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The use of ordinary Portland cement for the stabilisation of granular materials in road construction undermines
the effort on sustainability made by using recycled aggregate in substitution of natural ones. This requires the use
of low-impact binders so that the road construction industry complies with the prevailing environmental regu-
lations. This study compares the mechanical and environmental properties of construction and demolition waste
(CDW) aggregates stabilised with different binders: (i) a Portland-limestone cement as a reference, (ii) a
pozzolanic cement, (iii) an experimental pozzolanic cement containing waste clay from the lightweight aggregate
production, and (iv) a binder with alkali-activated CDW fines. In the laboratory experiments, both strength and
resilient properties were considered, while the environmental impact was assessed in a cradle-to-gate scenario
through a life cycle analysis (LCA). The stabilised mixture with pozzolanic cement achieved comparable strength
and stiffness while exhibiting a lower environmental impact than the mixture containing Portland-limestone
cement. The addition of waste clay to the pozzolanic cement significantly reduces its environmental impact
albeit more binder is required to compensate for the lower mechanical properties. The alkaline activation of the
fine particles in the CDW aggregate enabled the creation of a stabilised mixture with high strengths and resilient
modulus. However, this alternative stabilisation technique requires further optimisation to mitigate the signif-
icant environmental impact. The engineering evaluations of the stabilised granular mixtures studied have
considered both mechanical and environmental factors intending to contribute to the scientific debate on how to
make roadworks sustainable and conserve natural resources.

Pozzolanic cement
Mechanical properties
Life cycle assessment

1. Introduction

The use of construction and demolition waste (CDW) recycled ag-
gregates (RA) in road construction is becoming widespread due to the
promotion of circular economy policies [1,2] and their general avail-
ability worldwide [3,4]. Several laboratory and on-site experimental
studies demonstrated the feasibility of using CDW-RA in substitution of
(primary) natural aggregate for the formation of embankments and
subgrade layers of roads [5-9]. Their use in pavement layers such as
subbases and bases may necessitate cement stabilisation as is the case
with natural aggregates [10-13]. However, the use of ordinary Portland
cement (OPC) is unfavourable in sustainability terms as a lot of energy is
expended in its production, resulting in the emission of significant
quantities of carbon dioxide (COz), which is a substantial contributor to
climate change.

The construction industry is exploring the use of alternative binders
such as low-carbon blended cements [14-16]. Conversely,
alkali-activated (AA) binders are gaining interest thanks to their per-
formance and their potentially lower environmental impact in com-
parison to OPC. Some life cycle assessment (LCA) studies have indicated
that AA binders with fly ash (FA) and metallurgical slag (e.g., blast
furnace slag) result in a reduction in greenhouse gas emissions of be-
tween 30 % and 80 % in comparison to OPC [17-19]. However, those
estimates vary widely and remain a subject of debate, mostly because of
the high impact of the chemical alkaline activators used to trigger the AA
process [20,21]. Metakaolin, FA, and blast furnace slag (BFS) are the
most common precursors for the AA process [22,23]. Natural pozzolans,
ferrous or non-ferrous slags, Ca-rich materials, and other by-products
and waste sources have also been exploited [24-30].

In a previous study [31], we observed that the addition of

Abbreviations: AA, Alkali-activated; AS, Alkaline solution; AS,;, Optimum alkaline solution content; BFS, Blast furnace slag; CDW, Construction and demolition
waste; FA, fly ash; IP, Industrial pozzolana; ITS, Indirect tensile strength; LCA, Life-cycle assessment; LOI, Loss of ignition; M-EPDG, Mechanistic-empirical pavement
design guide; OPC, Ordinary Portland cement; RA, Recycled aggregates; RM, Resilient modulus; UCS, Unconfined compressive strength; WC, Waste clay; wop:,
Optimum water content; XRF, X-ray fluorescence; 74 mq, Maximum dry density.

* Corresponding author.
E-mail addresses: luca.tefa@polito.it (L. Tefa), isabella.bianco@polito.it (I. Bianco), marco.bassani@polito.it (M. Bassani).

https://doi.org/10.1016/j.conbuildmat.2025.140705

Received 12 December 2024; Received in revised form 14 February 2025; Accepted 3 March 2025

Available online 8 March 2025

0950-0618/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nec-nd/4.0/).


https://orcid.org/0000-0003-4988-4882
https://orcid.org/0000-0002-6608-3086
https://orcid.org/0000-0003-2560-1497
https://orcid.org/0000-0003-4988-4882
https://orcid.org/0000-0002-6608-3086
https://orcid.org/0000-0003-2560-1497
mailto:luca.tefa@polito.it
mailto:isabella.bianco@polito.it
mailto:marco.bassani@polito.it
www.sciencedirect.com/science/journal/09500618
https://www.elsevier.com/locate/conbuildmat
https://doi.org/10.1016/j.conbuildmat.2025.140705
https://doi.org/10.1016/j.conbuildmat.2025.140705
https://doi.org/10.1016/j.conbuildmat.2025.140705
http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2025.140705&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

L. Tefa et al.

Portland-limestone cement to stabilise CDW-RA mixtures significantly
reduced the benefits of using CDW-RA in road pavement applications.
Although a stiffer cement-stabilised subbase layer reduces the thickness
of the bituminous layers by 2.0 cm compared to the solution with a
subbase consisting of unbound CDW-RA, the inclusion of cement results
in a climate change increment of +30 % when the entire road pavement
structure is considered. A comparison of the environmental impact of
the two materials reveals a dramatic advantage for the unbound
CDW-RA, with the stabilised mixtures having a climate change impact
which is approximately 350 % higher. Other studies have investigated
the use of alternative binders to stabilise road subbases containing RA,
demonstrating that acceptable mechanical performance can be achieved
with cheaper binders [32-36]. However, many of these studies have not
assessed the actual environmental impact of CDW-RA mixtures with
different binders.

