Construction and Building Materials 512 (2026) 145154

FI. SEVIER

Contents lists available at ScienceDirect
Construction and Building Materials

journal homepage: www.elsevier.com/locate/conbuildmat

onstruction
and Building

MATERIALS

Lithium silicate as a healing agent in vascular networks for natural
hydraulic lime mortars: a step towards cyclic self-healing systems for

heritage materials

C. De Nardi , D. Gardner

Resilient Structures and Construction Materials (RESCOM) Research Group, School of Engineering, Cardiff University, Queen’s Buildings, The Parade, Cardiff, Wales

CF243AA, United Kingdom

ARTICLE INFO ABSTRACT

Keywords: Built heritage is increasingly exposed to diverse and intense environmental stressors as a consequence of climate
Built heritage change. Consequently, historic masonry repair strategies must evolve to support a more resilient and long-lasting
Self-healing

preservation approach. Drawing on biomimetic principles, recent innovations have introduced vascularisation
techniques to enable autonomous crack repair in lime-based mortars, including targeted patching applications
where localized material loss needs to be effectively restored. However, the effectiveness of these self-healing
systems depends largely on the performance of the healing agents, particularly their long-term reactivity and
compatibility with traditional materials. This study evaluated lithium silicate solutions, LS15 and LS20 (15 % and
20 % lithium wt. respectively) as healing agents in natural hydraulic lime mortars using simplified vascular
networks. Samples were pre-cracked to a crack width of 0.1 mm and were allowed to heal over 14 days. Three-
point bending tests were conducted to assess mechanical recovery at 14, 28, and 365 days, including up to three
damage-healing cycles for long-term evaluation. No significant autogenous healing was observed in the control
specimens. LS20 achieved maximum single-cycle strength and stiffness recovery of 187 % and 124 %, respec-
tively, at early age. Over multiple cycles, in samples aged 1 year, LS15 showed greater consistency, reaching up
to 68 % strength and 51 % stiffness recovery by the third cycle. These results demonstrate lithium silicate’s
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potential for repeatable, cyclic self-healing in heritage-compatible mortars.

1. Introduction

As climate change accelerates, its effect on the built environ-
ment—particularly on historic structures—is becoming increasingly
pronounced. Historic structures constructed with traditional materials
such as masonry, clay, natural stone, and lime-based mortars are
particularly susceptible to environmental deterioration due to their high
porosity, vapor permeability, and relatively low mechanical strength
[1-3]. Mortars, being the most vulnerable component in masonry,
typically deteriorates faster than the units it binds. Lime-based mortars,
common in historic buildings, are especially susceptible to erosion, salt
crystallization, freeze-thaw cycles, biological colonisation and me-
chanical stresses [4,5]. These deterioration mechanisms have been
increasingly exacerbated by the effects of climate change, including
more frequent extreme weather events, increased rainfall intensity,
temperature fluctuations, and rising humidity levels [6,7]. The
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degradation of mortar joints leads to loss of cohesion between masonry
units, reduced structural integrity, and increased permeability of the
wall system. Over time, this can cause disaggregation of the masonry,
uneven load distribution, and acceleration of decay in adjacent mate-
rials [8,9].

Among traditional binders, natural hydraulic lime (NHL) mortars are
widely preferred in restoration contexts due to their chemical and
physical compatibility with historic materials [10], [11]. NHL’s mineral
composition creates a strong bond with historic masonry, reducing the
risk of damaging interactions like cracking or salt accumulation [12].
Furthermore, Natural Hydraulic Lime (NHL) mortars, such as NHL 3.5,
are classified as moderately hydraulic, meaning they develop strength
through both hydration and carbonation mechanisms at a balanced rate,
resulting in a progressive increase in mechanical strength over time.
Despite this gradual hardening, NHL mortars retain lower stiffness and
compressive strength compared to most historic masonry units, enabling
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them to act as sacrificial materials [12,13]. Recent experiments also
confirm that NHL mortars possess a more porous microstructure char-
acterised by larger pore sizes and higher overall porosity, which con-
tributes to their higher ductility and lower strength relative to Portland
Cement mortars [14]. This mechanical and microstructural compati-
bility reduces stress concentrations and mitigates damage to the original
masonry elements, thereby supporting the long-term preservation of
historic structures under environmental and structural loads [15,16].

Recent research highlights the urgent need for adaptive measures to
protect built heritage from the escalating impacts of climate change. A
combination of traditional solutions, adaptive technologies borrowed
from modern construction, and novel emerging methods can be
employed to preserve and reinforce heritage structures [17]. Among
these, biodesign innovations—such as microbial-enhanced, carbon--
fixing limewash—show promise in enhancing the resilience of tradi-
tional materials without altering their historic character [18]. Digital
prototyping and regenerative design approaches are being increasingly
integrated with climate data and predictive modelling to strengthen the
adaptive capacity of both cultural and natural heritage sites [19].

To support this shift, comprehensive frameworks for climate-
resilient materials are emerging, including self-healing technologies
[20]. Self-healing materials are engineered systems that can autono-
mously detect and repair damage, such as microcracks, to restore their
structural or functional integrity [21]. Inspired by biological system-
s—known for their innate ability to repair themselves after dam-
age—self-healing materials are designed to enhance durability, extend
service life, and reduce maintenance requirements [22,23]. In the
context of heritage conservation, a range of self-healing strategies is
currently being explored. These include autogenous self-healing, which
relies on the intrinsic ability of binder materials to close cracks through
continued hydration and carbonation [24-26]; bio-based healing agents
[27], miniaturised vascular networks embedded in mortars [28,29], and
autonomous crack repair mechanisms [24,30] to enhance the perfor-
mance of repair materials while preserving the authenticity and integ-
rity of historic structures. Biological self-healing methods, such as
microbial-induced calcium carbonate precipitation (MICP), have
demonstrated effective crack repair through biomineralisation processes
and are increasingly gaining attention as a promising solution. However,
recent studies have highlighted challenges—including high costs, scal-
ability issues regulatory gaps, and inconsistent performance across
environments—that limit MICP’s widespread adoption [31-33]. Among
construction materials, cementitious composites have been widely
studied for their self-healing potential [34-37], with one advanced
approach focusing on the integration of vascular networks—extrinsic
self-healing systems inspired by biological circulatory systems [38-40].
These networks consist of interconnected hollow channels or tubes
embedded within the concrete matrix, acting as artificial “veins” that
transport healing agents—such as mineral solutions [41,42], or adhe-
sives [43,44]—directly to sites of damage. Since Dry’s pioneering work
with embedded glass tubes, the concept has evolved significantly
through various fabrication strategies [22,23]. Hollow tubes (glass,
plastic, or metal) offer simplicity but can be prone to clogging and may
compromise structural strength [45-48]. Sacrificial materials, including
dissolvable polymers or wax-based elements, provide better integration
into the matrix but require removal processes [49-51]. 3D printing
technologies enable the creation of precise, interconnected channels
although their implementation can present challenges in terms of cost
and technical complexity [38,52]. Notably, researchers at Cardiff Uni-
versity [43,53] have developed a practical method for generating 2D
vascular systems by embedding and later removing polyurethane tubes,
forming interconnected channels within cementitious materials—an
approach that has been successfully validated through full-scale site
trials [54]. When microcracks form and intersect the network, the
rupture of the channels releases the healing agent, which then fills the
crack and solidifies, restoring the material’s integrity. Importantly, these
systems can be designed for repeated healing cycles, either through
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passive capillary flow or active pumping of the healing agent from
external reservoirs [44].

