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Despite the growing interest in biodegradable layered double hydroxide (LDH) nanoparticles for cementitious
materials, their influence on permeability-related transport behavior and chloride resistance of ultra-high-
performance fiber-reinforced concrete (UHPFRC) has not yet been systematically investigated. In particular,
the combined role of LDH nanoparticles and steel microfibers in governing moisture transport, chloride ingress,
and mechanical performance of UHPFRC remains insufficiently understood. To address this research gap, the
present study experimentally investigates the synergistic effects of LDH nanoparticles and steel microfibers on
the compressive properties, permeability, and chloride resistance of UHPFRC. LDH nanoparticles were incor-
porated at dosages ranging from 0 to 2.5 wt% (0, 0.5, 1.0, 1.5, 2.0, and 2.5 wt%), while a constant steel mi-
crofiber content of 0.2 wt% was maintained. The performance of the modified concretes was evaluated through
compressive strength tests, capillary water absorption and sorptivity measurements in accordance with ASTM
C1585, mercury intrusion porosimetry (MIP) test and the rapid chloride migration test (RCMT). The results
demonstrate that LDH nanoparticles effectively refine the cementitious matrix through pore refinement, hy-
dration nucleation, and increased diffusion tortuosity, whereas steel microfibers primarily mitigate crack initi-
ation and propagation, thereby limiting preferential transport pathways. A clear synergistic enhancement in
mechanical and durability performance was observed, with a 22 % increase in compressive strength compared to
the control mixture. Moreover, the incorporation of 2.0 wt% LDH resulted in approximately 37 % reduction in
chloride migration and a pronounced decrease in capillary water absorption. At higher LDH contents, a reduction
in efficiency was observed, indicating the existence of an optimal LDH dosage.

1. Introduction

Ultra-High-Performance Fiber-Reinforced Concrete (UHPFRC), an
advanced cementitious composite characterized by its exceptional me-
chanical properties and durability characteristics, has garnered signifi-
cant attention in a wide array of civil engineering applications, with
particular emphasis on infrastructure projects and roadway pavements
[1-3]. Its defining characteristics, such as ultra-high compressive
strength, enhanced durability, and a dense, low-permeability micro-
structure, render it a highly suitable material for harsh roadway service
conditions, where structures are subjected to heavy traffic loads, ther-
mal cycling, and the ingress of corrosive agents [4]. Consequently, the
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deployment of UHPFRC in roadway pavements can significantly
contribute to extending the service life of the infrastructure and mini-
mizing the associated life-cycle costs of maintenance and rehabilitation.
Particularly in aggressive exposure conditions, such as those found in
coastal regions or areas subjected to de-icing salts, the strategic incor-
poration of advanced admixtures, like biodegradable nanoparticles, into
the UHPFRC matrix holds the potential to further enhance its resilience
against environmental deterioration mechanisms [5].

In recent years, extensive experimental research has focused on
enhancing the durability and transport resistance of UHPFRC, particu-
larly for applications in chloride-rich and aggressive service environ-
ments such as marine structures and bridge decks [6-8]. Owing to its
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dense microstructure and low water-to-binder ratio, UHPFRC exhibits
inherently low permeability; nevertheless, chloride ingress remains a
governing factor for long-term durability. Lv et al. [9] demonstrated that
chloride transport in UHPFRC is primarily governed by pore connec-
tivity and tortuosity rather than total porosity. Recent studies on con-
crete durability and failure mechanisms emphasize that long-term
performance in aggressive environments is governed by the coupled
effects of microstructural refinement, cracking behavior, and transport
properties [10]. Investigations on corroded RC members and rehabili-
tated systems have shown that corrosion-induced damage and cyclic or
combined loading significantly accelerate degradation by promoting
crack-assisted transport pathways [11]. Research on precast concrete
frames with replaceable or controllable plastic hinges further highlights
the importance of local damage control in mitigating stiffness loss and
durability deterioration [12,13]. At the material and interface level,
advanced numerical, analytical, and data-driven studies demonstrate
that bond degradation and interfacial damage between steel reinforce-
ment and concrete strongly influence permeability and durability under
both static and dynamic conditions [14].