To the best of the authors’ knowledge, there is a lack of compre-
hensive environmental and structural studies comparing different
binders and promoting the most appropriate ones for optimising the
structural and environmental performances of stabilised CDW-RA.

Therefore, in this study, we investigated and compared the me-
chanical properties and environmental performances of CDW aggregate
stabilised with sustainable cementitious and AA binders, taking into
account their local availability in Northwest Italy. The following binders
were selected for potential stabilisation of CDW-RA: (i) a Portland-
limestone cement (reference); (ii) a pozzolanic cement with industrial
pozzolana (IP, i.e., siliceous fly ash from coal combustion); (iii) an
experimental pozzolanic cement with waste clay (WC) from the pro-
duction of expanded clay; and (iv) fines (< 0.063 mm) from the recovery
of CDW material to be AA [37]. Due to their very low availability in
Northwest Italy and their relatively high costs, FA and BFS precursors for
AA were not investigated. The strength (compressive and indirect tensile
strength) and stiffness (resilient modulus) of stabilised CDW-RA mix-
tures with different binders were measured and an LCA analysis was
conducted to identify and quantify the environmental impacts associ-
ated with the production of these materials.

2. Materials
2.1. Binders

A CEM-II/B 32.5R Portland-limestone cement and a CEM-IV/B (V)
32.5 N pozzolanic cement according to EN 197-1 [38] were employed
together with an alternative binder obtained by mixing 50 % by mass of
CEM-IV/B and 50 % by mass of WC, designated as CEM-IV/H (“hybrid”
type IV cement).

The chemical composition as determined by X-ray fluorescence
(XRF) is given in Table 1. CEM-II/B is predominantly composed of cal-
cium and silicon oxides (CaO) in line with the literature [39,40]. The
chemical composition of CEM-IV/B and CEM-IV/H is influenced by the
presence of the IP and WC, respectively. In these cases, the CaO content
is reduced in favour of a considerable increase in SiO5 and Al,Os.

Table 1
XRF of cement powders and precursors of AA binders.

Constituent Content (%)
CEM-II/B CEM-IV/B CEM-IV/H CDW fines

CaO 69.15 41.90 22.85 12.00
SiO, 12.75 30.00 43.60 52.30
Aly03 3.10 9.24 14.47 16.10
MgO 1.16 2.31 3.05 5.53
Na,O 2.59 2.25 1.82 1.24
SO3 4.99 4.70 2.67 1.59
cl 0.33 0.25 0.17 0.10
K0 1.53 2.93 3.46 2.80
Fe,03 2.50 4.89 6.49 6.37
TiO, 0.19 0.43 0.58 0.66
LOI 1.16 0.56 0.30 0.66
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Preliminary X-ray diffraction analyses of WC indicate a highly crystal-
line powder, with quartz showing the highest intensity of the phases
detected. In addition, aluminosilicate phases such as ringwoodite
(magnesium iron silicate) and albite (sodium aluminium silicate) have
also been detected.

To activate the alkaline reaction in the CDW-RA mixture, an
aqueous sodium silicate solution (Na2SiOs) was used. This alkaline so-
lution (AS) had a SiO2/Na=0O mass ratio of 1.65 (SiOz = 22.2 %, Na=0 =
13.4%, H20 = 64.4 %) and a density of 1.43 g/ml at 20°C. Previous
studies have shown that fines from CDW materials can be alkali-
activated without thermal treatment [28]. In fact, the addition of AS
to CDW-RA containing fine particles helps to form a binder without
highly reactive aluminosilicate fines, e.g., FA or BFS [41].

Apart from the slightly higher SiO, content, the chemical composi-
tion of the CDW fines (Table 1) was consistent with previous in-
vestigations [28,37]. The lower loss of ignition (LOI) value compared to
previous studies is attributed to the presence of silicate-based minerals
in the CDW fines with crystalline phases of quartz, silicate and sulphate
groups including albite, gedrite, muscovite, clinochlore, and thaumasite.
Preliminary X-ray diffraction analysis of the CDW fines also confirms the
presence of calcium carbonate.

2.2. Aggregates

The CDW aggregate in the 0-40 mm size fraction was collected from
a recycling plant in the Turin area (Northwest of Italy) according to EN
932-1 [42] and then sieved to 25 mm for preparing specimens. In this
plant, waste (CDW) and natural soils and rocks are screened, cleaned,
crushed, and sieved to produce unselected CDOW-RA containing particles
of crushed concrete, reclaimed bituminous mixtures, ceramics (bricks
and tiles), and natural aggregates. The percentage of each constituent
was evaluated according to EN 933-11 [43] and the results are shown in
Fig. 1-a. This CDW composition is representative of unselected CDW
collected from a mixed waste stream with the predominance of concrete
and natural materials [44,45]. Furthermore, Fig. 1-b illustrates the
particle size distribution of the sampled CDW material (sieved at 25 mm)
compared to the Italian Technical Specifications [46].

The particle’s density of CDW-RA was found to be 2597 kg/m? with
water absorption of 3.7 % (EN 1097-6; [47]). The CDW-RA exhibited a
flakiness index of 12 % and a shape index of 14 % evaluated according
to EN 933-3 [48] and EN 933-4 [49], respectively.

