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ARTICLE INFO ABSTRACT

Keywords: Ultra-High Performance Concrete (UHPC) offers superior durability and strength, as compared to
UHPC' ordinary concrete solutions, but its inborn environmental footprint is dictated by high cement
Recycling content and the environmental impact of raw material extraction, which would require a heavily
iglf\'healmg optimized structural and process design to be levelled off. With the aim of assessing effectiveness
Sustainability of strategies aimed at reducing the embodied carbon footprint of UHPC mixes, this study in-

vestigates two recycled UHPCs (R-UHPC) designed by replacing all natural aggregates with
crushed UHPC and partially substituting Portland cement (30 %) with recycled material. One mix
used ungraded crushed UHPC; the other included additional fine fractions (<75 pm) obtained
through further processing. The partial replacement of cement constitutes a novelty alongside the
widely established aggregate replacement in high performance cementitious materials. Both
mixes achieved superior compressive strength and comparable flexural strength to the reference
UHPC, while demonstrating effective autogenous self-healing under repeated NaCl exposure, with
full recovery of crack sealing, sorptivity, strength, and stiffness over six months. However, the mix
containing recycled fines showed reduced performance under repeated damage-healing cycles,
mainly attributed to its higher water absorption. A cradle-to-gate life cycle assessment using the
CML-IA method and a functional unit of 1 m® — subsequently normalized over long-term
compressive and flexural strength — revealed that mechanical performance strongly influences
environmental impacts. Notably, the additional processing and increased input volumes required
for fine fractions led to higher impacts across all categories. This work lays the foundation for a
rational and engineering-wise effective promotion of the circular economy concept in the design
and production of highly durable cement-based materials and structures by demonstrating un-
explored and effective recycling strategies for UHPC elements at the end of their service life,
facilitated by their unaltered condition even after prolonged use.

1. Introduction

The environmental impact of concrete production, particularly due to cement, presents major challenges for the construction
industry in its pursuit of sustainability. With global Portland cement consumption at 4.1 billion tonnes [1], this demand is expected to
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grow further as infrastructure development accelerates worldwide. In addition to CO5 emissions, the industry’s demand for raw
materials, including sand and gravel, raises concerns over resource depletion and habitat destruction. In 2023, the U.S. alone extracted
920 million tonnes of construction sand and gravel, 43 % of which was used for concrete [1]. The extraction and processing of these
materials contribute to environmental degradation, while the waste generation by the construction sector also poses challenges for
disposal and recycling [2]. A significant portion of this waste consists of construction and demolition waste (CDW), a mix of concrete,
steel, glass, and hazardous substances, including, e.g., asbestos and mercury [3].

The need to mitigate the environmental impact of concrete production and address the challenges of waste generation has led to a
growing focus on effectively implementing circular economy principles within the construction industry, aiming at closing material
loops, reducing raw material consumption, and enhancing resource efficiency through the recovery, reuse and recycling of materials.
One promising approach is the use of recycled aggregates (RA) derived from CDW to replace natural aggregates in concrete production.
This strategy aligns with European Union Directive 2008/98/EC [4], which already set a target of 70 % recovery of non-hazardous
CDW by 2020. As of 2022, the current state of waste recovery stood at 61.4 % (source: Eurostat), highlighting progress yet under-
scoring the need for continued efforts to meet and exceed this target. The adoption of recycled aggregates has gained momentum in
recent decades, with research demonstrating its potential to reduce the environmental burdens of concrete production [5]. Studies
indicate that concrete containing recycled aggregates can achieve comparable strength and durability to conventional concrete,
depending on the source and quality of the recycled materials [6]. However, the use of recycled aggregates introduces variability in
concrete properties, with potential impacts on mechanical strength [7], stiffness [8], and water absorption [9]. These drawbacks have
been thoroughly examined by researchers, who have proposed mitigation strategies including surface treatments [10,11] and enforced
carbonation [12], which can help mitigate their impact.

The development of Ultra-High Performance Concrete (UHPC) offers a pathway to address both durability concerns and resource
efficiency [13], supporting the goals of sustainable construction. Its innovative design aligns with the United Nations Sustainable
Development Goals (SDGs) — particularly Goals 9 (Industry, Innovation and Infrastructure), 11 (Sustainable Cities and Communities),
and 12 (Responsible Consumption and Production). UHPC is characterized by a dense matrix, high strength, and enhanced durability
[14,15]. Its composition includes finely graded aggregates, fibres for reinforcement, and a low water-to-binder ratio, resulting in
reduced porosity and superior performance, even in aggressive environments [16]. This makes UHPC an attractive option for infra-
structure exposed to harsh conditions, such as marine environments [17,18]. One of the key advantages of UHPC, which is often not
properly valorised when compared, e.g., to its high compressive strength, is its signature tensile behaviour. Thanks to the stress
redistribution capacity provided by the fibres crossing a cracked cross section, after first cracking and under increasing stress UHPC
forms stable multiple micro-cracks rather than localizing the damage into the first single large crack, also resulting in strain hardening
behaviour [19]. This multiple-cracking behaviour enhances the material’s autogenous self-healing potential, whereby unreacted
binder particles in the matrix hydrate over time to seal micro-cracks [20,21]. Considering that UHPC structures are also likely to work
under cracked structural service scenarios, the aforesaid self-healing capacity can significantly extend the maintenance-free lifespan of
UHPC structures, thus resulting in reduced costs and environmental impacts associated with maintenance repairs and replacements
[22]. Beyond material optimization, structural efficiency can be achieved through design innovations that exploit UHPC capabilities
[23,24], resulting in significant material savings already at the time of construction. This overall aligns with the broader goal of
carbon-neutral structures, which aim to minimize both initial construction emissions and emissions throughout the structure’s life
cycle.

The production of Ultra-High Performance Concrete, however, poses significant challenges related to the embodied carbon of the
most commonly adopted mixes, mainly due to the higher binder content. Although the remarkable structural efficiency of these
materials allows for an overall reduction of the environmental impact of the structure if compared, for instance, to ordinary reinforced
concrete structures, recent efforts tried to promote the sustainability of UHPC production. Various solutions have been investigated
under the concept of sustainable or “eco-friendly” UHPC. As summarized by Lande and Thorstensen [25], a multifaceted strategy is
required for the deployment of environmentally efficient UHPC, which should include, among other options, circularity, intended as
utilization of by-products. The inclusion of solid waste, for instance, provides a portfolio of solutions, significantly abating the
environmental footprint while preserving the peculiar features of UHPC [26], with detailed examples including the use of biomass ash
as a pozzolanic binder [27] and biochar for the development of multifunctional cementitious composites [28]. Alternatively, recycling
of existing structures can be a valuable option where the supply chain for other wastes would imply long transportation distances. For
instance, Kannikachalam et al. [29] proposed a case-study where the existing UHPC structure terminates its service life, and a similar
one must be built in the same location. The possibility of exploiting local recycling processes is a viable alternative to other sustainable
mix designs, and it must be further investigated.

The implementation of circular economy concepts in the production of UHPC is relatively new, driven by its increasing use in
bridge construction, repair projects, and other case-specific applications [30-32]. Currently, most studies have drawn on the extensive
knowledge of recycled aggregate concrete (RAC) to incorporate recycled aggregates and fines into UHPC mixes with a reduced
embodied carbon footprint. For instance, Chen et al. [33] and Li et al. [34] explored the use of recycled fine aggregates in UHPC,
respectively focusing on the durability and mechanical properties of the mix. The implementation of recycled fines led to more
pronounced multiple-cracking pattern and strain-hardening response, while preserving the compressive and tensile strength of the
original mix. Moreover, flexural and tensile strength can be improved when high-quality aggregates are used in place of natural sand,
as observed by Luo et al. [35,36], who treated the recycled materials to compensate for the poor physical properties of the as-received
waste. Similarly, carbonation of recycled fines for the subsequent use in UHPC can slightly enhance the compressive strength for
limited replacement ratios, up to 50 % [37]. On the other hand, durability properties such as capillary absorption and freeze-thaw
resistance can be negatively affected by the utilization of recycled fines, possibly due to the reduced Ca(OH), concentration, which
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leads to fast surface carbonation [38,39].