Selecting an appropriate healing agent is crucial to optimising the
vascular system’s performance. It needs to provide long-term stability
while facilitating the mortar matrix’s natural self-repair mechanisms.
Key properties include low viscosity and compatibility with historic
materials—this ensures the agent can efficiently navigate the vascular
network and thoroughly penetrate cracks. Moreover, the agent must be
non-toxic to guarantee environmental safety and suitability for con-
struction applications.

In this context, inorganic consolidants—particularly silicate-based
systems—have shown promise for stabilising and strengthening
porous, binder materials [55,56]. Sodium silicate is well-known for its
self-healing ability in concrete structures [56-61]. When utilised within
vascular networks, sodium silicate serves as an effective healing agent,
facilitating the restoration of structural integrity in damaged concrete
[41,48]. The healing efficiency of sodium silicate depends on several
factors, including its concentration, viscosity, and the environmental
conditions of the concrete system [57]. The SiO: in the healing agent
reacts with calcium hydroxide from the hydrated cement paste to pro-
duce C-S-H (tobermorite) gel, which is the primary binding phase in
hydrated cement [62,63]. Studies have shown that sodium
silicate-based systems can achieve up to 80-90 % recovery in mechan-
ical strength and permeability reduction after cracking, demonstrating
its potential for structural applications [64,65].

Compared to calcium silicate, sodium silicate, and potassium silicate,
lithium silicate (LS) has the lowest formula unit weight [66-68]. Unlike
other silicate treatments such as ethyl silicate, which form silica gels
through polymerisation, lithium silicate reacts directly with calcium
ions to form calcium-silicate-hydrate (C-S-H) phases [69,70]. These
phases densify the pore structure and enhance mechanical properties
[71,72]. Lithium silicates are also found in water glass, which is widely
used for the surface treatment of cement-based materials and as an
inorganic coating for concrete pavements. Moreover, when applied to
concrete surfaces, LS has been found to improve wear and frost resis-
tance, ultimately extending the service life of concrete pavements [71].
Furthermore, incorporating 2-10% LS into Portland cement signifi-
cantly increases C-S-H formation and accelerates setting time, while
even a 1.0 % addition slightly enhances setting and early-stage flexural
and compressive strengths [73].

Such characteristics make lithium silicate a compelling option not
only for consolidation purposes but also as a functional healing agent in
vascular technology within lime-based mortar matrices.

Wettability (contact angle / spreading behaviour) is closely linked to
the transport of healing agents into cracks, which is a key determinant of
extrinsic self-healing efficiency. In systems where healing agents are
released via capsules or vascular networks, good wettability ensures
that, once released, the liquid can spread along and adhere to crack
surfaces, infiltrate narrow fissures through capillary forces, and react
with the surrounding matrix to form solid healing products that fill and
seal the crack [39,74]. Poor wettability may inhibit this process, limiting
the penetration of the healing agent into the crack and reducing the
formation or deposition of healing products along the crack surfaces.
Moreover, literature shows that healing is most effective for narrower
cracks (microcracks) where capillary transport, aided by wettability, can
realistically deliver reactants to all surfaces [75]. Hydration, continued
chemical reaction with unreacted silicates or lime, and formation of
calcium carbonate or calcium silicate hydrate phases are mechanisms
that depend on sufficient contact and transport of liquid-phase reactants.
Thus, measuring the contact angle of healing agents provides useful
predictive information on their ability to be delivered into cracks and
contribute to healing or sealing under realistic environmental conditions
[76,771.

A recent comparative study by Song et al. [78] directly evaluated the
effects of lithium silicate on NHL mortars, applying the treatment via
impregnation and surface spraying (0.2kg/m?). The results
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demonstrated remarkable improvements in mechanical and durability
performance: compressive strength increased by 32.7-52.0 %, surface
hardness improved by 10 grading units, and weight loss under freeze-
—-thaw cycling decreased by 31.6-43.8%. Microstructural analyses
revealed a reduction in macroporosity and a corresponding increase in
meso- and nanopores, suggesting that lithium silicate not only fills but
also refines the pore network, potentially enhancing capillary resistance
and reducing ingress of harmful salts. In addition to their densifying
capabilities, lithium silicate solutions have been explored for their po-
tential in self-healing applications within cementitious materials.
Research indicates that encapsulating lithium silicate in microcapsules
promotes C-S-H formation, seals microcracks, and improves concrete
durability [79], a process further supported by Stepien et al. [80] who
demonstrated the participation of Lithium Silicate in the transformation
of calcium hydroxide (CH) into new calcium silicate hydrate (C-S-H) gel,
as shown in Eq. (1).

Li»0-nSiOy + mH>0 + nCa(OH);—nCa0-Si0y-(m + n — 1)H,O
+ 2LiOH (€))

As highlighted by Song et al. [78] in this reaction, lithium silicate
reacts with calcium hydroxide and water to form additional calcium
silicate hydrate gel, with lithium hydroxide (LiOH) formed as a
byproduct. The newly formed C-S-H contributes to the densification of
the microstructure by filling capillary pores and reducing porosity,
which in turn enhances the mechanical performance of the
silicate-based material [81]. The consumption of calcium hydroxide also
decreases the CH content in the hardened matrix, which is typically
associated with improved durability and mechanical stability. This
pozzolanic-like reaction underpins the healing mechanism of lithium
silicate: upon infiltration into cracks, the solution interacts with Ca(OH)
present in the hydrated lime matrix to form C-S-H phases that pro-
gressively fill and bridge microcracks, restoring mechanical continuity.
This mineral-based healing process is analogous to secondary hydration,
where the newly formed products effectively seal cracks and contribute
to stiffness recovery [82]. Studies have highlighted that, compared to
other silicates such as sodium or potassium silicates, the smaller size and
higher mobility of Li* ions [73,82] enable deeper penetration into the
fine pore structure of natural hydraulic lime mortars and promote a
faster, more homogeneous formation of calcium-silicate-hydrate
(C-S-H) phases [69,78,83]. Moreover, sodium and potassium silicates
may leave residual alkalis that contribute to efflorescence on porous
lime substrates [66], while Li* ions' limited mobility favours stronger
interactions with hydration products, improving absorption [84].
Interestingly, Song et al. [78] reported that lithium silicate pretreatment
of NHL-based mortars significantly enhanced durability, with treated
samples exhibiting a 31.6-43.8% reduction in weight loss during
freeze-thaw cycles compared to controls. The treatment reduced mac-
ropore content (50-10,000 nm), increased mesopores and nanopores,
and formed a protective silicate coating on the surfaces through rehy-
dration processes that generated C-S-H gel [78].