3. Methods
3.1. Experimental flow, specimen preparation, and mechanical testing

The experimental investigation was divided into two parts: (i) a
preliminary selection of the binder content (part 1) and (ii) a compar-
ative analysis of the different binders (part 2), as shown in Fig. 2. In part
1, the CDW-RA was stabilised with three dosages of CEM-II/B to
establish the reference binder content, by varying it between 2, 3, and
4 % of the dry aggregate mass. In part 2, the same amount (i.e., 3 %) of
the cementitious binders was added to the CDW-RA mixtures. A Proctor
test was also carried out to determine the optimum water (W) and
alkaline solution (AS,,,) contents to achieve the maximum dry density
(ydmax), according to the modified procedure of EN 13286-2 [50].

Cylindrical specimens for mechanical testing were prepared by
manually mixing the aggregate, binder, and liquid phase (water or AS),
and then compacted in the gyratory shear compactor to achieve the
target Proctor density (Fig. 2). A constant vertical pressure of 600 kPa
was applied in the compactor with shear stresses induced by the gyra-
tion and the 1.25° tilt angle of the mould. The rotation speed was set at
30 rpm, while the maximum number of gyrations was set at 100 to limit
the excessive degradation of weaker particles (e.g., bricks) contained in
the CDW material [44]. Specimens measuring 100 x 200 mm (diameter
x height) were compacted in four layers of equal thickness to determine
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Fig. 1. (a) Percentage of constituent included in CDW-RA. (b) Particle size distribution.
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Fig. 2. Experimental flow (RM = resilient modulus, UCS = unconfined

compression strength, ITS = indirect tensile strength).

the resilient modulus (RM) and unconfined compressive strength (UCS),
while specimens measuring 100 x 100 mm (diameter x height) were
used for indirect tensile strength (ITS) tests. After compaction, speci-
mens were extracted from the metallic compactor moulds and placed in
plastic moulds to prevent any damage during handling. Specimens were
cured at room temperature (20 °C) and relative humidity higher than
90 % for 7 days. Three replicates of the same mixtures were made to
ensure statistical representativeness (Fig. 2).

Repeated load triaxial tests to estimate the RM were carried out ac-
cording to the AASHTO T307 base/subbase protocol [51] in a triaxial
machine with two displacement transducers placed outside the cell. The
results were modelled according to the Mechanistic-Empirical Pavement
Design Guide (M-EPDG) to assess the evolution of RM as a function of

the stress state. In the M-EPDG model of Eq. 1, 8 is the first invariant (i.e.,
the sum of the three principal stresses during the test 0 = 67 + 62 + 03),
Toct i the octahedral shear stress (i.e., v/3 /2-(61 — 03), and p, is the
reference atmospheric pressure [52]:

o\* Tt \
oot ()" 1)

where kj, kg, and ks are the regression parameters depending on the
material. The coefficient k; represents the model intercept (i.e., the
value of RM when no other factors are contributing) and is proportional
to Young’s modulus [53]. The coefficient k; is associated with the first
stress invariant and it is generally greater than O for unbound and sta-
bilised granular materials. When kz > 0, the material exhibits a
stress-stiffening behaviour, i.e., as the stress invariant increases, the
stiffness of the material also increases [54]. Finally, k3 is the regression
coefficient associated with the octahedral shear stress, which measures
the ability of the material to resist shear stress. If ks is positive, the
material exhibits shear hardening, i.e. it becomes more resistant to
deformation as the shear stress increases. Conversely, if ks is negative,
the material exhibits a shear-softening attitude [55].

The UCS and ITS tests were carried out using a 50 kN compression
machine, applying a constant displacement rate of 0.5 mm/min, in
accordance with previous investigations [41].

@

3.2. Environmental assessment

The life cycle assessment (LCA) methodology is based on the ISO
standards 14040-44 [56,57] and the latest available European Com-
mission guidelines [58,59]. In this paper, the LCA analysis compares the
environmental performance of stabilised CDW-RA that have similar
mechanical properties and have been produced with different binder
types. The boundaries of the study were “cradle-to-gate”, covering the
entire supply chain of the products, i.e., from the extraction of the raw
materials to the production of the final stabilised mixture. The impact
results are presented with the reference to 1 Mg of stabilised CDW-RA
(functional unit) produced [60]. An attribution approach that does not
consider the environmental benefits associated with avoided products
was adopted. In particular, it does not take into account the environ-
mental benefits of avoiding landfilling for CDW or substituting natural
aggregates. The Ecoinvent 3.9.1 database was used as a source of back-
ground data [61]. The Environmental Footprint 3.1 method [62] was
adopted to calculate the environmental impacts, and the results for all
16 available indicators were provided to facilitate comparison with
other studies.

The inventory for the production of CDW-RA was derived from pri-
mary data collected in 2022 by a producer located in the Northwest of
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Table 2
Life cycle inventory of 1 Mg of CDW-RA.
Flow Quantity Unit of Note
measure
Outputs
CDW-RA 1.0 Mg
Generic waste 3.2 kg Untreated waste from the CDW
recycling process
Inputs
Fuel 5.8 MJ Diesel burned in building machines
Electricity MV 1.42 MJ MV = Medium voltage

Electricity LV 3.31.1070  MJ LV = Low voltage from

photovoltaic

Lubricating oil 2.24107° kg

Water 2.24 1
Transport of 20 Mg-km Transport of CDW from demolition
CDW site to recycling plant

Italy, with a total production of 382,359 Mg [63]. The activities of the
recycling plant included (i) CDW collection, (ii) feeding and transport on
belts, (iii) sorting and cleaning operations, (iv) crushing, (v) storage
with trucks and conveyor belts, and (iv) disposal or treatment of other
waste source material (i.e., paper, steel, hazardous waste). The process
results in the production of CDW-RA with different grain size distribu-
tions. A comprehensive inventory of the recycled aggregates is given in
Table 2. The inventory analysis for CEM-II/B and CEM-IV/B is given in
Table 3. The data was obtained from companies located in the northern
region of Italy, with 2022 as the reference year. Where necessary, this
data was supplemented by the Ecoinvent 3.9.1 database [61]. The IP
contained in the CEM-IV/B was a by-product of the heat generated by
the coal-fired furnaces, while the WC added to the CEM-IV/B to form the
CEM-IV/H was considered a by-product of the expanded clay produc-
tion. In both cases, an economic allocation was used to calculate the
impact of these two by-products. For the production of stabilised
CDW-RA mixtures, a distance of 150 km from the cement plant to the
mixing facility was assumed for CEM-II/B and CEM-IV/B. For WC, the
distance was set at 300 km, while for AS, the transport distance was set
at 250 km.