However, using UHPC as a parent mix is rather unexplored, mainly due to its limited availability compared to ordinary concrete,
particularly for structures at the end of their service life. Moreover, the recycling process for higher-grade concretes involves signif-
icant additional energy demand for the crushing, which must be offset by substantial reductions in the embodied carbon of the
resulting recycled UHPC mix. As such, recycled aggregates and fines should not only replace natural sand but also partially substitute
cement in new UHPC mixes, further reducing the embodied carbon of R-UHPC. This is feasible due to the substantial presence of
unreacted binder particles [40], which can contribute to the hydration process in new mixes, thereby reducing the need for virgin
cement. An attempt was made by Qian et al. [41] in partially replacing binder with dehydrated cementitious powder (DCP), obtained
by treating recycled cementitious material. Albeit preserving the properties of the native mix, the use of DCP had a rather small impact
on the environmental footprint due to the emissions associated to waste processing. Moreover, preserving the material’s self-healing
capability — a crucial factor for long-term performance in aggressive environments — remains a significant challenge. Medjigbodo et al.
[42] thoroughly assessed the self-healing capability of a normal grade concrete mix with partial and total replacement of sand and
gravel. According to the results described, the use of recycled aggregates has limited influence on self-healing kinetics of small cracks.

This work serves a dual purpose: first, to investigate the feasibility of re-using all the sizes of the constituents resulting from UHPC
recycling. In fact, these processes imply that, alongside separated steel fibres, significant quantities of fines accumulate at each
crushing step. Therefore, the possibility of replacing cement and aggregates with increased fines content would opportunistically align
with the distribution of fractions of the recycled material. Second, this work aims to assess whether recycled UHPC mixes can retain
their self-healing capabilities despite substituting virgin cement with recycled material, a key factor for maximizing the life-cycle
benefits of the investigated category of materials in structural design.

To achieve these objectives, the mechanical performance of three mixes was assessed: one replacing steel fibres, and the others
replacing aggregates and part of the cement. Furthermore, the two recycled UHPC mixes with recycled aggregates were evaluated
using a multi-parameter approach. This approach emphasizes both mechanical and durability properties and examines their evolution
under repeated damage and healing cycles. The details of the progressive mix design development are presented in Section §2, along
with the microstructural characteristics of the recycled fine aggregates used in the mixes with cement replacement and the recycled
fibres. Section §3 outlines the experimental programme, which includes preliminary characterization, initial and repeated induced
damage, and a schematic overview of the curing periods. Section §4 provides an in-depth discussion of the main results and findings
from the experimental campaign, emphasizing the significant potential of using parent UHPC to produce recycled UHPC. This claim is
further discussed in Section §5, where a life cycle assessment (LCA) of the production and recycling process is conducted to explore the
benefits and burdens of replacing virgin material with the one obtained from existing UHPC structures. Finally, the conclusions are
summarized in Section §6.

2. Materials

The recycled Ultra-High Performance Concrete (R-UHPC) mixes used for the experiments reported in this paper were designed
according to the formulation of the parent UHPC mix — indicated as REF — developed by Borg et al. [43] in the framework of the
ReSHEALience project [44]. Borg et al. [43] first conceptualized the production of UHPC with aggregates recycled from the same mix.
A tailored equipment was developed to adequately separate the steel fibres (L. = 20 mm, @ = 0.22 mm) from the cementitious matrix,
and repeated crushing was needed to obtain particles with suitable fineness for UHPC production. The next step towards more sus-
tainable UHPC production involved the partial replacement of either cement (30 %) or steel fibres (100 %). This approach leverages,
on the one hand, the significant un-hydrated compounds present in the crushed parent UHPC [45]. On the other hand, the inherent
durability and self-healing capacity of UHPC help protect the embedded steel fibres from corrosion. Consequently, an attempt was
made to replace virgin steel fibres with recycled fibres extracted using a tailored recycling equipment featuring a magnetic separator.
The mix containing recycled fibres (F100) was preliminarily assessed by Ferrara et al. [46], alongside two other mixes — both featuring
100 % recycled aggregates and a 30 % reduction in cement content: one using non-sieved recycled aggregates (C100C) and the other

Table 1

Mix design of the parent UHPC and different R-UHPC mixes; the mixes investigated in the present paper are underlined.
Constituent REF F100 C100C C100F

[kg/m’] [kg/m] [kg/m”] [kg/m’]

CEM I 52.5R 700 700 490 490
Silica fume 400 400 400 400
SP Glenium ACE 442 64 64 64 64
Water 231 231 231 231
Sand 117/F (©1.0-1.5 mm) 286 286 - -
Sand 103 (20.6-1.0 mm) 409 409 - -
Sand 113 (0.2-0.35 mm) 122 122 - -
Steel fibres 20/0.22 160 - 160 160
Crystalline admixture 5.6 5.6 5.6 5.6
Recycled aggregates - - 1027 817
Recycled fines - - - 210
Recycled fibres - 160 - -
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incorporating sieved recycled aggregates and fines (C100F), preliminarily assessed by Davolio et al. [47]. Table 1 provides a summary
of the different mixes described.

To prepare the R-UHPC mixes, the parent (REF) UHPC mix was cast at the University of Malta, and after 28 days of curing and three
months of exposure in laboratory environment (20 °C, 50 % RH) it was crushed and separated through a multistage process. First, the
parent UHPC mix was initially crushed using a jaw crusher. The resulting granules were then sieved with a 2.0 mm sieve to separate
and remove any larger particles. The recycled fines are the residual fraction that passed through the finest sieve, with a 75 pm grid
opening. The granulometric curve of the recycled material after the preliminary sorting is provided in Fig. 1 (dash-dot line). However,
for the final mix the recycled aggregates were sorted to resemble the granulometric curve of the natural aggregates (Fig. 1, dashed
line). Finally, the density of the recycled fines was determined according to the EN 196-6 [48], and it resulted equal to 2.482 g/cmg.
The fibres were extracted from the sieved material by using a magnetic separator.

Microstructural observations on the changes occurring in the UHPC mix when adding recycled particles or fibres were conducted
after 28 days of standard curing to understand the microstructural differences occurring when using recycled materials. Scanning
Electron Microscopy (SEM) pictures were taken at different magnification scales both on the reference UHPC mix and in the mix with
recycled particles and additional fines content, as reported in Fig. 2. The SEM images highlight the effects of processing on the par-
ticles, particularly evident in Fig. 2d, where the rough surface of the mix with recycled fines indicates the presence of residual adhered
mortar. The role of the mortar, particularly on capillary absorption, was extensively discussed in literature [49-51], and it will be
further discussed in the present manuscript. However, the implications of potential latent hydration capacity provided by the inclusion
of recycled UHPC are rather unexplored, and specifically the effectiveness of finer particles, and their contribution to self-healing of
UHPC.

Additionally, the darker regions of the SEM pictures show the development of hydrates in both mixes. For the reference mix, Fig. 2b
clearly shows the presence of needle-like phases, which are scarce in the mix with recycled fines. The latter (Fig. 2d) shows a more
compact and homogeneous C-S-H formation, which correlates with better strength development.

Finally, the mix with recycled fibres was observed under SEM to evaluate the condition of the fibres after the crushing and sorting
processes. The pictures obtained, reported in Fig. 3, show that, despite the multi-step separation process, the integrity of the fibres is
preserved. Nonetheless, small scratches are visible on some of the fibres (Fig. 3b).

