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Abstract. This study investigates the feasibility of using high content Reclaimed 
Asphalt Pavement (RAP) and plastomeric polymers in bituminous railway sub-
ballast, also supporting their inclusion in the Italian Railways technical specifi-
cations. Laboratory testing, full-scale trial construction, and in situ performance 
evaluation were performed. Results from the trial section showed that mixtures 
with 44% RAP can be effectively produced and laid, achieving mechanical perfor-
mance equal to or higher than that of conventional mixtures with virgin aggregates. 
The outcomes confirm the technical viability and environmental advantages of 
high-RAP sub-ballast mixtures, demonstrating a practical pathway toward more 
sustainable and resilient railway infrastructure. 
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1 Introduction 

Rail transport is increasingly recognised as a sustainable mode of mobility, even though 
construction and maintenance still entail significant emissions and energy use [1]. Reduc-
ing the environmental impact of railway infrastructure therefore remains essential. A 
typical railway track consists of rails, sleepers, ballast, sub-ballast, and subgrade layers. 
The sub-ballast protects the subgrade from load-induced stresses and has traditionally 
been granular, although cement-treated and asphalt materials are increasingly being 
used. Sustainability-driven research has focused on improving sub-ballast performance 
while recycling materials and reducing deformation. Edil et al. [2] found that a mixture of 
recycled ballast and recycled pavement asphalt materials can reduce permanent deforma-
tion, while Saborido and Morata [3] used blast furnace slag to enhance asphalt concrete 
durability. In Europe, granular sub-ballast layers (20–30 cm, E > 120 MPa) remain stan-
dard, but bituminous sub-ballast (BSL) offers advantages such as moisture resistance, 
improved waterproofing, and reduced thickness [4–6]. In Italy, Rete Ferroviaria Italiana
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(RFI) has used BSL since the 2000s. Incorporation of Reclaimed Asphalt Pavement 
(RAP) in BSL is a promising strategy to reduce the carbon footprint while maintain-
ing or enhancing performance. Studies have shown that RAP-containing sub-ballast can 
achieve comparable or superior mechanical performance: Guerrero-Bustamante et al. 
[7] demonstrated high-performance granular sub-ballast with RAP; Hashemian et al. 
[8] reported reduced compressive stress on the subgrade and improved tensile strain; 
Fiore et al. [9] found up to 30% RAP improves strength, fatigue resistance, and LCA 
indicators; Kucera et al. [10] confirmed the feasibility of BSL with up to 70% RAP in a 
test track, providing uniform support and subgrade protection. 

Within this context, the use of reclaimed asphalt in bituminous sub-ballast layers is 
still limited and, in some cases, not permitted by Railway Administrations’ Technical 
Guidelines, including those of RFI until the 2025 update. Considering the potential 
technical and environmental benefits, this study aimed to evaluate the performance of 
bituminous sub-ballast mixtures containing 44% RAP compared with a conventional 
0% RAP mixture. Two different rejuvenators and plastomeric polymer compounds were 
also investigated to enhance mixture durability and performance. The paper reports and 
compares the results obtained from a trial section assessing the feasibility of high-RAP 
sub-ballast mixtures. 

2 Materials and Methods 

To produce the bituminous mixtures, five types of crushed virgin aggregates and two 
RAP sources (fractionated as fine and coarse) were used (Fig. 1a). The RAP binder was 
extracted to determine aggregate grading (“white curve”, depicted in Fig. 1a) and to 
assess the bitumen content, which were 3.55% and 5.29% for RAP 8/12 and RAP 0/8, 
respectively. 

Two bitumen types were employed: a 50/70 paving grade for the reference mixture 
without RAP (according to the RFI technical specifications [11]) and a 70/100 bitumen 
for RAP-containing mixtures. When RAP was used, rejuvenators were added to restore 
aged binder properties. Two types were selected: R1 paired with a Graphene-enhanced 
polymer (GRP), and R2 paired with a Plastomeric polymeric compound (PPC), forming 
the liquid and solid components of a commercial hot recycling product. The selection of 
polymers to be used via dry method was due to the high RAP content, as the quantity of 
added bitumen was relatively low, and conventional PmBs (polymer modified bitumens) 
would not be sufficient to ensure effective asphalt concrete modification [12]. 

Three asphalt mixtures were produced and investigated following the indications of 
a laboratory mix-design: 

– RAP 0% – reference mixture with 50/70 bitumen, no additives – designed to comply 
with RFI technical specifications [11]; 

– RAP 44%_R1 + GRP – 44% RAP, 70/100 bitumen, R1 rejuvenator and GRP 
polymer; 

– RAP 44%_R2 + PPC – 44% RAP, 70/100 bitumen, R2 rejuvenator and PPC polymer. 