Construction and Building Materials 471 (2025) 140705

4. Results
4.1. Phase 1: selection of the binder content

Fig. 3 shows the results of the Proctor compaction test conducted on
CDW-RA stabilised with CEM-II/B to select the optimum binder content
(2, 3, or 4 %). Although all mixtures required 8.5 % of water to achieve
the maximum densification, the highest value of y4max, equal to
2119 kg/m®, was obtained with 3 % of CEM-II/B.

The UCS and ITS results obtained from 7-day cured specimens are
shown in Fig. 4-a. The average value of UCS increased from 1.45 to
1.97 MPa as the cement content increased from 2 % to 4 %. As expected,
the higher cement content resulted in a greater hydration reaction ac-
tivity and a greater resistance to external loading. It is worth noting that
CDW-RA mixtures with 3 and 4 % of CEM-II/B comply with the lower
limit of UCS = 1.72 MPa (250 psi) of cement stabilised mixture for
subbase/subgrade layers for flexible pavements according to M-EPDG
requirements [64,65].

The results for ITS mirror those for the UCS. The CEM-II/B stabilised
mixtures experienced an increase in the average ITS from 0.209 to
0.294 MPa as the addition of cement increased from 2 % to 4 %. Simi-
larly, CDW-RA materials containing 3 and 4 % of CEM-II/B showed an
average ITS that exceeded the 0.250 MPa threshold established in the
Italian Technical Specifications [46].

Fig. 4-b shows the evolution of the resilient modulus (RM) as a
function of the first invariant (). It is worth noting that the choice of
cement content affects the RM of the stabilised CDW-RA mixture. The
mixture containing 3 % of CEM-II/B consistently exhibits the highest
RM values across all investigated stress levels, suggesting that this per-
centage is optimal for maximising elastic properties. Typically, materials
with enhanced RM values can better distribute stresses within the
pavement structure, thereby contributing to a potential reduction in
layer thickness [66,67] and resulting in overall cost savings.

Any deviation from the 3 % of cement content results in a corre-
sponding variation in the RM values. Mixtures containing 2 % of cement
exhibit slightly lower RM values, indicating a reduction in stiffness
compared to those with 3 % of cement content. Moreover, the mixtures
with 4 % of cement have the lowest stiffness among the investigated
compositions. This is due to the shrinkage-induced cracking phenomena
that occur during the curing stage, which are reflected in a reduction of
RM values, consistent with previous studies [68-70]. However, the
relatively low RM values obtained for the CDW+2%CEM-II/B mixtures

Table 3
Life cycle inventory of 1 Mg of CEM-II/B and CEM-IV/B.
Flow Quantity Unit of Note
measure
CEM-II/B CEM-IV/
B
Outputs
Cement powder 1.0 1.0 Mg
Particulate matter 1.2 1.2 g
Inputs
Fuel 1.07 1.07 MJ Diesel burned in building machines
Electricity MV 35 36 kWh MV = Medium voltage
Heat 3.1-102 2.7:1072 MJ
Cement factory 273107  273.107°  Item
Clinker 790-650 *  640-450 * kg Dataset modelled with primary data from the plant. The clinker inventory is not
available for confidential reasons.
Limestone 350-210* 0O kg
Gypsum 35 35 kg
Industrial pozzolana 0 550-360 * kg Mainly composed of fly ash and waste clay* *
Other raw materials (i.e., ferrous sulphate, 0-50 * 0-50 * kg
organic additives)
Transport of materials 77.8 140 Mg-km Cumulative transport of all materials included in the production of cement.

Additional note:

* ranges from EN 197-1, the exact values cannot be provided for confidential reasons.

clay: 1 €/kg; calcinated clay 0.10 €/kg).

* * waste clay is deemed to be derived from the production of expanded clay (secondary data retrieved from Ecoinvent database); economic allocation is used (expanded
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Table 4
Mix-design and mixture designation.

Mixture designation Aggregate Binder Binder dosage (%)
CDW+3%CEM-1I/B CDW-RA CEM-1I/B 3
CDW+3%CEM-IV/B CDW-RA CEM-1V/B 3
CDW+3%CEM-IV/H CDW-RA CEM-IV/H 3

CDW+8.5%AS CDW-RA AS 8.5

Table 4 provides a summary of the investigated stabilised mixtures.
In part 2 of the experimental investigation, 3 % of cement was added to
stabilise CDW-RA. Based on the Proctor and mechanical test results, this
percentage (i) maximises the density of mixtures, (ii) leads to the highest
RM value, and (iii) is the lowest value that meets the UCS and ITS limits
of the Technical Specifications for road subbase layers [46,64,65].

The Proctor test showed that the optimum amount of alkaline solu-
tion required to stabilise CDW-RA was 8.5 % of the dry mass of the
aggregates (Fig. 5).