3. Experimental programme

The preliminary assessment on the mechanical performance of the three mixes with either cement and aggregates or fibres
replacement is reported in Table 2. The latent hydraulic activity provided by the recycled particles in the mixes with recycled com-
ponents enhanced compressive strength development, resulting in an increase of approximately +15 % after 120 days. This late stage
strengthening aligns with SEM observations, which showed that the reference mix had reached maturity after 28 days, whereas the
C100F mix still had potential for further microstructural buildup. Conversely, the flexural strength showed variability, largely due to
the inherent randomness of fibre orientation within the small sections used for the three-point bending tests. However, the slight
reduction in flexural strength observed in mixes with cement replacement should be considered when evaluating their feasibility for
typical UHPC structures.

Beyond mechanical performance, the ability of these mixes to undergo autogenous healing is a key aspect to consider, as thor-
oughly discussed in the introduction. Given the crucial role of the cementitious phases in self-healing processes, the experimental
program focused on assessing the healing capacity of C100C and C100F - the mixes with cement and aggregates replacement — in
comparison to the reference mix (REF). Since F100 contained no cement replacement, its behaviour was expected to align with the
reference and was therefore not investigated separately. Therefore, the experimental program was designed to assess the self-healing
capacity of the mixes, considering both mechanical and durability performance, with a specific focus on damage recovery. A total of
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Fig. 1. Granulometric distribution of the crushed UHPC and granulometric curve adopted for the mixes, equal to the granulometry of the natural
aggregates of the original (parent) mix.
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Fig. 2. Comparison between the microstructure of (a, c) the reference mix, and (b, d) the mix C100F with recycled aggregates and fines; the SEM
pictures highlight the rough superficial structure of the R-UHPC mix.
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Fig. 3. Scanning Electron Microscopy of the mix F100 with recycled fibres; the integrity of the steel fibres is preserved, despite minor scratches on
the surface.
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twelve (12) prismatic specimens, each measuring 40 x 40 x 160 mm, were cast for each mix. The summary of the experimental
campaign is represented in Fig. 4. To start with, the mechanical performance of the mixes was assessed both in compression and
bending (Group 1). Then, an initial damage was induced on the samples, which were subsequently exposed to a chloride solution (3.3
% NaCl) that represents the marine environment. At fixed times, mechanical and durability tests were repeated on the samples to assess
the variation of the performance due to the self-healing process. For some specimens (Group 2), the healing process inside the exposure
tank was carried out continuously. Conversely, the remaining specimens (Group 3) were repeatedly damaged after each exposure time.
Half of the specimens from Group 3 was tested to failure after the third month, while the other half prolonged the exposure time until
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Table 2
Mechanical performance of the mixes at 28 days and 120 days of ageing.
Mix Compressive strength f. [N, /mm?] Flexural strength fg [N/mm?]
28 days 120 days 28 days 120 days
REF 135.47 (£5 %) 155.69 (+27 %) 34.43 (+£25 %) 31.88 (+13 %)
F100 124.25 (+5 %) 177.51 (£5 %) 23.62 (+4 %) 29.09 (£16 %)
C100C 149.78 (£3 %) 184.72 (+£10 %) 27.38 (+4 %) 26.52 (+11 %)
C100F 136.75 (£5 %) 180.37 (£5 %) 26.75 (£6 %) 22.40 (£21 %)
4 MONTHS TIME O TIME O 1 MONTH 1,2,3 MONTHS 2,3,6 MONTHS
UHPC Casting  Recycling R-UHPC Casting Initial assessment ~ Damaged Healed Damaged Healed

I } ' ' } i } —
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Fig. 4. Schematic representation of the experimental campaign; Group 1 served as preliminary assessment, Group 2 was continuously healed after
the initial damage, and Group 3 was repeatedly damaged over time.

the sixth month, when they were tested together with Group 2. In addition to the two mixes with recycled components, the self-healing
capacity of the reference mix was assessed, focusing solely on initial damage and progressive recovery.

3.1. Three-point bending tests

The 40 x 40 x 160 mm R-UHPC prisms were subjected to three-point bending (3PB) tests to characterize the flexural response. To
localize cracking during bending tests, a notch was cut across the bottom surface of each prism. The notch was centrally positioned,
with a length of 8 mm and an approximate width of 2 mm. The tests were conducted in actuator vertical displacement control at 0.5
pm/s speed. During the tests, Crack Mouth Opening Displacement (CMOD) measurements were recorded through a clip-on gauge
positioned on the bottom surface of the sample, across the notch. The nominal flexural stress (cy) is determined according to Eq. (1).

~ 3xPxL

== 1
2xbxd? (€]

Of

where P is the applied load [N], L is the distance between the supports [mm], b is the notched section depth [mm], and d is the notched
section height [mm]. Compressive strength tests were then performed on the resulting halves obtained from the flexural tests, ac-
cording to EN 1015-11:2019 [52].

For the specimens used to assess the self-healing capacity, the initial damage was induced on the prismatic samples by means of the
same three-point bending tests, and a target crack mouth opening displacement (CMOD) of 150 pm was reached. The target CMOD
value is measured when the load is applied on the small beam, and, thus, the actual crack width differs from the target due to the elastic
recovery after unloading.

The stress-CMOD curves from both pre-cracking and re-cracking phases were analysed to evaluate changes in stiffness due to
damage-healing cycles. To quantify these changes, two Indices of Stiffness Recovery (ISR) were introduced, following the approach
outlined by Lo Monte et al. [20]. Loading stiffness (Kjoading) Was determined as the slope of the initial segment of the curve, specifically
identified as the portion between 5 % and 20 % of the maximum flexural stress observed during the cracking process. In contrast,
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unloading stiffness (Kynloading) Was calculated as the secant slope of the unloading curve, spanning from the point of maximum CMOD
to the point where the residual stress reaches zero. An example on the calculation of the two stiffness values is provided in Fig. 5. One
index (ISR, Eq. (2a)) quantifies the change in stiffness relative to the pre-cracking phase, when damage is initially applied to the intact
material. The second index (ISR, Eq. (2b)) measures variations with respect to the previous cracking phase, specifically each
re-cracking cycle. This second index was applicable only to samples that underwent repeated damage (i.e., Group 3).

j—month Kprecracking

loadin, unloadin;
ISR, = £ s (2a)
Kprecrackmg precracking
loading - Kl nloading

Kj—month _ K(;i—l )—month

_ loading mloading
ISRy = K(j—l)—month K(_i—l)—month (2b)
loading ~ Munloading

Finally, the fracture response of the mixes was considered. The work of fracture (WoF) was calculated as the integral of the stress-
CMOD curve up to the fixed value of 1.5 mm CMOD on the failure curve of each specimen (Eq. (3)). This value corresponds to a
nominal strain at the bottom fibre of approximately 5 %, indicating full yielding of the steel reinforcement in a conventional reinforced
concrete beam, nearing the ultimate limit state (ULS).

1.5 mm
WoF = / 6(CMOD)dCMOD 3)
0

3.2. Crack measurements

After inducing initial damage through a three-point bending flexural load, the cracks on the two lateral surfaces of the prisms were
examined using a digital microscope. For Group 2 samples, observations were repeated after each exposure period, while for Group 3
samples, an additional observation was conducted following each re-cracking process. It is important to note that when the specimen is
unloaded, elastic recovery causes partial closure of the formed crack. Consequently, the measured crack width under unloaded
conditions differs from the target crack opening, which corresponds to the width measured under the applied load. Additionally, the
crack width is calculated as the average width along the crack profile, determined by the ratio of the crack area to its longitudinal
development. This approach further distinguishes the measured width from the target width, which is taken specifically at the bottom
of the sample. The crack profile was acquired as a sequence of pictures taken with the digital microscope (Dino-Lite Model AM4113T).
Then, the microscope images were merged using the commercial software Adobe Photoshop to reconstruct the full profile of the crack
(Fig. 6a). Finally, the image was binarized, converting it from full colour to a grayscale representation where the crack profile appears
as white against a grey background (Fig. 6b). Then, the crack area on the two sides of the samples was measured.