These attributes make lithium silicate solutions suitable for inte-
gration into self-healing vascular networks, thereby contributing to both
the durability and sustainability of structures. In this context, ongoing
research by the authors [28] focuses on designing vascular networks
that can be fully embedded within mortar joints while ensuring
chemo-physical and mechanical compatibility.

Vascular networks can be integrated into traditional masonry repair
techniques such as patching. When extensive portions of masonry have
deteriorated to the extent that the mortar joints can no longer perform
their structural role, the scuci-cuci (patching) technique can be
employed. This method restores structural continuity while preserving
the original masonry fabric. In this approach, renewed hydraulic lime-
based mortar joints are embedded with vascular networks filled with
healing agents. In this context, the careful selection of appropriate
healing agents is crucial. The choice directly influences not only the
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compatibility and effectiveness of the self-healing process but also the
potential to enhance the system’s functionality, for instance, network
refilling mechanisms that allow for repeated healing cycles, or self-
sensing activation that triggers repair automatically upon detecting
damage.

The objective of this paper is to assess the self-healing performance of
lithium silicate solutions by evaluating two concentrations (15 % and
20 % by weight in water), with the aim of determining their efficacy and
reliability in promoting effective and repeatable crack healing in natural
hydraulic lime mortars. To enable meaningful comparison, a well-
established approach was used for vascular network formation (as
summarised in Section 2.1) [43,44]. The healing efficacy was analysed
with respect to a controlled crack width of 0.1 mm and a fixed healing
period of 14 days. Prismatic samples were tested at different curing ages:
14 and 28 days, representing early-age cracking, and after 1 year, rep-
resenting medium- to long-term behaviour. Both single and multiple (up
to three) damage-healing cycles were considered for selected specimens
to evaluate the repeatability of the self-healing performance and its
durability over time. Initially, the wetting characteristics of the healing
agents were evaluated through contact angle measurements. Subse-
quently, the healing performance was assessed in terms of flexural
strength and stiffness recovery using three-point bending tests.

2. Materials and methods
2.1. Essential background — specimen manufacturing and testing

A well-established method originally developed by Davies et al. [43,
44,85] for concrete was adapted in this study to create vascular net-
works in natural hydraulic lime (NHL) mortars. Polyethylene tere-
phthalate (PET) tubes (4 mm diameter) were embedded into prismatic
NHL samples and removed after 7 days to form internal channels
(Fig. 1). This process enables the formation of hollow channels that
allow direct contact between the healing agents and the mortar matrix,
thereby isolating the healing performance from any external influences
and ensuring that observed effects can be attributed solely to the agents
themselves. Mortar samples were prepared using NHL 3.5 (supplied by
Tarmac) and 0-2mm sand at a 1:3 binder-to-sand and 1:0.7
water-to-lime ratio, as commonly used for historical mortars [86-88]. A
series of 75 x 75 x 255 mm prisms, as represented in Fig. 1(a)) were cast
in three layers, with PET tubes placed in the bottom layer (Fig. 1(b)).
After casting, samples were kept in the moulds covered with a damp
Hessian sheet for seven days and subsequently demoulded and stored in
laboratory environmental conditions (20° + 5, RH ~ 45 %) up to the
first test. Before the test, a central notch was created to guide crack
formation during three-point bending tests. To monitor crack develop-
ment, CMOD clip gauges were installed, with a loading rate of
0.0001 mm/s applied consistently during the test. Further details on raw
materials, casting, mixing, and testing procedures can be found in [28,
43,44].

2.2. Healing agents

The healing agents were injected into the pre-formed vascular
channels immediately after crack formation (as detailed in Section 2.4,
Stage 2). Each channel received 4 mL of the lithium silicate solution
(LS15 or LS20) using a syringe. Once the cracks intersected the channels,
the solutions were drawn into the damaged zones by capillary action,
enabling targeted delivery and minimizing external influences.

Two aqueous lithium silicate (LS) solutions were prepared by dilu-
tion of a commercial concentrate (28 wt% active ingredient), supplied
by Chimica Restauri. The solutions were formulated to obtain final
concentrations of 15 wt% and 20 wt% active lithium silicate, hereafter
referred to as LS15 and LS20, respectively. These concentrations were
selected based on preliminary experiments indicating that they offered
better healing efficiency in NHL mortars than higher-concentration
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Fig. 1. Specimen preparation with twin moulds before casting (a) samples dimensions (b).

formulations of the same product, i.e. 24 % and 28 %, which tended to
increase viscosity and reduce penetration, making them less suitable for
vascular delivery. Assuming that the density of the 28 wt% stock solu-
tion is approximately equal to that of water (1 g/mL), the following
dilutions were carried out based on volume ratios. LS15: Approximately
540 mL of the 28 wt% stock solution was diluted with 460 mL of
deionized water, yielding a total volume of ~1000 mL and a final con-
centration of approximately 15 wt%. LS20: for the preparation of LS20,
approximately 700 mL of the 28 wt% concentrate was diluted with
300 mL of deionized water, resulting in a total volume of ~1000 mL and
a final concentration of approximately 20 wt%. Dilution ratios were
based on volume measurements, while concentrations refer to weight
percent of active lithium silicate.