4.2. Phase 2: comparison between different binder types

The compaction curves for CDW-RA mixtures stabilised with CEM-
IV/B, CEM-IV/H, and AA-CDW fines are shown in Fig. 5. Both
CDW-+3%CEM-IV/B and CDW+3%CEM-IV/H mixtures required the
same amount of wey (8.5 %) as the reference mixture (CDW+3%CEM-
1I/B) to achieve a maximum dry density of 2090 kg/m® (for CDW+3%
CEM-IV/B) and 2088 kg/m3 (for CDW+3%CEM-IV/H). The addition of
8.5 % in mass of dry CDW-RA of alkaline liquids resulted in a y4max of
2164 kg/m?3. It is important to note that the addition of the AS had the
dual purpose of (i) providing workability to the mixture and (ii) trig-
gering the AA of CDW-RA fines. In conclusion, an optimum liquid con-
tent of 8.5 % was used to stabilise the mixtures, regardless of the type of
binder used (i.e., cement or AS).

The strength test results given in Fig. 6-a indicate that the
addition of 3 % of CEM-IV/B instead of CEM-II/B had a negligible effect
on the UCS and ITS values of the stabilised CDW-RA mixtures. In
particular, the CDW+3%CEM-IV/B mixture achieved an average UCS of
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A
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e
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Fig. 4. Mechanical testing results for CDW-RA stabilised with different percentages of CEM-II/B. (a) Average values of UCS and ITS (error bars indicate one standard

deviation). (b) RM results as a function of the first invariant (0).
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1.83 MPa and ITS of 0.276 MPa compared to the values of 1.85 MPa
(UCS) and 0.252 MPa (ITS) obtained with the reference mixture
(CDW-+3%CEM-II/B). However, when CEM-IV/H was used as a binder
to stabilise CDW-RA, a reduction of more than 50 % in UCS was
observed in comparison to CDW+3%CEM-IV/B. It is worth noting that
the CDW+3%CEM-V/H mixture did not achieve the minimum UCS
value for the subbase/subgrade layer for flexible pavements [65] and
the threshold of 0.250 MPa established in the Italian Technical Speci-
fications [46] for ITS. It is reasonable to assume that the low clinker
content in CEM-IV/H hindered pozzolanic reactions with the added WC,
especially given the limited curing time of 7 days [71].

The AA of fine particles in CDOW-RA mixtures resulted in the forma-
tion of a material with excellent strength properties. The CDW+8.5%AS
samples achieved the highest UCS and ITS values among all stabilised
mixtures, with an average value of 2.02 MPa and 0.367 MPa, respec-
tively. This result meets the requirements of the M-EPDG [65] and
confirms the superior performance of this alternative stabilisation
technique [41].

As shown in Fig. 6-b, the addition of 3 % of CEM-IV/B resulted in a
significant increase in stiffness as evidenced by the highest RM values
obtained over all the stress state ranges investigated. Similarly, the
CDW+8.5%AS exhibited excellent resilient behaviour, with values on
average 17 % higher than the reference mixture (CDW+2%CEM-II/B).
The mixture containing the hybrid cement (CDW+3%CEM-IV/H) per-
formed reasonably well compared to the reference (CDW+3%CEM-I1/
B). Specifically, at low-stress levels (6 < 200 kPa), the RM of CDW+3%
CEM-IV/H is slightly higher than the reference, while at higher stress
levels, the CDW+3%CEM-IV/B mixture exhibits lower values.

4.3. Life-cycle assessment

The LCA inventory for stabilised mixtures containing the same CDW-
RA but with different binder types is reported in Table 5. The LCA
analysis results to produce 1 Mg of stabilised CDW-RA with 3 % wt. of
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Fig. 6. Mechanical testing results for COW-RA stabilised with 3 % CEM-II/B (reference), 3 % CEM-IV/B, 3 % CEM-IV/H, and 8.5 %f AS. (a) Average values of UCS
and ITS (error bars indicate one standard deviation). (b) RM results as a function of the first invariant (0).
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Table 5
Life cycle inventory of 1 Mg of stabilised CDW-RA mixture for different binder types.
Flow Quantity Unit of Note
measure
CDW+3% CDW+3%CEM- CDW+3%CEM- CDW+8.5%
CEM-II/B 1v/B IV/H AS
Outputs
1.03 1.03 1.03 1.085 Mg
Inputs
Electricity MV 0.082 0.082 0.082 0.082 kWh MV = Medium voltage
CDW-RA 1.0 1.0 1.0 1.0 Mg Reference to Table 2
CEM-II/B 30 0 0 0 kg Reference to Table 3
CEM-1V/B 0 30 15 0 kg Reference to Table 3
Waste clay (WC) 0 0 15 0 kg
Alkaline solution 0 0 0 85 kg Sodium silicate (Na,SiO3) derived from hydrothermal liquor
(AS) process and deionised water (Ecoinvent database)
Water 85 85 85 0 kg
Transport of 4.5 4.5 6.8 21.3 Mg-km Cumulative transport of all materials included in the production of
materials the stabilised CDW-RA mixture
Table 6
Impact results related to the production of 1 Mg of stabilised CDOW-RA mixture depending on the binder.
Impact category Unit Mixture
CDW+ CDW+ CDW+ CDW+
3%CEM-I1I/B 3%CEM-1V/B 3%CEM-IV/H 8.5%AS
Acidification mol H' eq. 3.26 2.18 1.10 2.09
Climate change kg CO; eq. 24.1 19.9 14.3 42.2
Ecotoxicity, freshwater - inorganics CTUe 15000 10000 5030 258
Particulate matter disease inc. 2.18.10°° 1.48-10°° 7.75:10® 2.42.10°°
Eutrophication, marine kg N eq. 0.0665 0.0474 0.0273 0.0422
Eutrophication, freshwater kg P eq. 0.0010 0.0014 0.0012 0.0151
Eutrophication, terrestrial mol N eq. 7.65 5.11 2.60 4.36
Human toxicity, cancer CTUh 8.35.107* 5.54.10~* 2.77-107* 2.57-10°8
Human toxicity, non-cancer CTUh 8.89-1072 5.90-1072 2.95.1072 7.96:1077
Ionising radiation kBq Uagss eq. 0.402 0.376 0.303 4.060
Land use Pt 63.2 65.6 66.9 224.0
Ozone depletion kg CFC—11 eq. 2751077 2.48.1077 2.131077 1.38.107°
Photochemical ozone formation kg NMVOC eq. 32.80 21.80 10.90 0.15
Resource use, fossils MJ 153.0 152.0 137.0 563.0
Resource use, minerals, and metals kg Sb eq. 4.15.107° 3.99-107° 4.05-107° 5.72.107*
Water use m® depriv. 5.10 4.90 4.56 27.8
Note:

o“mol H+ eq.” represents the potential acidification of soils and water due to the release of nitrogen oxides and sulphur oxides [72];

*“CTUe” is the comparative toxic unit referred to as “ecotoxicity” and indicates the impact of toxic substances on freshwater organisms [73];

o“disease inc.” is the disease incidence. It suggests the potential incidence of disease due to particulate matter emissions [59];

¢“CTUh” is the comparative toxic unit referred to human health and indicates the impact on humans of toxic substances emitted to the environment, divided into

non-cancer and cancer-related toxic substances [73];

o“kBq U35 eq.” indicates the quantity in Bq (Becquerel) of ionising radiation on the population in comparison to Uranium 235 [73];

«“Pt” means points and it is a dimensionless measure and indicates the changes in soil quality [74];

o“kg CFC-11 eq.” quantifies the ozone depletion potential of different gases relative to the reference substance chlorofluorocarbon-11 [75];

o“kg NMVOC eq.” measures the emissions of non-methane volatile organic compounds (NMVOC) that can lead to the creation of photochemical smog [76];
o“kg Sb eq.” is the equivalent of kilograms of antimony which contributes to resource depletion [59];

“m3 depriv.” indicates the relative amount of water used [59].

different types of cement (CEM-II/B, CEM-IV/B, and CEM-IV/H) and
8.5 % of AS are shown in Table 6. Among the aggregates stabilised with
cement, the CDW+3%CEM-II/B mixture has the highest impact on most
of the indicators (except for freshwater eutrophication, land use and
minerals and metals resource use), followed by CDW+3%CEM-IV/B and
CDW+3%CEM-IV/H. With regard to the climate change indicator, the
CDW-+3%CEM-IV/H mixture was found to have the lowest impact.
However, it should be noted that this material had inferior mechanical
properties compared to the others (Section 4).

The CDW+8.5%AS mixture has a relatively low environmental
impact for eight of the sixteen indicators studied, namely acidification,
freshwater ecotoxicity, particulate matter, marine eutrophication,
terrestrial eutrophication, cancer and non-cancer human toxicity, and
photochemical ozone formation. Conversely, the same mixture shows
the highest value for the climate change indicator (42.2 kg CO- eq.),
which raises concerns about its environmental impact.

5. Discussion
5.1. Mechanical performance

Fig. 7 presents a correlation between the mean values of UCS (Fig. 7-
a) and ITS (Fig. 7-b) and the mean bulk density of the specimens (Section
3.1). It is worth noting that the gyratory compaction process resulted in
densities that were 5-6 % higher than the Proctor values. During gyra-
tory compaction, the material undergoes a kneading action generated by
the combination of vertical pressure and internal shear stresses. The
1.25° inclined rotation around the vertical axis induces internal stresses
which facilitate movement between grains, thereby improving the
compaction attitude [77,78]. Furthermore, both Fig. 7-a and Fig. 7-b
indicate that the stabilised mixtures with the highest UCS and ITS values
also exhibited slightly higher densities. It can therefore be suggested
that, in addition to the effects of binder properties, the measured
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Fig. 7. Average (a) UCS and (b) ITS results as a function of the bulk density of specimens.

strength and stiffness may have been influenced by the density of the
material.

An examination of the three different types of cement, all added to
the CDW-RA mixture with the same 3 % wt., reveals that the pozzolanic
cement CEM-IV/B demonstrates comparable strength properties to those
of CDW+3%CEM-II/B. The independent sample t-test showed no sig-
nificant differences in UCS and ITS values between the CDW+3%CEM-
1I/B and CDW+3%CEM-IV/B mixtures (both p-values > 0.05). In terms
of stiffness, Table 7 summarises the regression parameters kj, kg, and k3
obtained by fitting the M-EPDG model (Eq. 1) to the RM results.
Considering only the mixtures containing cement, the CDW+3%CEM-
IV/B material outperforms all the others, with a k; value (proportional
to the material Young’s modulus) that is significantly higher than that
for the CDW+3%CEM-II/B mixture. When examining the k, parameter,
both CDW-RA mixtures stabilised with CEM-IV and CEM-II show similar
behaviour, indicating their stress-hardening characteristics. The k3
parameter of CDW+3%CEM-IV/B shows a negative value (—0.144),
indicating that an increase in shear deformation likely due to an increase
in octahedral shear stress leads to a reduction in elastic properties.

The excellent mechanical properties of the CDW-+3%CEM-IV/B
mixture (—1 % UCS, +9 % ITS, and an average +22 % RM compared to
the reference mixture) suggest that the IP in CEM-IV/B was highly

Table 7
Regression parameters and model fitting evaluation of RM test results by the M-
EPDG.