The variations in crack size over time reflect the impact of the crack self-sealing process, making the crack area a key benchmark for
quantifying self-sealing and self-healing efficiency. To measure this, the Index of Crack Sealing (ICS) was introduced, which quantifies
the proportion of the initial crack that has been successfully sealed. For each sample, the ICS was calculated separately for both sides of
the crack, and the average of these values was used. For samples that were only pre-cracked and underwent continuous undisturbed
healing, the index is calculated based on the ratio between the crack area at a given month and the area of the same crack measured
immediately after pre-cracking (ICSy, Eq. (4a)). In contrast, for samples subjected to repeated cracking over different time periods, the
index is defined relative to the previous month’s crack area (ICSy, Eq. (4b)). This approach allows for an assessment of the repeatability
of the healing processes when the material undergoes multiple loading-unloading cycles. The index is equal to 0 when the area of the
crack after curing is the same as the reference value (i.e., no healing occurred), while it is equal to 1 when the crack is completely sealed

and, therefore, the final area of the crack is 0 mm?.

20
—— Loading stiffness Kj,giq,
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— —7 I"
C‘JE [' ’!’
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Fig. 5. Methodology adopted to calculate the loading and unloading stiffness at each time step for the Index of Stiffness Recovery.
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(b)

Fig. 6. Crack along the sample’s side (a) as taken with the microscope and merged, and (b) after binarization.
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3.3. Sorptivity tests

The durability assessment consisted of sorptivity measurements on the notched prismatic samples, conducted according to ASTM
C1585-20 [53]. The procedure was adjusted to account for the different geometry of the specimen, as proposed by Cuenca et al. [54]. A
silicon layer was applied to the sides and bottom of the samples, restricting water absorption to the central portion of the prism.
Specifically, a 20 mm wide section was left unsealed to focus absorption around and across the notch. The water level was maintained
at approximately 10 mm above the specimen’s base, fully submerging the notch and extending 2-3 mm beyond it (Fig. 7).

The absorption was calculated as the ratio between the change in mass (my) at the time t and the exposed area of the specimen (a)
multiplied by the water density (d), assumed equal to 0.001 g/mm3 (Eq. (5)). The absorption is thus expressed in [mm].

. m¢
Ab. tion=——+ 5
sorption axd 5)
The rate of water absorption, also called sorptivity (S), was then determined as the slope of the curve that correlates the absorption

with the square root of time up to 6h, and it is expressed in [mm/s*>]. The obtained sorptivity rate depends on the crack opening at the
tip of the notch, which is affected by the induced damage and subsequent healing periods. Therefore, the index of sorptivity healing
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Fig. 7. Layout of the sorptivity test (a) schematically represented, and (b) on a sample.
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(ISH) was introduced to quantify the impact of the healing process on the capillary absorption of the samples. Similarly to the ICS,
sorptivity healing is calculated separately for pre-cracked samples — based on the ratio of sorptivity at a given month to the sorptivity
measured immediately after pre-cracking (ISHy, Eq. (6a)) — and for samples subjected to repeated cracking over time, defined relative
to the sorptivity of the previous month (ISHa, Eq. (6b)).

Sj—month
ISHy=1— —cued (6a)
precracking
j—month
— d
ISH, =1 — _ oued__ (6b)

recracked
4. Results and discussion

This section presents the results obtained from the experimental campaign conducted on the C100C and C100F mixes, both
featuring a partial reduction of cement content replaced by recycled UHPC unsorted or sorted fines. The outcomes are discussed in
terms of self-healing performance, with a direct comparison to the reference mix (REF), including observations on healing performance
under repeated damage and healing cycles.

4.1. Crack sealing

The filling of the cracks due to the formation of healing products is the basic indication of the self-healing efficiency of the material,
and it can be directly observed on the specimens. Fig. 8 shows the progressive closure of the crack on a sample made with recycled
coarse aggregates (C100C) that was initially pre-cracked and then exposed to the chloride solution for six months. Specifically, the
three figures represent the crack in its initial state (Fig. 8a), after one month of exposure (Fig. 8b), and after three months of exposure
(Fig. 8c). The binary processing clearly shows that the crack profile is significantly reduced after just one month of exposure, with the
material being able to seal the thinner parts of the crack in a short period of time. As the healing process advanced, the crack area was
further diminished, and after three months the crack was completely sealed.

The self-sealing capacity of the two mixes is highlighted in Fig. 9 and compared to the reference. As it can be observed in Fig. 9a, the
residual crack area was halved in the first month of exposure. This is consistent with the results described by Xi and Ferrara [55], since
most of the self-healing for UHPC takes place in a short time span due to the higher availability of unhydrated cement particles exposed
to water upon the cracking process. The crack closure proceeded undisturbed for the subsequent periods following an almost constant
rate. However, since the mix with recycled coarse aggregates achieved almost 90 % of closure in two months, the healing slowed down,
likely because of the same closure of the cracks which hindered further penetration of water inside the cracks and the consequent
hydration of unhydrated binder; as a result, complete crack closure could be achieved only after six months. Conversely, the other mix
always featured lower healing rates, and the cracks were not completely sealed within the investigated time span. As observed by Duan
et al. [56], recycled fines have limited CaCOj3 precipitation due to the size and interface of the grains with respect to coarser recycled
aggregates. Not only did coarser aggregates foster the production of precipitates, but the single-grain repair products exhibited better

Fig. 8. Crack opening profile on a pre-cracked sample with recycled coarse aggregates (C100C); (a) after pre-cracking, (b) after one month, and (c)
after two months.
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Fig. 9. Index of crack sealing (ICS) over time for the mixes; (a) pre-cracked samples, and (b) samples re-cracked at each time step.

filling, which explains the improved crack closure observed in Fig. 9.
The observed crack sealing behaviour in R-UHPC mixes, surpassing that of the reference mix by the end of the exposure period, can

be attributed to the additional unhydrated mortar introduced by recycled UHPC. This residual mortar enhances the precipitation of
calcium carbonate, particularly in cracks with smaller initial widths [36]. However, as cracks narrow over time — especially after
approximately three months — precipitation kinetics slow down, as previously discussed by Medjigbodo et al. [42]. This reduction in
reaction rate can, in some cases, prevent complete crack closure. Additionally, the self-healing efficiency diminishes under repeated
damage cycles, as evident in both C100C and C100F mixes (Fig. 9b). While the extended final exposure period partially mitigates this
decline by allowing more time for precipitation, the progressive reduction in healing potential suggests a fundamental limitation:
although the old adhered mortar contributes to crack repair in early cycles, sustained self-healing requires a continuous source of
unhydrated cement. Furthermore, the slightly higher sealing efficiency observed in the R-UHPC mixes compared to the reference mix
confirms that the less dense microstructure resulting from the presence of recycled aggregates may facilitate the diffusion-precipitation
process [57]. These findings highlight the need to optimize mix design strategies to balance initial self-healing efficiency with
long-term durability under cyclic loading.

In addition to examining crack sealing over time, the graph in Fig. 10 correlates the observed closure with the initial crack width
measured using the digital microscope. Despite significant data scatter, a clear decreasing trend is evident across all cases, indicating
the increasing difficulty of autogenous healing in sealing wider cracks. This limitation can be attributed to the lower availability of
calcium ions and hydration products for crack bridging, as well as the reduced capillary forces driving precipitation in larger voids
[58]. Furthermore, the trend lines associated with repeated cracking exhibit a slightly steeper slope (—3.95 x 1072 vs. —2.98 x 1072)
compared to specimens that were only pre-cracked, suggesting that the healing efficiency declines with successive damage cycles. This
reduction is likely due to the depletion of unhydrated cementitious phases and the reduced reactivity of recycled material, which may
hinder the formation of new hydration products necessary for sealing. These findings reinforce the idea that while self-healing is a
promising mechanism for enhancing durability, its effectiveness is inherently constrained by material composition and damage

history.