2.3. Analysis of wettability

Dynamic contact angle (SCA) measurements were carried out over a
10-second period using a contact angle goniometer (DataPhysics
OCA100, Germany) equipped with a camera-based optical measurement
system. All measurements were performed at room temperature (20 + 5
°C) and approximately 50 % relative humidity. Glass microscope slides
(22 x 50 x 0.15 mm?; Deckglaser, Menzel-Glaser, Germany) were used
as substrates, offering a smooth, inert, and reproducible surface for
assessing the intrinsic wettability of the healing agents. This setup was
preferred because porous substrates, such as natural hydraulic lime
mortar, could lead to rapid liquid absorption, compromising accurate

Load
@ 4mm channel
, 5 mm notch
7\
Y
75 3 { inlet
N :::::::::::E:::;::::::::3
25 2
VN \ == 7N support
— » — CMOD clip gauge
# 255 4
(a) # 200 4

and comparable measurement of the initial wetting behaviour. A 0.5 pL
droplet of test liquid was placed on the surface, and once equilibrium
was reached, its shape was captured by the camera. The contact angle
was then calculated using the SCA20 software (DataPhysics), based on
the captured image. The reported SCA represents the average of the left
and right contact angles.

2.4. Experimental arrangement and programme

Three curing durations were considered: 14 and 28 days to represent
the short term, and 1 year to represent the medium-to-long term.
Following curing, the prisms were either loaded to failure (control se-
ries) or subjected to a three-point bending test, in accordance with BS EN
12390-5 [89], until a specified crack mouth opening displacement
(CMOD) of 0.1 mm was reached, after which they were unloaded. The
CMOD threshold of 0.1 mm was chosen as it represents the maximum
permissible damage level, beyond which larger cracks would lead to
specimen failure. Fig. 2 illustrates the vascular network system and the
flexural test setup.

All three-point bending tests were performed using an Instron 8871
universal testing machine (Instron, England, UK), equipped with a
100 kN load cell and CMOD clip gauge.

The flexural test configuration is illustrated in Fig. 3(b) and a cyclic
loading and healing protocol was designed to evaluate the self-healing
capacity of the material. The procedure included five stages:

Fig. 2. Schematic representation of the three-point bending test setup on notched beam specimens (a), Experimental setup showing the test in progress with the

loading applied at midspan and CMOD gauge installed at the notch (b).
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— Stage 1: specimens were subjected to a three-point bending test until
a CMOD of 0.10 mm was reached. This induced microcracking and
mechanical degradation, as shown by the solid red curve in Fig. 3
(first test).

Stage 2: following the initial damage, specimens were injected with
the selected healing agent and placed under laboratory environ-
mental conditions (20 + 5 °C, RH ~45 %) for a 14-day healing
period. The healing agents were injected at this stage to simulate
their release upon damage, thereby avoiding premature absorption
by the matrix prior to crack formation, similar to the mechanism
observed in comparable self-healing systems where the healing agent
is released from its point of encapsulation once a threshold damage is
exceeded.

Stage 3: specimens were reloaded under a three-point bending test to
a CMOD value of 0.10 mm. They were then re-filled with the same
volume of healing agent used in Stage 2, or less if any channels were
blocked, noting the volume injected, and returned to the same
environmental conditions (20 & 5 °C, RH ~45 %) for an additional
14-day healing period.

Stage 4: a third loading cycle was carried out following the same
procedure and the specimens re-filled using the same method
described in Stage 3. The material response after this second healing
cycle is represented by the dash-dot and dotted red lines in Fig. 3.
Stage 5: after the last 14-day healing period, specimens underwent a
final flexural test in which they were loaded to failure.

The experimental programme, as presented in Table 1 can be divided
into three main groups. The aim of Group 1 was twofold: first, to assess
whether the pure natural hydraulic lime mortar (control) exhibits any
autogenous healing properties at an early age (i.e., after 14 days of
curing); and second, to evaluate the healing performance achieved when
lithium silicate solutions LS15 and LS20 were used to fill either two or
four channels. Similarly, in Group 2, the curing time was extended to 28
days, a single healing cycle was considered, and the same CMOD value
of 0.10 mm was applied. The aim of Group 3 was to analyse the healing
behaviour over the medium to long term, specifically to determine
whether natural autogenous healing remained appreciable after one
year of curing and whether the lithium silicate solutions could still react
with the matrix at that stage. In this group, samples were filled with the
maximum volume (i.e., four channels) using both silicate solutions
(LS15 and LS20), and multiple damage-healing cycles were applied. The
CMOD was consistently maintained at 0.10 mm, with a healing period of
14 days for each cycle.

Fragments from the crack surfaces of Group 3 samples were exam-
ined using scanning electron microscopy (SEM) at Cardiff University,
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employing a Zeiss Sigma HD Field Emission Gun Analytical SEM (ASEM)
fitted with an in-lens and Everhart-Thornley secondary electron detec-
tor, as well as a backscatter electron detector.

Three prisms were cast for each sample designation. The sample
designation is expressed as follows: V.W_X_Y_Z where V is the group
number; W indicates the presence and number of the vascular channels
(0 indicates plain lime; 2 indicates 2 channels, 4 indicates 4 channels); X
is the age of the first test in days; Y is the healing agent used to fill the
channels (LS15 = lithium silicate at concentration of 15 %, LS20 =
lithium silicate at concentration of 20 %, w = deionised water); Z is the
level of the damage, reported in terms of crack width (CMOD equal to
0.1 mm).

2.5. Healing indices calculation

Healing indices were calculated using a framework previously
developed by the authors [34,35,43,44] and implemented here to assess
healing performance over multiple damage-healing cycles. This meth-
odology allows two complementary evaluations: (i) recovery relative to
the original undamaged state; (ii) recovery between successive cycles;
(iii) evaluation of inter-cycle healing performance. The latter is crucial
for understanding the long-term functionality and viability of the
vascular network under repeated damage events.

As represented in Fig. 3, the results of the pre-cracked and post
healed specimens are presented in terms of load vs CMOD responses.
Flexural strength was determined from the peak load using the standard
three-point bending equation, with a span length of 200 mm and spec-
imen dimensions of 75 mm (width) x 75 mm (depth). Two primary
indices were used to assess healing efficiency; strength recovery
' (%)) and stiffness recovery (1! (%)), as defined for the first
healing cycle in Egs. 2 and 3 respectively, with notation provided in
Fig. 3.

—k1 —k
_ Ohealed — Gdamaged

k1
o =% & (2)
Gundamaged - Gdamaged
k1 k1
Kl _ Khealed - Kdamaged 3
Nk = = - 3)
Kundamaged - Kdamaged

For multiple healing cycles, additional indices were defined:

Cycle-to-original strength and stiffness recovery, referencing the
performance at the end of the cycle with respect to the original un-
k2 nk2) and third cycles (72, 7%2), defined by

damaged state, for second (7 .

