, based
on the specific composition analyzed. This is also verified in terms of ITS soaked, for which
the difference is even greater (176% between Mix 3 and LS). These results are probably due
to the high roughness of the metallurgical slags, which is an ideal condition to allow the
development of a strong adhesion with the binder to allow the affinity of the RAP grains’
surface with the bitumen, and finally, for the benefits related to the use of a high amount of
filler, namely coal ash, which provides a good dispersion of the foamed bitumen during
the mixing phase. Focusing on the impact that GW and MSWI percentages have on ITS
values, the best results are obtained for GW and MSWI percentages, both equal to 20%.
Both Mix 1 (prepared with GW only) and Mix 5 (prepared with MSWI only) recorded lower
ITS values than Mix 3. The smooth surface of the glass wastes (with respect to the other
recycled aggregates considered) and the tendency of the MSWI ash to absorb bitumen [47]
represent critical characteristics that must be carefully balanced in the mix design, with the
use of an intermediate amount of both the materials.
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3.5. Stiffness Modulus and Fatigue Test Results

Table 7 summarizes the results of the ITSM tests performed on the mixtures prepared
with the optimal FBC. Dry condition moduli ranged from 2468 MPa of the LS control
mix to 6171 MPa of Mix 3, therefore showing satisfactory results given the alternative
mix compositions. These moduli values are comparable to those of asphalt concretes
analyzed by the authors under the same test conditions [47]. ITSM tests were performed
on 18 specimens, with three replicates for each mix prepared with the identified optimum
binder content. Subsequently, ITFTs were performed on the same specimens.

Table 7. Performance tests results.

Aggregate Type Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 LS

ITSM (MPa) 4523 4882 6171 3244 2639 2468
Cycles (n◦) 3401 3987 6989 2981 2657 2579

The previous considerations about the influence of GW and MSWI percentages on the
mixtures’ performance are also confirmed herewith regard to the ITSM values; the highest
ITSM values are recorded for Mix 3. This mixture also reported the best results for the
ITFT tests. Furthermore, for the mixtures containing the highest MSWI ash percentages
(Mix 4 and Mix 5), the number of cycles to failure was significantly reduced by more than
half. The fatigue investigation shows an even larger performance gap, and allows for a
more detailed understanding of the analyzed mixtures’ mechanical behavior, even if only
one stress level has been used.

The correlation between the experimental values of ITSM and ITS recorded under
dry conditions at a temperature of 25 ◦C was expressed by means of a power function,
shown in Figure 5. This resulted in an extremely good coefficient of determination equal
to 0.96. Therefore, the possibility to establish a reliable relationship between the two key
engineering parameters considered has been experimentally verified, confirming previous
studies related to this aspect [26,38,48].
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4. Conclusions

The recycled aggregates analyzed, namely EAF slags, LF slags, MSWI ash, CF ash,
GW, and RAP, resulted in physical and mechanical characteristics that can be compared
to those of conventional virgin stone materials utilized in road constructions, without any
hazard of heavy metals leaching.

The mix design was driven by the ITS test, and fully achieved all the technical require-
ments set by Italian reference standards for foamed bitumen mixtures prepared using only
recycled aggregates, in different proportions, at 2% of both cement and foamed bitumen.

Laboratory test findings are fully satisfactory, especially for Mix 3 (20% of both GW
and MSWI ash), which showed an ITS dry value equal to 0.62 MPa.
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All the optimized foamed mixtures demonstrated adequate durability in terms of low
moisture damage expressed by TSR.

Focusing on GW and MSWI ash, it can be concluded that the former leads to foamed
bitumen mixtures characterized by better performance in terms of ITS, ITSM, and ITFTs. All
these tests provided consistent results regarding the ranking of the investigated mixtures,
with Mix 3 always achieving the best results.

Finally, fatigue investigations gave the possibility to observe, in terms of performance,
significant variations between the behaviors of the investigated mixtures that were not
easily detectable based on ITS and ITSM tests. For this reason, within the mix design
process, it is recommended to combine the classical ITS procedures with fatigue tests in
order to improve the mix optimization. The determination of the stiffness modulus alone,
although it is very useful for the characterization of the mixtures’ mechanical behavior,
does not provide the comprehensive evaluation expressed by fatigue tests.
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