4.2. Sorptivity healing

The direct observation on the lateral cracks provides only a superficial understanding of the healing phenomenon, which must
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Fig. 10. Index of crack sealing (either ICS, or ICS,) as a function of the initial crack width for the mixes.
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henceforth be assessed through multiple parameters, as suggested, for instance, by Lo Monte et al. [20]. The most used non-destructive
method to evaluate the closure of the cracks formed on the bottom surface of a sample is the water absorption test [54,59]. The
sorptivity rate is governed by capillary absorption, which, in turn, directly depends on the surface area in contact with water. The
reduction in sorptivity due to self-healing can thus be associated with the precipitation of particles that, on the one hand, limit the
surface availability for capillary rise and, on the other hand, increase the tortuosity of the crack [60,61].

The recovery observed in terms of reduced sorptivity for the mix with recycled unsorted aggregates (C100C) confirms its
remarkable capacity to fill the crack volume within a short period (Fig. 11a). This rapid healing can be attributed to the presence of
unhydrated cementitious phases within the recycled UHPC, which promote precipitation and densification of the damaged regions.
Although complete healing is not achieved due to the definition of the index (see §3.3), the final sorptivity rate after six months of
exposure is reduced to one-fifth of its initial value after pre-cracking, demonstrating the efficiency of the healing mechanism in
reducing permeability.

Conversely, when recycled fines are incorporated into the mix (C100F), a higher inherent water absorption is observed, leading to
limited sorptivity recovery [62]. This behaviour can be linked to the increased porosity and capillary rise associated with the finer
recycled particles, which hinder the precipitation-driven healing process. The reference mix, on the other hand, exhibited an inter-
mediate performance, reinforcing the idea that replacing cement with recycled aggregates from a parent UHPC mix can be an effective
method for enhancing crack closure. However, the presence of additional fine fractions appears to counteract this benefit by intro-
ducing a more porous microstructure and increasing transport properties [63].

Repeated damage-healing cycles resulted in a sorptivity recovery trend that closely aligns with the crack sealing observations for
both the C100C and C100F mixes, confirming the limitations of these mixes in successive recovery cycles. This limitation suggests that
while self-healing mechanisms are effective in the early stages of exposure, their potential is constrained by the availability of reactive
phases. The performance observed for all mixes, as shown in Fig. 11b, highlights the role of recycled aggregates in contributing to
higher water absorption [64] According to the study by Qian et al. [41], an excess of fine recycled particles may lead to increased
defect formation in the matrix, negatively impacting the overall durability of the mix. In the case of C100F, this observation suggests
that the amount of cement replacement might exceed the optimal threshold for maintaining durability integrity. While Qian et al. [41]
identified an optimal replacement level at 25 %, the 30 % replacement used in the present study may have led to a suboptimal balance
between sustainability and performance, ultimately limiting the efficiency of the self-healing process.

Although sorptivity recovery is observed, it should be substantiated by the absolute sorptivity values, as they provide a clearer
indication of actual durability performance. The sorptivity of the mixes incorporating recycled UHPC was higher than that of the
reference mix, regardless of exposure time or conditions (Fig. 12a). These findings underscore the challenges associated with adopting
high replacement rates. Nevertheless, even after six months of exposure to the chloride solution, the steel fibres in the cross-section of
the small beams showed no visible rust on their surface (Fig. 12b). This suggests that, despite the high water absorption rates observed
in the sorptivity test, the density of the UHPC matrix, combined with the precipitation of healing particles during cracking, effectively
protects the fibres from chemical attack.

4.3. Stiffness recovery

The stiffness recovery provides insight into the healing efficiency with respect to the mechanical response of the material, spe-
cifically in the elastic range, as the stiffness is calculated between 5 % and 20 % of the maximum load reached during the cracking
process. Although the flexural response of the material is non-linear, it can reasonably be approximated by a linear pattern along the
first branch of the curve, which is then compared to the initial elastic stiffness.

When the stiffness recovery index approaches 100 %, it suggests that the precipitates formed during the autogenous healing process
are effectively bridging the two halves of the original crack restoring the structural continuity of the material through the crack,
allowing the same material to recover its pristine mechanical integrity. Furthermore, in some cases, the precipitates provide additional
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Fig. 11. Index of sorptivity healing (ISH) over time for the mixes; (a) pre-cracked samples, and (b) samples re-cracked at each time step.
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Fig. 12. (a) Sorptivity rate of the mixes over time, either for pre-cracked or repeatedly cracked samples, and (b) detail of the fibres in the cross-
section of a pre-cracked C100C sample after six months of exposure to a 3.3 % NaCl solution; visible rust is observed on the surface, where the
steel sections of the fibres were directly exposed to the environment, while the embedded fibres remain free of rust.

stiffness relative to the material’s undamaged state. Such behaviour, already observed in similar experimental investigations [65],
underscores the potential of autogenous healing to enhance the mechanical performance of the material beyond its original state.

The graph in Fig. 13a illustrates the stiffness recovery observed after six months of exposure in pre-cracked specimens. Despite
variations in crack closure efficiency, the effectiveness of the precipitates in preserving the material elastic response appears com-
parable across the investigated R-UHPC mixes. Notably, both recycled mixes achieved full stiffness recovery within the exposure
period and even exhibited, on average, an increase in stiffness, a phenomenon previously observed by Alameri et al. [66]. This increase
could be attributed to the densification of the crack interface through continued hydration of unreacted cementitious phases and the
precipitation of calcium carbonate, which contribute to enhanced load transfer. Particularly, the increased contact area provided by
the recycled aggregates improved the interface bonding, as discussed by Liu et al. [67]. In contrast, the reference mix exhibited
significantly lower stiffness recovery, suggesting that the bonds formed by healing precipitates were not sufficiently robust to restore
stiffness in the elastic range. The superior performance of the R-UHPC mixes highlights the role of adhered mortar from recycled UHPC
in promoting a more effective healing process.

When repeatedly cracked, the samples demonstrated the ability to compensate for the damage in all instances, achieving at least 70
% recovery (Fig. 13b). Notably, the damage-healing cycles produced stiffness recovery index values exceeding 100 % after one month
for the C100F mix (with additional fines) and after both one and two months for the C100C mix (with unsorted aggregates). During the
third exposure period, the healing process resulted in only partial recovery — approximately 80 % for both mixes —, reflecting the
limited repeated healing capability of the investigated mixes. The combined effect of additional induced damage and longer exposure
period (three months) yielded, after six months, a performance comparable to that of the previous step, possibly driven by the
enhanced fibre-matrix bond associated with the healing process [68]. Nonetheless, repeated cracking cycles might impair the recovery
capacity at the fibre-matrix interface.

4.4. Flexural performance and fracture properties

The healing process described and quantified in the previous sections is directly reflected in the results of the flexural tests, which
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Fig. 13. Index of stiffness recovery (ISR) over time for the mixes; (a) pre-cracked samples, and (b) samples re-cracked at each time step.
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assess the macroscopic response of the material. By evaluating flexural behaviour under various conditions, these tests reveal how the
healing mechanisms influence the material’s structural performance. As shown in Fig. 14a, the initial flexural response of the mix
containing unsorted aggregates constitutes, on average, the lower boundary of the envelope of the curves. This indicates that, after
damaging the specimens and exposing them to the chloride solution, the process of crack sealing could restore the continuity of the
material and effectively provide a bridging effect across the damaged surfaces. An additional contribution to the flexural strength after
damage and healing is provided by the steel fibres. Specifically, the fibre-matrix interface can benefit from self-healing due to the
densification in the damaged zone and the deposition of particles within the cracked area [69]. Furthermore, immersion in a chloride
solution appears to enhance the fibre-matrix interface. This phenomenon, already observed by Al-Obaidi et al. [68], is likely due to
increased surface roughness from corrosion and the formation of rust crystals [70].