Material M-EPDG model Statistics of the model
parameters fitting
k1 k2 k3 R? Se/Sy*

CDW+3%CEM-II/B 2739  0.514 0.275 091 0.31
CDW+3%CEM-1V/B 3824 0.538 -0.144 0.88 0.36
CDW+3%CEM-IV/H 3297 0.439  —0.068 095  0.23
CDW+-8.5%AS 3868 0.536  —0.280 0.88 0.36

Notes:

*Se/Sy represents the standard error of estimate (Se) over the standard deviation
(Sy). The magnitude of this ratio indicates the goodness-of-fit as “excellent” for
Se/Sy < 0.35, “good” for 0.36 < Se/Sy < 0.55, “fair” for 0.56 < Se/Sy < 0.75,
and “poor” for 0.76 < Se/Sy < 0.90 [88]

effective in inducing pozzolanic reactions in the mixture. It is reasonable
to assume that the pozzolana reacts with the calcium hydroxide from the
clinker hydration to form additional calcium-silicate-hydrated (C-S-H)
products which strengthen the matrix [79,80]. In other words, the
equivalent strength properties of CEM-II/B and CEM-IV/B cements
suggest that the lower clinker content in CEM-IV/B is effectively
compensated for by the pozzolanic activity of the added IP. The initial
strength development is initiated by the available clinker, and the sub-
sequent pozzolanic reactions continue to provide excellent strength and
stiffness to the stabilised CDW-RA mixture.

Conversely, the experimental low-clinker cement derived from the
combination of CEM-IV/B and WC used to stabilise CDW-RA gives a
lower level of mechanical performance than the other two types of
cement (CEM-II/B and CEM-IV/B), particularly in the UCS test. The
clinker content in the CEM-IV/H may be insufficient to effectively
initiate the pozzolanic reactions of the added WC, especially given the
limited curing time of 7 days. The excessive concentration of inactive
minerals and the presence of pores in the binding matrix limited the
formation of calcium-hydrated species and the strength development
[81,82]. In addition, the reduction in reaction kinetics due to the
addition of WC, often observed in previous studies [83], hindered
strength development. Nevertheless, the elastic properties of the
CDW-RA stabilised with 3 % of CEM-IV/H align with those of the
reference mixture. The regression parameters in Table 7 indicate that
the CDW+3%CEM-IV/H mixture has (i) a k; value which is slightly
higher than that of the reference mixture, (ii) a stress-hardening
behaviour in line with all the other mixtures (k; > 0), and (iii) a k3
parameter close to zero (k3 = —0.068), indicating the reduced influence
of the octahedral stress on the resilient behaviour.

According to the mechanical test results, Portland-limestone and
pozzolanic cements are effective in stabilising CDW-RA. However, the
low clinker content prevents full activation of the waste pozzolana,
resulting in a deterioration of the mechanical properties, which can be
compensated by increasing the amount of binder.

The addition of alkaline liquids for CDW-RA stabilisation produced a
mixture with mechanical performance superior to that of the mixture
produced with CEM-II/B. In terms of UCS (Fig. 7-a), the CDW+8.5%AS
mixture achieved values comparable to those of the CDW-RA stabilised



L. Tefa et al.

with 4 % CEM-II/B, while the same mixture exhibited the highest ITS
values (Fig. 7-b). Similarly, the fitting of the RM results (Eq. 1) from the
CDW-+8.5%AS mixture shows the highest k; parameter, indicating
excellent elastic behaviour. However, the ks parameter of —0.280 sug-
gests that increases in deviatoric stress led to significant reductions in
RM values.

The evolution of strength and stiffness in CDW-RA mixtures con-
taining AS suggests the formation of soluble silica species resulting in a
highly crystalline AA structure. The presence of sodium silicate con-
tributes to a robust interface, thereby enhancing the overall mechanical
strength. Given the highly crystalline nature of CDW fines and the
relatively low curing temperature (i.e., at room temperature rather than
the 60-80°C thermal treatment typically used to activate alkaline re-
actions of aluminosilicates), the development of mechanical properties
is likely to result from both the sodium silicate solidification and the
alkaline activation of the finest grains [41].

This was confirmed by microscopic analysis, which reveals the for-
mation of a well-developed crystalline structure and a dense matrix
structure [28,84,85]. In contrast to similar studies ([86,871), in which
CDW-RA was stabilised by the addition of highly AA-reactive precursors
(i.e. FA and BFS), the stabilisation in the CDW+8.5%AS material is
carried out without the addition of any external materials, i.e., neither
cement nor reactive AA precursors.

5.2. Environmental performance

Fig. 8 provides a graphical representation of the LCA outcomes for
the investigated mixtures in relative terms, where the higher value is set
as 100 % for each indicator. When comparing the three cement-
stabilised mixtures, i.e., CDW-+3%CEM-I1I/B, CDW+3%CEM-IV/B, and
CDW+3%CEM-IV/H, a reduction in the cement clinker content reduces
the impact for most of the indicators. This is mainly due to the direct
emissions generated during the calcination process in the production of
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clinker [89-91]. For this reason, the mixture with CEM-IV/B is more
sustainable than the mixture with CEM-II/B. Similarly, since CEM-IV/H
has half the clinker content of CEM-IV/B, the CDW+3%CEM-IV/H
mixture has the lowest environmental impact albeit its mechanical
performance is also lower. In line with previous studies [92,93], the
transport of materials over long distances (more than 100 km) has a
relevant environmental impact, an example being the transport of fly
ash used for IP production (Fig. 9-a).