Mixture composition, including bitumen and additive dosages, was determined 
through a preliminary mix design that considered mixtures with up to 70% RAP, which
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is not reported in this paper. All mixtures were designed as 22 mm dense-graded sub-
ballast in compliance with RFI grading bands (Fig. 1b) and bitumen content (4.1–4.8%) 
[11]. 

The final grading curves of the mixture with 44% RAP selected to comply with the 
asphalt plant production limitations are shown in Fig. 1b. Optimum bitumen content was 
4.3% by aggregate mass for all mixtures. Additive dosages were: R1 + GRP 0.15% of 
RAP weight and 5% of total bitumen, respectively; R2 + PPC 0.48% of RAP weight, 
with PPC representing 68.7% of the total modifying agent.

2.1 Field Trial Construction and Testing Programme 

A field trial was conducted on December 14–15, 2023, at a construction yard of the high-
speed railway line Brescia Est – Verona. The field trial site was in Sommacampagna, 
Italy. The trial aimed to investigate the construction and performance of experimental 
asphalt mixtures. On December 14th, a 30 cm-thick granular foundation layer (resilient 
modulus ≥80 MPa) was laid and tested via plate load tests. The following day, the 
12 cm-thick sub-ballast layer was placed and compacted. 

All the mixtures were produced at an asphalt plant in Montecchio Maggiore (~50 km 
from the site), with RAP-containing mixtures produced at higher temperatures and fed 
through a dedicated RAP preheating system. Sub-ballast was laid with a 3.5 m paver and 
compacted using a 10 t vibrating steel drum and a 28 t pneumatic roller. The mixtures’ 
temperature during laying was always higher than 140 °C. The trial section consisted of 
four sections (about 25 m × 7 m), corresponding to RAP0% (section 1), RAP 44%_R1 
+ GRP (section 2), and RAP 44%_R2 + PPC (sections 3 and 4), each one split into 
two subsections characterised by different compaction schemes showed in Fig. 2. Site 
conditions were at the lower limits of the technical specifications, with wet subgrade, 
partially suboptimal subgrade bearing capacity (plate load tests 54–80 MPa) due to 
rainfall in the preceding days, and ambient temperatures below 5 °C. Figure 2 shows the 
trial field scheme and the compaction schemes adopted for the subsections. 
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Fig. 1. Grading distribution of a) aggregates, b) final mixtures 

Laboratory testing included standard RFI technical specification required tests [11] 
and additional tests to verify mixture conformity, homogeneity, and performance with 
high RAP content. Specimens were compacted using Marshall and gyratory methods 
with a mobile laboratory from the loose mixtures collected during the laying operations, 
and cores were collected (six pairs of cores from each test subsection, for a total of
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48 cores). Table 1 summarises the laboratory testing program, which included both the 
standard tests currently prescribed by the Technical Specifications and additional tests. 
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2.2 A 
2.1 B 
3.2 D 
3.1 C 
4.2 A 
4.1 B 

N° of passagesRoller type 
1332Vibrating steel drum roller 
2322Pneumatic tired roller 
2222Static steel drum roller54 

80 

ID Compaction 

1 
2 3 4 

Fig. 2. Trial section scheme 

Table 1. Laboratory testing programme overview 

Number of samplesa 

Property Standard Loose mixb Cores 

Soluble binder content EN 12697-1 2 

Grading distribution EN 12697-2 2 

Indirect Tensile Strength @ 25 °C EN 12697-23 3  (M)  –  3  (G) 3 

Marshall Stiffness and Stability EN 12697-34 4  (M  )

Indirect Tensile Stiffness Modulus @ 20 °C EN 12697-26 3  (G) 2 

Voids content EN 12697-8 2  (M) - 3  (G) 6 

Thickness EN 12697-36 6 

M = Marshall Compaction (EN 12697-30), G = Gyratory compaction ( EN 12697-31)
a Number of specimens tested for each mixture 
b Minimum number of cores tested for each sub-section 

Field testing consisted of activities aimed at assessing the bearing capacity of the 
pavement layers through Falling Weight Deflectometer (FWD) investigations (ASTM 
D4694 and ASTM D5858), with at least 12 measurement points per subsection. The 
recorded deflection data were analysed and backcalculated with ELMOD 6 to evaluate 
the bearing capacity of the pavement structure considering an elastic multi-layer model. 
The analysis allowed the determination of the equivalent modulus of the pavement 
structure Ee and the stiffness modulus of sub-ballast layer (E1). Due to space constraints, 
only selected results are reported; the full analysis will be included in the extended version 
of this work.
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3 Results and Analysis 

All the mixtures investigated showed a composition (i.e. soluble binder content and 
grading distribution) complying with the technical specifications and the values obtained 
during the mix-design phase. For the mixtures produced with 44% RAP, this result 
indicates good homogeneity of the produced mixtures, despite the higher heterogeneity 
of the RAP compared to virgin aggregates. 