Similarly, the mix with additional fines exhibited consistent performance across all scenarios (Fig. 14b). The incomplete healing is
evident in the slightly lower strength enhancements observed in the damaged and cured specimens compared to the preliminary
characterization, which serves as the reference. Nonetheless, most curves, particularly those for the pre-cracked specimens, out-
performed the undamaged samples. An outlier was observed in the flexural tests after three months. This deviation was attributed to
variability of fibre content and orientation, a factor that is particularly critical for small-sized beams.

The evolution of peak flexural strength reported in Fig. 15a highlights the superior initial performance of the reference mix, which,
on average, matched the best results obtained for the R-UHPC mixes. However, after six months of exposure, all mixes exhibited
comparable performance, reinforcing the long-term benefits of incorporating recycled aggregates from a parent UHPC, as previously
discussed. This convergence suggests that while the reference mix initially benefits from a denser microstructure and higher early-age
strength, the sustained self-healing and hydration mechanisms in R-UHPC allow it to reach similar performance levels over time.

Among the R-UHPC mixes, the one with unsorted aggregates (C100C) demonstrated the highest peak flexural strength, with a slight
increase observed in repeatedly cracked specimens, likely due to further densification at the crack interface. Similarly, the mix
incorporating additional fines (C100F) showed a moderate performance enhancement after six months, despite highly scattered results
at the intermediate (i.e., three-month) assessment. This variability may be attributed to the increased heterogeneity introduced by the
finer recycled particles, which can influence both the crack healing dynamics and load redistribution within the material.

Overall flexural behaviour is more effectively characterized by the Work of Fracture (WoF), shown in Fig. 15b. This parameter is
particularly relevant for UHPC structures, as they may experience significant deformations [23] and must maintain flexural strength
even at large crack openings.

Although the long-term results exhibited a similar slight reduction in peak stress, the two mixes with cement replacement (C100C,
C100F) demonstrated notable benefits from the damage-healing cycles. These cycles enhanced the flexural response due to the self-
healing process discussed in previous sections. Notably, the mix with unsorted aggregates (C100C) consistently achieved a WoF
comparable to the reference mix, even under repeated damage. Since this phenomenon is closely tied to the fibre-matrix interface [71,
72], particularly at high deformation values considered in the WoF calculation (up to 1.5 mm), these results suggest that self-healing
significantly improved the bridging effect provided by the steel fibres.

Conversely, the mix with additional fines (C100F) only partially compensated for its initial difference from the reference mix. It
performed better in specimens subjected to pre-cracking alone, highlighting its reduced capacity to resist repeated damage cycles.

4.5. Healing indices cross-comparison

This section examines the cross-comparison of two indices reflecting macroscopic healing performance — namely, the index of
sorptivity healing (ISH) and the index of stiffness recovery (ISR) — with crack closure observations captured via microscopy and
expressed through the index of crack sealing (ICS). Fig. 16 illustrates comparisons for specimens that were only pre-cracked
(Fig. 16a—c) and for those subjected to repeated damage (Fig. 16b-d).
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Fig. 14. Three-point bending experimental curves of all the specimens; (a) Mix C100C with recycled unsorted aggregates, and (b) Mix C100F with
recycled fines.
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Fig. 15. Flexural response obtained with the three-point bending tests for the mixes, either pre-cracked or repeatedly cracked, where (a) represents
the flexural peak stress and (b) the work of fracture; time 0 is referred to the preliminary characterization.

It is important to note that the definitions of these indices significantly influence their comparisons. For instance, a 100 % value in
the sorptivity healing index would require the post-healing sorptivity rate to be zero, a condition that is hardly physically attainable.
Consequently, the ISH values are slightly lower than the ICS values, as evident in Fig. 16a. Despite achieving comparable crack sealing
values, mix C100F exhibited inherently higher sorptivity due to the presence of additional fines, as extensively discussed in Section
§4.2. Nevertheless, the stiffness recovery provided by the healing products indicates effective mechanical recovery in all R-UHPC cases
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(Fig. 16c). In contrast, the reference mix exhibited poor stiffness recovery, likely due to incomplete healing and, more importantly, the
lower bond strength of the healing products compared to those formed in the R-UHPC mixes. This distinction highlights a key dif-
ference in the correlation between crack closure and stiffness recovery: while R-UHPC mixes not only achieved significant crack sealing
but also translated it into a high level of stiffness restoration, the reference mix demonstrated a weaker correlation, with stiffness
recovery lagging behind crack closure. This suggests that, in the reference mix, the precipitated healing products, although sufficient to
fill cracks, were not mechanically robust enough to restore the elastic response. Conversely, in the R-UHPC mixes, the presence of
weaker interfaces initially results in a less dense structure. This very characteristic promotes the formation of a more interconnected
network during the healing process, as the precipitates progressively bridge cracks and reinforce the matrix [73].

For specimens subjected to repeated cracking, the indices confirmed the limited ability of both mixes to withstand multiple healing
cycles. While crack sealing values ranged from 10 % to 100 %, sorptivity healing remained bound in most cases to the value achieved in
the first healing period, as demonstrated by the lower slope of trend lines in Fig. 16b compared to Fig. 16a. Conversely, stiffness
recovery displayed significant scatter (Fig. 16d), with values often lying above the diagonal. This is primarily attributable to the
definition of the ISR, which emphasizes the re-loading stiffness — a parameter reflecting the steeper initial segment of the flexural
response curve, rather than its subsequent, more gradual sections.

These findings anyway suggest that even under repeated damage, both R-UHPC mixes can maintain a robust structural response,
despite incomplete crack sealing. This behaviour may be linked to the enhancement of the fibre-matrix interface, which, though not
directly visible, plays a critical role in the flexural performance of the small beams.

4.6. Thermogravimetric analysis

A thermogravimetric analysis (TGA) was conducted on the reference mix (REF) and the mix with recycled components (C100F) to
complement the mesoscale observations on mechanical and durability performance and to provide insight into the hydration and
carbonation processes associated with the recycled constituents. The tests were performed using a Mettler Toledo TGA/DSC 1 machine
in the range 20-1200 °C, with a heating rate of 10 °C/min and nitrogen as purge gas.

The results, reported in Fig. 17 as both weight loss and differential thermal analysis, show that the C100C specimen exhibited more
pronounced mass losses across all the main transformation ranges, namely C-S-H dehydration (100-150 °C), portlandite dihydrox-
ylation (450 °C), and calcium carbonate decomposition (600-800 °C). These results, as discussed by Borg et al. [43], suggest that the
presence of recycled fines alters the hydration balance by introducing phases with higher porosity and water retention capacity, while
also carrying pre-carbonated material that contributes to additional mass loss at high temperature. The increased CH and carbonate
signals point to a less efficient pozzolanic consumption of portlandite and a higher susceptibility to carbonation, which may limit the
ability of recycled fines to actively contribute to strength development. Taken together with the observed performance reduction, these
findings highlight that the underperformance of recycled fines cannot be ascribed solely to water absorption, but also to their influence
on microstructure and phase assemblage.

5. Life cycle assessment
The Life Cycle Assessment (LCA) was conducted according to the ISO 14040:2006 and ISO 14044:2006 [74,75], and structured as

follows: goal and scope definition, inventory analysis, Life Cycle Impact Assessment (LCIA), interpretation and discussion of the
results.

5.1. Goal and scope

As discussed in the previous sections, recycling Ultra-High Performance Concrete (UHPC) has proven to be a technically feasible
approach for producing new UHPC with potential environmental benefits. However, the recycling process entails significant
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Fig. 17. Thermogravimetric-differential thermal analysis on samples before the damage and curing periods; (a) reference mix (REF), and (b) mix
with aggregates and cement replacement (C100F).
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environmental burdens, primarily due to machinery operation and the consequent energy consumption. These burdens may risk
offsetting the environmental benefits gained from substituting virgin materials, given the intensive efforts required to obtain useable
recycled fractions. Consequently, a broader assessment of the environmental trade-offs is necessary to support informed decision-
making.