Fig. 10 shows the main contributors to each environmental indicator
related to the production of the CDW+3%CEM-IV/B mixture. Consid-
ering the total climate change impact indicator (equal to 19.9 kg CO5 eq.
per Mg of stabilised mixture), 65 % is due to CEM-IV/B, added at a rate
of 3 % in the mass of dry aggregates. For this cement, the main contri-
bution (55 % of the overall impact) is due to the clinker, mainly because
of the high temperature and direct emissions generated during its pro-
duction. In contrast, the addition of IP contributed 7 % to the total
climate change, while the transport of materials to the cement plant
contributed 6 %. In general, the addition of just 3 % of cement is
responsible for most of the impacts associated with the production of
cement-stabilised CDW-RA. This is also a crucial consideration in the
selection of the binder addition percentage within the mixture. Focusing
only on the climate change indicator, an LCA simulation was conducted
where the cement content in CEM-II/B, CEM-IV/B, and CEM-IV/H was
varied between 2 % and 4 %. A variation of + 1 % (one percentage
point) in the cement content resulted in variations of + 24, + 23, and
=+ 22 % in the impact figures for the CDW-RA mixture with CEM-II/B,
CEM-IV/B, and CEM-IV/H respectively. A reduction in the quantity of
cement added is advisable to reduce the environmental impact associ-
ated with the stabilisation of recycled CDW-RA with conventional
Portland-limestone cement.

In addition to cement, the contribution of the CDW-RA in the sta-
bilised mixture should not be disregarded for climate change, freshwater
eutrophication, ionising radiation, land use, ozone depletion, fossil/
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minerals, and metals resource use indicators. For these indicators, the
main contribution of CDW-RA is associated with road transport as
shown in Fig. 9-b.

The environmental impacts associated with CDW+8.5%AS are not
entirely favourable, especially when compared to CDW-RA stabilised
with cementitious products. In detail, the LCA results show a lower
impact for eight out of sixteen indicators, but for other categories, the
environmental performance is not as favourable as it could be. The high
value for climate change (42.2 kg CO, eq./Mg) is mainly due to the
production of sodium silicate used in the AS (78 %). AS is also the main
contributor to all the other impact indicators (Fig. 11), a finding that is
consistent with previous analyses [94,95]. The remaining part of the
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total impact is due to the transport of materials to the production plant
and to the process by which CDW is treated to obtain RA. In this LCA
study, a dataset from the Ecoinvent database was used to approximate
the production of sodium silicate in Europe compared to the hydro-
thermal liquor process [61]. This source shows that the impact of so-
dium silicate is mainly due to the high amount of electricity required for
the production.

Alkaline activation offers several advantages in terms of bearing
capacity and resistance to traffic loads because of their superior me-
chanical properties. However, it requires further optimisation to miti-
gate some environmental impacts. The results indicate that the mixture
CDW-+8.5%AS can be more sustainable and cheaper by (i) improving
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the wettability of the viscous solution, (ii) reducing the energy required
to produce the AS (e.g., by using renewable energy and waste raw ma-
terials), and (iii) reducing the transport distances from production to
mixing plants.

6. Conclusion

This study investigated the mechanical and environmental perfor-
mance of CDW-RA mixtures stabilised with cementitious and alkali-
activated (AA) binders. It aimed to provide a comprehensive under-
standing of the performance and sustainability of such stabilisation
techniques.

The following conclusions were drawn:

the properties of stabilised CDW-RA mixtures were significantly

influenced by the type and quantity of binders used, with all binders

having noticeable effects on mixture strength, stiffness, and envi-
ronmental impact;

the addition of 3 % of Portland-limestone and pozzolanic cement to

stabilise CDW-RA results from a trade-off between maximising

structural properties (UCS, ITS, RM) and limiting environmental
impact;

o the LCA analysis highlighted the crucial role of the cement content in
the environmental impact of stabilised RA mixtures; an incremental
addition of 1 % in cement results in a 24 % and 23 % increase of
climate change impact, for Portland-limestone and pozzolanic
cement, respectively;

e while pozzolanic cement does not produce significant changes in

strength (UCS and ITS) compared to Portland-limestone cement, it

does produce significant increases in stiffness (RM), resulting in the
improved structural response of the pavement; as a result, the
reduced amount of clinker used serves to reduce the environmental
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impact (e.g., —18 % climate change) compared to Portland-
limestone cement;
the addition of waste pozzolana to pozzolanic cement (CEM-IV/H)
minimises the presence of clinker in the stabilised RA mixture, with
significant environmental benefits (—41 % and —28 % climate
change than mixtures with Portland-limestone and pozzolanic
cement, respectively), but with a deterioration in mechanical prop-
erties of around —37 % in UCS and —15 % in the ITS compared to
Portland-limestone cement;
e due to its viscous nature, which affects the wettability of the aggre-
gate, alkaline solutions must be added in larger quantities (8.5 % by
mass of aggregate) to obtain a mechanical performance superior to
that of the CDW-RA mixture stabilised with Portland-limestone
cement (+9 % for UCS, 46 % for ITS, +17 % for RM);
the environmental impact of AS exhibits both favourable (—94 %
acidification, —98 % freshwater ecotoxicity, —89 % particulate
matter, —37 % marine eutrophication, —94 % terrestrial eutrophi-
cation) and unfavourable (+75 % in climate change, +255 % in land
use) outcomes compared to traditional CDW-RA mixtures stabilised
with Portland-limestone cement; this increased impact is due to the
energy-intensive production process of alkaline liquids and the dis-
tances involved in their transport;

o the current limitations of stabilisation technology with AS can be
overcome by (i) reducing its viscosity to improve the aggregate
wettability, (ii) decreasing the energy required for production and,
(iii) reducing transport distances through a wider availability.

Using these results as a starting point, a more comprehensive anal-
ysis can be carried out to assess the environmental impact of the entire
pavement structure. In this way, it would be possible to determine the
effect of different stabilised CDW granular materials on the structural
and environmental performance of road pavements. This approach
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would enable decision-makers and practitioners to select the most
appropriate material and construction process required to optimise both
the field performance and environmental sustainability of these
materials.
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