Egs. (4) and (5) as follows:

Firsttest _— _— _ Afterfirsthealing - — . _._ After second healing After third healing
(o)
Kk
undamaged
~ undamaged Rm
healed o
(‘_Tk1 K healed
2 healed = k3
]\ O healed K healed
n o N
| ki N —K2 (—jks’
\ damaged ‘,‘ ~L K damaged® heiled
| ~ _ k3
\ ~ i ~ _ damaged
~¢ =K T - =k1 Ty =k2
.70 damaged yo_ damaged JG damaged

Fig. 3. Stress-CMOD curves before and after healing cycles: notation and definition of the parameters for the indices of healing.
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Table 1
Experimental programme.
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Sample designation No. channels Age of first test (days)

Healing agents

Crack width CMOD (mm) Healing period (14 days) SEM

0 2 4 14 28 365 LS15 LS20 w 0.1 Single cycle Multiple cycles
GROUP1 1014 v v - - - -
14140.1 - - v v - - v v
1.2.1415150.1 - v - v - v v
1.2.141520.0.1 -V v - - v v v
1.4.141S150.1 - - v v - v - v v
1.4.141S200.1 - - v v - - - v v v
GROUP 2 2028 v - v - - - v
24280.1 - - v 4 - - v v
2.2.2818150.1 - v oo v - v v
2.2.281520.0.1 - v - VA - v v v
2.4 281S150.1 - - v 4 - v - v v
2.4.2815200.1 - - v 4 - - v v v
GROUP 3 3.0_365 v - v - - - - -
3.4.365.w.0.1 - - v - VAR - v
3.4.365_LS150.1 - - v v v - v - v v
3.4.365.1L520_0.1 - - v v - v v - v v
2 2 — 5{;}"@8 ’ maintains a relatively stable profile over time. The baseline for deion-
W = = _a.a C)) ised water was slightly smaller compared to LS15 and LS20, which may
Oundamaged — O damaged T P . .
indicate a stronger initial spreading tendency for the healing agents.
72 24 Notably, the baseline values remained relatively stable between 0 and
k2 = healed — “‘damaged 5) 10 s for all samples, suggesting minimal dynamic spreading over this
Kfmdamaged - Kﬁimaged short time frame. Overall, the data confirm that increasing lithium sil-

The within-cycle healing indices, highlighting the improvements
achieved during each healing cycle relative to the damaged state prior to
healing, are defined by the following Egs. (6) and (7), where n is the
cycle number:

—kn —kn—1
ot = Tncated ~ Taomaged ©)
L - —kn—1 —kn—1
Uﬁealed ~ Odamaged
—kn —kn—-1
w1 _ Koot ~ Kionaga -
Nk - I—<kn—l I—<kn—l
healed ~ ““damaged
3. Results

3.1. Wettability results

Wettability results, obtained using standard glass plates to minimise
surface roughness variability and ensure data comparability, are pre-
sented in Table 2. The values represent the average of three measure-
ments, with the coefficient of variation (CoV %) shown in brackets.
Since all tested healing agents are aqueous solutions, deionised water
was included as a reference to account for the solvent's influence and
enable a reliable comparison of wettability characteristics. Representa-
tive contact angle measurements for each healing agent are shown in
Fig. 4.

Regarding contact angle measurements, LS-based solutions (LS15
and LS20) exhibit slightly higher contact angles than water, ranging
from 25° to 28°. reflecting lower wettability. LS20 exhibits the highest
contact angle (~28°), suggesting the lowest wettability among the three,
which is consistent with its higher concentration. Contact angle values
slightly decrease over the first 10 s, suggesting minor spreading of the
droplet, though the changes are minimal—particularly for LS20, which

Table 2
Healing agents wettability results.

icate concentration reduces wettability and promotes more stable
droplet behaviour.

3.2. Three-point bend test results

Results from the flexural tests and healing indices based on Load-
CMOD data are summarized in Tables 3-5. Each result represents the
average of three specimens.

3.3. Group 1_Results

Table 3 presents the flexural test results for Group 1, along with the
healing indices calculated from the experimentally obtained Load-
CMOD responses. Group_1 samples were tested at 14 days, when the
surface matrix had low cohesion and mechanical strength. This
compromised the attachment of the knife edges needed for clip-gauge
derived CMOD measurements during flexural testing. In several cases,
the knife edges detached along with fragments of surface mortar, indi-
cating poor bonding, which may have potentially contributed to the data
variability observed. The presence of empty channels had no noticeable
impact on mechanical performance. Samples pre-cracked to a CMOD of
0.1 mm showed no signs of autogenous healing, either in strength or
stiffness indices. This result was unexpected, as early-age natural hy-
draulic lime typically exhibits some degree of autogenous healing over
the timescales employed in this study [24,26,28]. However, the level of
damage induced by extending the test to a CMOD of 0.1 mm might have
exceeded the material's self-healing capacity. At this crack width, the
disruption of the matrix is likely too extensive to allow for effective
reprecipitation or bonding within the crack, especially in the absence of
moisture-retaining or reactive agents within the channel.

Load -CMOD graphs of samples filled with LS15 and LS20 are rep-
resented in Fig. 5. In samples where the vascular networks were filled

Healing agents’ designation

Volume mL (CoV%)

Contact angle (6.) deg (CoV%)

Baseline mm (CoV%)

Os 0s 10s 0s 10s
Deionised water 5 22.09 22.07 4.29 4.24
LS15 5.10 (18) 25.45 (8) 25.02 (7) 4.49 (5) 4.48 (5)
LS20 3.58 (11) 28.15 (6) 27.97(5) 4.38 (3) 4.37 (3)
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Fig. 4. Contact angle measurements of healing agents: Lithium silicate LS15 (a), Lithium silicate LS20 (b).

Table 3
Group_1: flexural test results and indices of healing.

Healing indices

Group_1 M indamaged 0 *damaged 0" *®heated nk nk
N/mm? N/mm?* N/mm? % %
(CoV%) (CoV%) (CoV%)
1014 0.72 (1) - - -
1.4140.1 0.73 (16) 0.16 (24) 0.13 (18) -4 -6
12141S150.1 0.82(7) 0.21(30) 0.50(13) 47 27
1.2.14.1520.0.1 0.59(40) 0.32(24) 0.54(31) 84 71
1.4.14.1S15.0.1 0.60(2) 0.16(1) 0.89(3) 167 122
14.141S200.1 0.60(2) 0.19(7) 0.96(3) 187 124

Table 4
Group_2: flexural test results and indices of healing.