Table 2 lists the average results obtained from the field. All subsections met air void 
RFI requirements (3–6%) with one borderline case (subsection 3.2, compacted at the 
lower energy). At the same compaction energy, modified mixtures showed void reduc-
tions of up to 28% compared with RAP0%. Indirect tensile tests showed strength (ITS) 
increases of 64–77% and 131–141%, respectively, for RAP44% + PPC and RAP44% + 
GRP. Similarly, ITSM values were up to 121% higher than the reference mix, confirming 
the improved mechanical performance of RAP-based materials.

The equivalent modulus (Ee) and the elastic moduli of the sub-ballast (E1) and sub-
grade (E2) layers obtained from FWD back-analysis are reported in Table 2.  The  E1 
values are reported at the testing temperature (Ttest) and at the reference one of 20 °C 
(Tref), calculated using the Asphalt Institute’s temperature–modulus relationship [13], 
with α= 0.0001 as thermal susceptibility coefficient value. It should be noted that apply-
ing the same coefficient may underestimate the stiffness at the reference temperature for 
mixtures containing RAP and polymers modifying agents, which are typically less tem-
perature sensitive. The Ee values of sections containing RAP are on average 52% and 
63% higher than those of Section 1 for RAP 44%_R1 + GRP and RAP 44%_R2 + PPC, 
respectively. The back-analysis results indicate that the sub-ballast modulus (E1) mainly 
varies as a function of the mixture type. Section 1 (RAP 0%) exhibited lower E1 values 
compared with other sections.

Table 2. Cores and FWD testing results (average values and standard deviation) 

Mixtures and subsections 

Property RAP 0% RAP 44%_R1 + 
GRP 

RAP 44%_R2 + PPC 

1.1 1.2 2.1 2.2 3.1 3.2 4.1 4.2 

Cores 

Thickness (mm) 118.4 126.4 130.3 141.2 135.3 129.8 124.2 130.6 

st. dev. 8.7 8.9 7.0 10.1 10.1 7.4 5.9 2.6 

Voids (%) 5.8 5.1 4.3 4.8 4.3 5.9 3.7 4.4 

st. dev. 0.2 0.2 0.6 0.4 0.4 0.9 0.6 0.6 

ITS (MPa) 0.91 0.92 1.65 1.58 1.59 1.38 1.57 1.44 

st. dev. 0.04 0.09 0.11 0.08 0.05 0.13 0.12 0.13 

ITC (MPa) 57.1 56.4 136.7 137.3 147.1 121.1 136.8 120.1 

st. dev. 8.3 8.1 14.4 10.1 33.9 14.7 16.1 23.8

(continued)
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Table 2. (continued)

Mixtures and subsections

Property RAP 0% RAP 44%_R1 +
GRP

RAP 44%_R2 + PPC

1.1 1.2 2.1 2.2 3.1 3.2 4.1 4.2

ITSM(MPa) 3982 3970 8825 8709 8632 7541 8207 7675 

st. dev. 221 404 931 459 341 1108 686 560 

FWD results 

Ee (Mpa) 467 441 683 696 792 623 713 823 

st. dev. 117 224 61 117 102 98 134 85 

E1 (MPa) 5264 3936 6752 6157 8931 5861 8059 10063 

st. dev. 1663 2769 1675 1995 2526 1534 2705 2611 

E2 (MPa) 119 113 141 147 124 132 157 145 

st. dev. 25 52 10 20 17 22 26 17 

*ITC = Indirect Tensile Coef ficient

4 Conclusions 

This study evaluated bituminous sub-ballast mixtures with 44% RAP and two types of 
rejuvenating polymer modifiers, compared with a conventional 0% RAP mix. All mix-
tures met RFI specifications, confirming the feasibility of producing homogeneous, com-
pliant materials even under suboptimal conditions. Modified mixtures showed improved 
compactability and mechanical performance, with air void reductions up to 28% and 
increases in indirect tensile strength and stiffness up to 77%, 141%, and 121%, respec-
tively. FWD back-analysis confirmed 52–63% higher equivalent moduli for RAP-based 
sections. Overall, high-RAP sub-ballast mixtures matched or exceeded conventional 
materials, thus supporting their adoption. The findings contributed to the 2025 revi-
sion of the RFI Technical Guidelines, now permitting the use of RAP in bituminous 
sub-ballast layers. 
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