The goal of this study was to conduct a comparative environmental assessment of UHPC incorporating different recycled UHPC
fractions. Two recycling scenarios were analysed, corresponding to the mixes C100C and C100F, in which all the natural aggregates
used in the reference mix (REF) are replaced with crushed UHPC, and 30 % of the cement content is substituted with additional
recycled fractions. In the C100C mix, the recycled material was used in accordance with the required granulometry, while C100F
incorporated an additional fraction of fine particles.

In the environmental assessment of structural materials, the selection of the functional unit (FU) is crucial, as it must reflect
mechanical performance. In this study, a functional unit of one cubic meter (1 m®) of UHPC or R-UHPC was adopted. To account for the
material mechanical efficiency, the results were further normalized based on long-term compressive strength and long-term flexural
strength. Both normalized results are expressed for 1 m3/MPa, with the corresponding strength values used for normalization detailed
in Table 2.

This study was conducted within a cradle-to-gate system boundary, as illustrated in Fig. 18. In accordance with the cut-off
approach, recycled UHPC aggregates were treated as burden-free at the point of generation, in line with previous studies [76]. The
demolition of the original structure was assumed to occur independently of the present system and was therefore excluded from the
analysis. Only the environmental impacts associated with the transport, additional crushing, sieving of recycled materials, and
transport of wastes and recycled steel fibres were considered, as already proposed in Ref. [29].

In the baseline case, the raw materials required for UHPC production are produced and delivered to the batching plant (100-262
km, depending on the material). In the two recycling scenarios (C100C and C100F), the UHPC chunks resulting from the demolition of
an old UHPC structure are transported to the batching plant (100 km), where they are processed using a custom-built on-site UHPC
recycling machine (details provided in Refs. [77,78]). After processing and sieving, coarser particles not suitable for reuse are kept in
the same facility, while other minor wastes resulting from the process (plastic, wood) and extracted steel fibres are transferred to a
recycling plant (92.9 km). Finer fractions are utilized in the production of C100C and C100F, fully replacing natural aggregates and
partially substituting cement, thereby reducing the need for virgin material extraction, processing, and transportation.

It should be noted that the particle size distribution produced by the recycling equipment does not perfectly match the specification
required for UHPC production, as detailed in Ref. [79]. As a result, the input quantity of UHPC chunks exceeds 1 m® to meet the precise
fine fraction demand for the C100C (1.48 m>) and C100F mixes (1.64 m®).

Finally, the steel fibres recovered during the recycling process are sent to an external facility. Although this study has demonstrated
the technical feasibility of using these recycled fibres as a complete substitute for virgin steel fibres, the combined use of recycled
fibres, aggregates, and partial cement replacement has yet to be explored in practice.

5.2. Life cycle impact assessment

The life cycle impact assessment (LCIA) phase was conducted using the CML-IA baseline method, implemented within the
SimaPro® software environment and relying on secondary data from the Ecoinvent database (version 3.10). Only the environmental
impacts associated with the on-site recycling machine were derived from primary data. The CML-IA method provides midpoint in-
dicators, which represent environmental impacts at an intermediate stage of the cause—effect chain.

Ten impact categories were selected based on their relevance and widespread application in the environmental assessment of
construction materials. These include: Abiotic Depletion (ADP), Global Warming Potential (GWP100a), Ozone Layer Depletion Po-
tential (ODP), Human Toxicity Potential (HTP), Freshwater Aquatic Ecotoxicity (FAETP), Marine Aquatic Ecotoxicity (MAETP),
Terrestrial Ecotoxicity (TETP), Photochemical Oxidation Potential (POCP), Acidification Potential (AP), and Eutrophication Potential
(EP).

Cradle-to-gate Baseline scenario only Recycling scenario only

! !
Old UHPC : Cement production Sand Silica fume, water, admixtures :
Structure i (100% or 70% vol.) extraction extraction and/or production i
[ 1 I
| i | i
‘ i | i
,,,,,,,,, b | i
Preliminary ! Fine crushing Cement, silica fume, |
demolition i UHECChunks (batch plant) sand, water, admixtures i
| |
| |
| |
| I
i - Recycled UHPC sand - i
i Sm\@: Recycled UHPC fines ﬂ@ :
}
| |
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disposal : for recycling R-UHPC/UHPC Ir Structure

Fig. 18. Flow diagram and system boundaries of the LCA study.
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All results are expressed relative to the functional unit defined in this study — 1 m® of UHPC or R-UHPC - to enable a consistent
comparison of environmental performance across the different mix scenarios.

5.3. Results

The results of the midpoint impact assessment are presented in Table 3. When using a functional unit of 1 m, the mix with graded
aggregates only (C100C) exhibits lower or comparable impacts relative to the baseline scenario (REF). In contrast, the mix containing
additional fines (C100F) shows slightly higher impacts in a few categories, primarily due to a different breakdown of contributions.
Fig. 19 illustrates the contribution of each inventory item to the impact categories, normalized against the total impact of each category
for the reference mix — hence, the stacked bars for REF always sum to 100 %. The graph highlights that, although energy is required for
crushing during the recycling process, its share of the total impacts is negligible compared to other key contributors, particularly the
production of cement, steel fibres, and additives. Consequently, the reduced cement content in the recycled mixes offsets the additional
burdens in most cases. However, this beneficial effect is partially offset by the transportation of UHPC chunks from the original
structure to the recycling and batching plant.

Further insights are provided in Figs. 20 and 21, where results are normalized based on compressive and flexural strength,
respectively. This normalization highlights the importance of accounting for mechanical performance when comparing environmental
impacts, as mixes with higher strength can deliver the same structural function using less material. By incorporating strength-based
normalization, the assessment enables a more equitable and functionally relevant comparison among the different mix designs.
Since the CML-IA midpoint categories are expressed in different units, all impact values are scaled relative to the baseline scenario
(REF), which is set at 100 %.

Two principal conclusions can be drawn from this further analysis. First, the normalization parameter significantly influences the
outcome of the LCIA. When compressive strength is used, both R-UHPC mixes benefit from the substantial long-term strength gains,
leading to improved environmental performance across most indicators. In contrast, when normalized by flexural strength, the
environmental impacts of the R-UHPC mixes increase across all categories, irrespective of the mix design. The sole exception is the
GWP100a value for mix C100C (produced with unsorted recycled aggregates), which demonstrates a marked reduction due to its
reduced clinker production volume - clinker being the primary contributor to CO»-equivalent emissions in UHPC production.

Second, the C100F mix, incorporating an additional fraction of recycled fines, consistently exhibits higher environmental impacts
across all midpoint categories. This increase is attributed to the combined effect of the elevated energy demand associated with fine
particle recovery and processing, and the greater volume of UHPC chunks required for C100F (1.64 m® per 1 m® of mix) compared to
C100C (1.48 m® per 1 m®), which intensifies the impact of transportation and offsets the material substitution benefits observed in
C100C.

Overall, the balance between the environmental advantages of recycled UHPC - primarily stemming from reduced extraction and
processing of virgin raw materials — and the burdens introduced by energy-intensive recycling operations, is highly dependent on the
mechanical performance metric used. This dependency underscores the importance of functional performance-based normalization
when evaluating sustainable alternatives for structural concretes.

5.4. Thoroughgoing Sustainability Index

An alternative perspective on the sustainability performance of recycled UHPC can be obtained using the Thoroughgoing Sus-
tainability Index (TS), as proposed by di Summa et al. [80]. In particular, the material index (TS,M) offers a concise measure of the
environmental efficiency of 1 m® of material relative to a baseline scenario. This index is defined as the ratio between selected material
performance properties and CML impact indicators, both normalized against the reference case. For UHPC, the two performance
properties considered were long-term compressive strength and flexural strength (Eq. (7)), consistent with the normalization pa-
rameters used in the previous section.

f. f,
<fc.R_EF + fg §EF> /2
_ 7
10 cML
(Zi:lCMLi.mﬁ)/lO

when the TS,M index exceeds 1, the material under investigation is considered more efficient than the reference (REF), due to superior
mechanical performance, reduced environmental impacts, or a combination of both.