Healing indices

Group_2 B ndamaged 0 damaged 0 healed nk nk
N/mm2 N/mm2 N/mm2
(CoV%) (CoV%) (CoV%)
2.0.28 0.97(22) - - -
24280.1 0.99(27) 0.17(14) 0.14(14) -4 -5
2.2 2815150.1 0.76(3) 0.20(26) 0.40(46) 36 75
2_2.281S20.0.1 0.94(12) 0.18(4) 0.57 (8) 51 101
2428 _1S150.1 0.67(5) 0.23(10) 0.73(5) 114 76
2.4.28_1S200.1 0.70(5) 0.18(7) 0.45(44) 51 88

with LS15, an interesting healing performance was observed. The
healing ranged from 47 % to 167 % in strength and from 27 % to 122 %
in stiffness, as the number of filled channels increased from two to four.
Doubling the volume of healing agent—from two to four filled chan-
nels—resulted in more than a twofold increase in healing efficiency,
both in terms of strength and stiffness. Similarly, in samples filled with
LS20, increasing the number of filled channels from two to four
enhanced the healing response, with strength recovery ranging from
84 % to 187 % and stiffness from 71 % to 124 %. Notably, while
strength recovery was more pronounced with LS20, the maximum
stiffness regains remained within a comparable range for both lithium-

Table 5

based solutions (LS15 and LS20), suggesting a common upper limit in
stiffness recovery.

It is important to highlight that, in built heritage applications, the
ideal healing agent should not significantly alter the mechanical prop-
erties of the original material. While regains exceeding 100 % may
demonstrate excellent healing efficiency from a material science
perspective, such performance is not necessarily desirable in the con-
servation of historic masonry. Excessive mechanical enhancement in the
healed zones can create heterogeneities within the structure, potentially
leading to local stress concentrations at the interface between healed
and unhealed areas. This mismatch can compromise the long-term
structural integrity of the system. Therefore, a more suitable outcome
in this context is the recovery of mechanical properties to a level com-
parable to the surrounding original material, ensuring homogeneity and
compatibility across the matrix.

3.4. Group 2 Results

A summary of the test results for samples cured for 28 days is pro-
vided in Table 4. Control samples—with and without empty chan-
nels—showed similar initial flexural strengths (0.97 MPa and 0.99 MPa,
respectively). Compared to the results at 14 days, both sets of samples
showed a 26 % increase in strength over the subsequent two weeks,
regardless of the presence of empty channels. No autogenous healing
was observed, as neither a regain in strength nor in stiffness was
detected after a healing period of 14 days. Interestingly, samples injec-
ted with LS15 displayed notable healing performance. Strength recovery
ranged from 36 % (with 2 channels) to 114 % (with 4 channels),
accompanied by significant stiffness gains of 75-76 %. These results
suggest that increasing the volume of LS15 markedly improves strength
recovery, while stiffness gains plateau at high levels, approaching the
original values. Samples treated with LS20 exhibited more consistent
recovery, with stiffness ranging from 88 % (2 channels) to 101 % (4
channels) and strength consistently at 51 % for both 2 and 4 channels.
The overall impact of increased volume seems to be less pronounced
compared to LS15.

Despite clear trends in recovery performance, noticeable variability
exists across the data, which can be attributed to the complex in-
teractions within the NHL-lithium silicate (LS) system, as can be seen in

Group_3: flexural test results strength values over three successive damage-healing cycles.

First cycle

Second cycle Third cycle

Group_3 %35, damaged 65 famaged % cated %" famaged %, ated 6% jamaged 4} catedd
N/mm? N/mm? N/mm? N/mm? N/mm? N/mm? N/mm?
(CoV%) (CoV%) (CoV%) (CoV%) (CoV%) (CoV%) (CoV%)

3.0_365 0.93(2) - - - - -

34365 w. 0.1 1.04(4) 0.33(18) 0.17(79) 0.11(92) 0.10(82) - -

3.4.365_LS15.0.1 1.01(13) 0.39(6) 0.48(8) 0.31(12) 0.61(6) 0.40(6) 0.68(5)

3.4.3651520_0.1 0.93(15) 0.33(9) 0.41(24) 0.24(8) 061(27) 0.32(6) 0.53(27)
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Fig. 5. Group_1l Load- CMOD responses of samples tested at 14 days, two vascular channels filled with LS15 (a); two vascular channels filled with LS20 (b); four

vascular channels filled LS15 (c); four vascular channels filled LS20 (d).

Fig. 6. This scatter might be driven by several factors: uneven distribu-
tion of lithium silicate within the NHL matrix, differences in crack
morphology, and local micro-environment variations. Central to this
variability is the ongoing formation of calcium silicate hydrate (C-S-H)
at 28 days. Natural hydraulic lime continues to hydrate, with CyS
contributing significantly to strength over 6-12 months [90]. Mean-
while, lithium silicate reacts with residual calcium hydroxide to form
C-S-H, densifying the matrix and reducing porosity, but this reaction
operates on a similar timeline that overlaps with the slower NHL hy-
dration [78].

3.5. Group 3 Results

Samples in Group 3 were tested after one year of curing and sub-
jected to three consecutive damage-healing cycles. The aim was to
assess the long-term healing potential of lithium silicate solutions (LS15
and LS20) when used at maximum volume (four channels), as well as
their ability to support multiple damage-healing cycles over an
extended curing period. Control samples tested after one year of curing
confirmed the absence of autogenous healing, as expected, since this
phenomenon is more pronounced at early ages [24]. Remarkably,
samples filled with LS15 and LS20 demonstrated strength and stiffness
recovery across all three healing cycles, as summarised in Table 6.
Load-CMOD graphs of the cycles are shown in Fig. 7.

For LS15-filled samples, within-cycle strength recovery increased
substantially from 13 % in the first cycle to 43 % in the second, more
than tripling, and was confirmed in the third cycle with 46 %. A similar
trend was observed for stiffness recovery, which reached 73 % in the
first cycle, then decreased slightly to 48 % and 51 % in the second and

third cycles, respectively. To better understand the material’s repeatable
healing potential, cycle-to-cycle recovery ratios were examined. Be-
tween the first and second cycle, strength recovery improved by 180 %,
while stiffness recovery reached 72 % of the previous cycle's perfor-
mance. The third cycle still showed strong performance, with 134 %
strength recovery relative to the second cycle and 100 % stiffness re-
covery, indicating full retention of the healing capacity.

For LS20-filled samples, a similar recovery profile was observed,
though with subtle differences in magnitude and consistency. Strength
recovery started at 12 % in the first cycle, peaked at 54 % in the second,
then slightly declined to 35 % in the third. Stiffness recovery followed a
more stable trajectory: 61 %, 80 %, and 68 % across the three cycles,
respectively. In LS20-treated specimens, cycle-to-cycle analysis revealed
a significant increase in both strength and stiffness recovery between the
first and second healing cycles (221 % and 129 %, respectively).
Although strength recovery declined in the third cycle, it still remained
substantial at 72 % compared to the previous cycle, while stiffness
showed a smaller reduction to 86 %. It is worth noting that not all
vascular channels were fully filled during the healing cycles due to
blockages identified in some specimens. This likely contributed to the
variability seen in the Load—-CMOD responses, particularly in Fig. 7(b)
where incomplete agent delivery may have limited the healing process.

For completeness, a set of samples was also tested using deionised
water as the filling fluid. After one year of curing, these samples
exhibited no recovery in either strength or stiffness, confirming that the
aqueous phase does not activate any healing mechanism. This behaviour
aligns with the chemistry of matured natural hydraulic lime mortars, in
which both carbonation and hydration reactions have largely stabilised
[88,90]. As a result, autogenous healing is negligible at this stage,
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Fig. 6. Group_2 Load- CMOD responses of samples tested at 28 days, two vascular channels filled with LS15 (a); two vascular channels filled with LS20 (b); four

vascular channels filled LS15 (c); four vascular channels filled LS20 (d).

Table 6
Group_3: Healing indices (%) for Group 3 samples across three consecutive healing cycles.
First cycle Second cycle Third cycle Cycle 2-1 Cycle 3-2

Group_3 s e s e ik e U e U e
3.0.365 - - - - - - -
3.4.365w.0.1 -23 -9 -1 -7 - - -22 nd* - -
3.4.365_1515.0.1 13 73 43 48 46 51 180 72 134 102
3.4.365_1LS20.0.1 12 61 54 80 35 68 221 129 72 86

" stiffness index was not measurable as no linear phase was found in 2/3 samples.

particularly for cracks of CMOD = 0.10 mm. These findings highlight
that healing in LS-filled specimens is driven by the reactive lithium sil-
icate component, which can promote mineral precipitation and matrix
densification, processes that the aqueous phase of the solution cannot
induce. The corresponding Load—-CMOD response is shown in Supple-
mentary Materials, Fig. 1.

4. Surface and microstructural characterisation
4.1. Crack surfaces observation

Fig. 8 presents cross-sectional and surface views of lime mortar
specimens embedded with vascular networks, after 365 days of ageing

and up to three healing cycles, for LS15, LS20, and control conditions.
The sections illustrate the crack morphology, extent of lithium silicate

distribution, red dots mark the locations where fragments were collected
for SEM-EDS analysis. Visual inspection of fractured specimens aged 365
days, following three-point bending to failure (Section AA’ and BB’ in
Fig. 8) revealed localised regions where the lithium silicate (LS) healing
agent remained visibly unreacted 14 days after the final injection cycle.
In specimens treated with LS15 unreacted agent was observed in
contiguous zones across all three samples, averaging approximately
27 % of the total cross-sectional area. The vertical distribution of the
agent varied slightly among samples, with observed average capillary
rise of 63 mm (measured from the bottom of the samples). These values
demonstrate consistent and substantial upward migration, reflecting
favourable interaction between the healing agent and the NHL 3.5 pore
structure. As shown in Fig. 8, sections CC' and DD’ of Sample 1, the
channels were generally empty. However, one channel in section DD’
exhibited a solidified ring with an approximate thickness of 0.005 mm,



C. De Nardi and D. Gardner

3.4_365_LS15_0.1 (a)

N
o
S

N A @ @
S © & &
P

(kN)
=)
8

o
©
S

Axial Load
e

o
@
S

o
B
S

o
N
S
—~—

0.00 Y ’
0 0.1 0.2 0.3 04 0.5
CMOD (mm)
- 3.4 365_1S20 0.1 (b)
1.80
1.60
1.40 ‘»\‘
M\
2 120 | M\
S I
= 100 [\ A
8 / \
S {
3 0.80 ’r
2 060 I
040 "
020 |
0.00 ! L
0.00 0.10 0.20 0.30 0.40 0.50
CMOD (mm)

Fig. 7. Load-CMOD responses of Group 3 samples tested at 365 days after
undergoing 3 healing cycles. Samples with four vascular channels filled with
LS15 (a); samples with four vascular channels filled with LS20 (b).

reducing the cross-sectional area by only approximately 0.5 %.

In specimens treated with LS20 unreacted agent was much less
prominent, observed in only one out of three samples, where it formed a
finer, more fragmented unreacted areas with a vertical reach of 72 mm.
This isolated instance confirms that the LS20 formulation retains good
capillary mobility, despite experiencing partial blockage in other sam-
ples. As can be seen in Sample 1, sections C-C’ and D-D’, two out of four
channels are completely clogged by the reacted agent, while one is
partially blocked.

These findings confirm that capillary forces effectively mobilised and
distributed the lithium silicate solutions, more efficiently in LS15 than in
LS20, enabling them to access and treat internal damage zones beyond
the immediate injection site. The observed vertical transport further
underscores the agent’s compatibility with the porous structure of NHL
mortars, suggesting strong potential for autonomous delivery and ho-
mogeneous distribution—key features for long-term and repeatable self-
healing performance in heritage-compatible systems.

4.2. SEM-EDS

Scanning electron microscopy coupled with energy-dispersive X-ray
spectroscopy revealed substantial microstructural densification and
compositional transformations following lithium silicate treatment
(Fig. 9a-n). This behaviour is consistent with previous observations that
C-S-H formation leads to microstructural densification, progressive pore
refinement, and increased packing of hydration products in
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cementitious matrices, as reported in hydration and microstructure-
evolution studies [91,92].

Untreated NHL 3.5 mortar (Figs. 9a, 9d) imaged at 500 x and
10,000 x magnification shows a granular matrix with interconnected
micro-porosity and discrete crystalline phases. Quantitative EDS anal-
ysis of these regions yields a mean Si/Ca ratio of 0.177 + 0.015,
consistent with a portlandite-dominated assemblage exhibiting minimal
hydraulic reaction products [93]. LS15 treatment produced marked
morphological refinement (Figs. 9b, 9e), with reduced fissure networks,
finer granular texture, and a denser, more uniform matrix. Corre-
sponding EDS spectra (Fig. 9h) display an enhanced Si Ka peak, indi-
cating increased silicate incorporation and yielding a Si/Ca ratio of
0.509 + 0.025-a 188 % increase relative to the control. This composi-
tional shift reflects the onset of calcium silicate hydrate (C-S-H) gel
formation, consisted with early-stage silica polymerisation mechanisms
[91,94]. The LS20-treated samples exhibit the most advanced trans-
formation (Figs. 9c¢, 9f), characterised by densely agglomerated surfaces
and minimal residual porosity at both magnifications. EDS analysis
(Fig. 91) shows further intensification of the Si Ka peak and a Si/Ca ratio
of 0.787 + 0.045, representing a 345 % increase compared to untreated
mortar and approaching values typical of highly polymerised C-S-H
networks [94,95].