To further account for the self-healing capabilities of the mixes, the TS,M index can be extended by incorporating normalized
healing indices into the numerator. In this study, two parameters were included: the Index of Crack Sealing (ICSp) and the Index of
Sorptivity Healing (ISHp), both evaluated after six months of exposure. These parameters were selected as they represent the most
relevant indicators of UHPC durability enhancement through autogenous healing, which contributes significantly to the preservation
of long-term performance. The resulting material index (TS,M*) is presented in Eq. (8).

TS, M=
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Table 3

Results of the Life Cycle Impact Assessment for the three cases.
Impact category Unit REF C100C C100F
Abiotic depletion (ADP) kg Sb-eq. 4.42 x 1072 4.34 x 1072 4.37 x 1072
Global warming (GWP100a) kg CO»-eq. 1160.2 956.3 964.1
Ozone layer depletion (ODP) kg CFC-11-eq. 8.31 x 10°° 8.34 x 10°° 8.45 x 10°°
Human toxicity (HTP) kg 1,4-DB-eq. 2.415 x 10* 2.415 x 10* 2.418 x 10*
Fresh water aquatic ecotoxicity (FAETP) kg 1,4-DB-eq. 2.637 x 10° 2.621 x 10° 2.625 x 10°
Marine aquatic ecotoxicity (MAETP) kg 1,4-DB-eq. 8.718 x 10° 8.680 x 10° 8.691 x 10°
Terrestrial ecotoxicity (TETP) kg 1,4-DB-eq. 150.03 149.87 150.06
Photochemical oxidation (POCP) kg CoHs-eq. 0.235 0.221 0.222
Acidification (AP) kg SO,-eq. 3.200 2.819 2.844
Eutrophication (EP) kg PO3-eq. 1.272 1.149 1.155

E REF B Diesel (recycling) [l Water [T Transport - Raw mat. [} Mixing

C100C [ Cement B sand [ Transport - Wastes [} Steel recycling
c100F [} Silica fume [ steel fibres [ SP + CA [[Imsw
125%
o 100% ) mpm B O EEE EEE e B B
3 = = = 2R
£ 5% 7 | L FaE a8
o 7| = = = AL Al |
> - —_— - b
'*_3 50% £ =] = = - =
&) =i B = = =
7 B E = = = =
S = T =aEp=
0% E E ;m_ = = =V = I B =
R ® & ] ] R K 2 K S
¥ T & & o & v C
& & F

Fig. 19. Breakdown of contributions to each impact category, with impacts normalized to the total value of the reference scenario (REF) in
each category.
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Fig. 20. Relative values of the impact category indicators for the two recycling scenarios with respect to the baseline; the functional unit is 1 m®/
MPa of compressive strength.
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Fig. 21. Relative values of the impact category indicators for the two recycling scenarios with respect to the baseline; the functional unit is 1 m>/
MPa of flexural strength.

Table 4 presents the values of both indices for the two R-UHPC mixes. The mix incorporating unsorted fines (C100C) yields TS,M
and TS,M* values greater than 1, underscoring its improved sustainability performance relative to the reference. This outcome reflects
the combined effect of reduced environmental impacts and significantly enhanced compressive strength, with the drawback of lower
flexural strength only partially diminishing its overall efficiency. The advantage becomes even more pronounced when self-healing
performance is considered in the TS,M* index, owing to the mix superior autogenous healing capacity.

In contrast, the mix with additional sorted fines (C100F) exhibits generally inferior performance. While it achieves slightly reduced
environmental impacts in select categories and maintains a comparable compressive strength, these benefits are offset by weaker
flexural performance and diminished self-healing capacity, resulting in lower overall index values.

6. Conclusions

This study has evaluated the self-healing performance of two recycled Ultra-High Performance Concrete (R-UHPC) mixes,
developed from a parent UHPC mix by completely replacing aggregates and partially substituting cement with either unsorted recycled
aggregates or recycled fines. This research represents the final phase of a four-year initiative aimed at significantly reducing the
embodied carbon of UHPC and mitigating resource depletion from raw material extraction.

A comprehensive multi-parameter approach was employed to investigate, together with the mechanical performance, the evolution
of the durability and of the autogenous self-healing capability over time, also correlated with microscopic-scale visual observations.
Pre-cracked and repeatedly damaged specimens underwent different curing periods in a 3.3 % NaCl solution, alternated with
experimental characterization at 1, 2, 3, and 6 months. The healing performance was compared against previous results from mixes
where only aggregates, and not cement, were replaced. Long-term (3 years) performance data were also provided to compare the two
newly developed mixes with those investigated in previous studies.

In parallel, a cradle-to-gate life cycle assessment was conducted to evaluate the environmental performance of the R-UHPC mixes,
with particular attention to the influence of mechanical performance differences. By integrating functional performance into the LCA
through normalization over compressive and flexural strength, the study provides a more meaningful comparison of the environmental
impacts, ensuring that sustainability assessments are directly aligned with structural functionality.

The experimental campaign yielded the following outcomes.

Up to 30 % of the Portland cement content in UHPC could be successfully replaced with recycled UHPC without compromising
mechanical and durability performance, as results were largely comparable to reference mixes; the strength development was
guaranteed by the significant presence of unhydrated cement particles in the recycled material.

Both R-UHPC mixes (C100C with recycled unsorted aggregates and C100F with recycled fines) exhibited the characteristic self-
healing capacity of UHPC, consistently sealing induced cracks.

In pre-cracked specimens, the cracks were entirely sealed, and most recovery was observed within the first two months. In spec-
imens subjected to repeated cracking-healing cycles, the closure rate exceeded 40 % in all cases.

Crack closure reduced sorptivity (—70 % when pre-cracked, up to —50 % when repeatedly cracked) and increased stiffness (up to
+20 % in both cases), although repeated damage progressively diminished the residual healing capacity.

Table 4

Thoroughgoing Sustainability Index for the two R-UHPC mixes.
Mix TS,M TS,M*
C100C 1.060 1.223
C100F 0.972 0.968
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e The mix with recycled fines (C100F) demonstrated reduced healing efficiency due to the inherently high water absorption of the
fine recycled particles, negatively impacting sorptivity.
e The flexural response and fracture behaviour of specimens highlighted the role of healing products in preserving strength and
stiffness; enhanced fibre-matrix interaction resulting from the healing process contributed to constant mechanical performance.
The choice of functional unit based on mechanical performance significantly influences the environmental assessment, as
normalization over compressive strength favours the R-UHPC mixes, while normalization over flexural strength results in higher
relative impacts, highlighting the importance of performance-based comparisons in structural applications; however, when the
more comprehensive TS index was adopted, the mix with unsorted recycled fines demonstrated a superior efficiency with respect to
the reference.
The inclusion of additional fine recycled fractions increases environmental burdens, primarily due to the additional processing as
well as to the transportation of UHPC chunks to a new construction site, which might offset the benefits of raw material
substitution.

This study provided a preliminary yet extensive validation of a recycling strategy that incorporates various fractions of crushed
UHPC to produce new R-UHPC. The recycled mixes preserved the unique properties of the parent material, demonstrating potential for
sustainable UHPC production. However, the finer fraction presents challenges due to its high water absorption, which may impair
durability, particularly in aggressive environments. The life cycle assessment further highlighted the environmental trade-offs of using
such recycled fractions, especially when additional processing is required. Future work should address these limitations by advancing
efficient recycling facilities, fostering a more distributed industry to reduce transport distances, and optimizing mix designs through
alternative processing, surface treatments, or tailored particle size distributions. In addition, longer exposure times should be
considered to better assess the long-term durability of this class of materials, thereby ensuring robust mechanical and environmental
performance across diverse applications. In parallel, closer collaboration with industry stakeholders and the development of pilot
projects will be essential to validate the technical and economic feasibility of R-UHPC in real-world applications and to support the
establishment of standards ensuring its reliable large-scale deployment.
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