Comparative spectra normalised to their maximum intensities
(Fig. 9g) reveal systematic evolution of silicon content across treat-
ments, while calcium signals remain comparatively stable. Peak-focused
analyses (Fig. 91 for Ca Ko and 10 m for Si Ka) confirm these trends, with
LS20 showing the sharpest and most intense Si peak. Quantitative Si/Ca
ratios (Fig. 9n) clearly differentiate compositional domains: control
within the portlandite region (Si/Ca < 0.2), LS15 within the early C-S-H
formation zone, and LS20 well inside the polymerised C-S-H domain (Si/
Ca 0.6-1.2) [93,95]. Together, these results demonstrate a progressive
transition from portlandite-dominated matrices toward increasingly
silicate-rich, C-S-H-based microstructures with higher lithium silicate
concentration. This microstructural and compositional evolution aligns
directly with the mechanical recovery observed in flexural testing,
supporting the enhanced reactivity and pore-filling efficiency afforded
by LS20.

SEM images and complete raw EDS spectra from Spectrum 1-6 are
presented in Supplementary Materials, Fig. 2 to supplement and support
the data shown in Fig. 9.

4.3. Perspectives and limitations

This study introduces an innovative application of lithium silica-
te—traditionally used as a consolidant—as a functional healing agent
within vascular self-healing systems for heritage-compatible mortars,
demonstrating its potential to promote repeatable healing in natural
hydraulic lime matrices. The results confirm that both LS15 and LS20
can enhance mechanical performance through strength and stiffness
recovery, particularly when applied in multiple cycles. LS15 showed
superior long-term healing consistency, making it a promising candidate
for cyclic self-healing applications in natural hydraulic lime mortars.
These findings suggest that lithium silicates can be tailored not only for
short-term mechanical recovery but also for longer-term resilience
strategies in heritage conservation. Although its unit cost may be rela-
tively high, the low required concentration (15-20 %), aqueous low
viscosity (avoiding toxic solvents), straightforward application, chemi-
cal stability, and long-term reliability make lithium silicate a practical
and sustainable option for heritage-compatible self-healing mortars.

However, several limitations within the experimental programme
must be acknowledged. It employed a simplified configuration focused
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Fig. 8. Schematic of prismatic mortar specimens (left) and cross-sectional (AA', BB') and surface views (CC, DD') after 365 days for LS15, LS20, and control samples.

on flexural performance; the controlled 0.1 mm crack width and fixed
14-day healing period may not fully represent the range of damage
scenarios in real-world applications. The study also focused on simpli-
fied vascular geometries and direct agent injection, omitting the com-
plexities introduced by fully integrated or automated vascular systems.

While SEM-EDS observations revealed microstructural and compo-
sitional changes suggestive of calcium-silicate-hydrate (C-S-H) forma-
tion, future research will focus on confirming these findings through
advanced techniques such as X-ray diffraction (XRD), Fourier-transform
infrared spectroscopy (FTIR), nuclear magnetic resonance (NMR), and
porosimetry analysis. These methods will enable a more comprehensive
understanding of the reaction products and the evolution of pore
structure within the healed matrix. While mechanical recovery indices
(strength and stiffness recovery) were central to this study, future work
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will focus on integrating quantitative image analysis and water perme-
ability tests to correlate morphological healing and sealing indicators
with mechanical recovery, thereby offering a more comprehensive
evaluation of the self-healing and self-sealing capacity of lithium silicate
systems under cyclic conditions.

Additionally, the exploration of alternative vascular designs
including 4D-printed, branched, or interconnected channel net-
works—could significantly enhance healing efficiency, delivery unifor-
mity, and multi-crack targeting. By moving beyond simple linear
channels toward refillable vascular configurations with enhanced bio-
mimetic and spatially optimised patterns, it may be possible to better
replicate the performance of natural circulatory systems and ensure a
more uniform and reliable distribution of the healing agent throughout
the mortar matrix. Investigating the influence of vascular geometry on
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Fig. 9. SEM and EDS characterization of untreated and lithium-silicate-treated NHL 3.5 mortars. (a-c) Low-magnification SEM images of control, LS15, and LS20
specimens. (d—f) High-magnification SEM images showing progressive surface densification from control to LS20. (g) Comparative EDS spectra for all samples. (h-i)
Detailed EDS comparisons of control vs. LS15 and control vs. LS20. (I-m) Ca Ka and Si Ka peak regions. (n) Atomic Si/Ca ratios illustrating compositional evolution

with treatment.

agent flow dynamics, crack interception probability, and system 5. Conclusion
robustness will be critical to improving the scalability and long-term
effectiveness of vascular self-healing strategies for heritage masonry This study examined the cyclic self-healing performance of natural

applications.

hydraulic lime (NHL) mortars incorporating vascular networks filled
with lithium silicate (LS) solutions. A simplified system of empty

12
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channels was embedded in the mortar to isolate the healing agent’s
intrinsic effects. Two LS concentrations were tested, LS15 and LS20,
prepared from a commercial Chimica Restauri (Italy) solution. The
findings highlight several key conclusions:

— the results demonstrate that plain NHL mortars exhibit negligible
autogenous healing when subjected to controlled crack opening,
confirming the need for engineered healing strategies in heritage-
compatible materials.

— both lithium silicate solutions significantly enhanced the healing
capacity of the mortars. The recovery of mechanical performance
and stiffness across different curing ages indicates that lithium sili-
cate promotes internal matrix densification and likely activates
secondary hydration or related physicochemical processes that
favour crack filling and bond restoration.

— a distinct concentration-dependent response was observed. While
LS20 provided a strong initial healing effect in single-cycle condi-
tions, its performance diminished over repeated cycles, suggesting
that higher concentrations may prematurely seal cracks and limit
further transport of the healing agent. In contrast, LS15 delivered
more stable and repeatable healing across multiple cycles, indicating
better long-term compatibility with cyclic healing demands.

— overall, lithium silicate—particularly the lower concentration
LS15—shows strong potential as a reactive, repeatable healing agent
for heritage-oriented NHL mortars. Its ability to promote micro-
structural densification and sustain healing over successive cycles
makes it a promising candidate for long-term conservation strategies
involving autonomously healing lime-based materials.
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