High-fidelity mesoscale modeling approaches have been developed
to accurately represent concrete heterogeneity and its impact on
cracking and transport behavior, which is particularly relevant for dense
materials such as UHPFRC [15]. In parallel, non-destructive and
data-driven diagnostic techniques have been employed to identify in-
ternal damage that may correlate with enhanced chloride ingress [16].
Experimental and analytical investigations on UHPFRC structural ele-
ments under static, impact, and fatigue loading confirm that superior
strength must be accompanied by effective control of cracking to ensure
durability [17,18]. Moreover, recent advances in nonlocal modeling,
constitutive algorithms, and dynamic material formulations provide
robust tools for  capturing damage evolution and
environment-dependent responses in concrete materials [19-22].
Sustainability-driven studies on low-shrinkage binders, carbonation,
and low-carbon composite systems further underline the critical role of
microcracking and transport resistance in long-term durability, espe-
cially in chloride-prone environments [23,24]. Collectively, these
studies indicate that durability is inherently multi-scale, motivating the
present investigation into nano-scale matrix modification and
fiber-based crack control in UHPFRC.

The use of nanoparticles has attracted significant attention across
various engineering disciplines [25-28], particularly in concrete tech-
nology, due to their unique physicochemical properties, high specific
surface area, and ability to effectively tailor microstructural and
durability-related characteristics [29]. Recent experimental studies
provide a clear rationale for adopting low nanoparticle replacement
ranges (sub-percent to ~2 wt% of cement/binder) in dense, low-w/b
systems such as UHPFRC: the performance gains are typically gov-
erned by (i) pore refinement and nucleation/packing effects at low
dosages and (ii) loss of efficiency at higher dosages due to dispersion
instability and the formation of weak zones. For example, Bao et al. [30]
quantified chloride ingress using field exposure in real marine tidal/s-
plash zones for up to 720 days and showed how transport parameters (e.
g., diffusion coefficient and surface chloride) strongly depend on
mixture design and exposure conditions—highlighting the need to
evaluate chloride resistance with targeted, durability-oriented experi-
ments rather than only strength tests. In UHPFRC-class materials, Saladi
et al. [31] demonstrated that rapid chloride migration (NT BUILD 492)
meaningfully differentiates UHPFRC penetrability levels (with
non-steady-state migration coefficients in the ~107'®* m?/s order for
several UHPFRC), underscoring why small binder-level modifications
can be detectable in standardized transport testing. Complementarily,
Saleh et al. [32] experimentally examined SWSS- UHPFRC with varying
SCM proportions and reported coupled changes in mechanical response,
transport indicators, and chloride binding—supporting the practice of
selecting a narrow nanoparticle window to avoid workability/dispersion
penalties while still targeting measurable durability gains. Within this
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experimental context, recent UHPFRC literature also shows that
nano-additives are commonly investigated in the 0.5-2.0 wt% band
because this range is large enough to modify hydration/packing yet
small enough to remain practically dispersible.

Recent studies have highlighted that the durability and failure
behavior of UHPFRC are governed by a complex interplay between
microstructural densification, cracking mechanisms, and transport
properties. Li et al. [33] demonstrated that although amorphous silica
can significantly enhance the fracture resistance of UHPFRC through
matrix densification, excessive shrinkage-induced microcracking may
counteract these benefits, emphasizing the importance of microstruc-
tural stability for long-term durability. Similarly, Li et al. [34] reported
that optimizing aggregate characteristics can markedly improve the
mixed-mode cracking resistance of UHPFRC by enhancing crack
deflection and energy dissipation capacity. From a durability perspec-
tive, Gu et al. [35] employed a multi-scale modeling framework to show
that chloride diffusivity in UHPFRC is strongly dependent on pore
connectivity and microstructural refinement, rather than solely on total
porosity. Moreover, a recent review by Ojaghi et al. [36] emphasized
that nanoparticle additives can play a critical role in improving fiber-
—matrix adhesion and mitigating degradation in corrosive traffic envi-
ronments, although their influence on transport-related durability
parameters of UHPFRC remains insufficiently explored. These studies
collectively indicate that while significant progress has been made in
understanding fracture and durability mechanisms of UHPFRC, the role
of emerging nanomaterials in simultaneously controlling permeability,
cracking behavior, and chloride resistance requires further systematic
investigation, providing a clear motivation for the present work.

Hendrix et al. [37] confirmed—through fresh/rheology indicators,
compressive strength, pore structure metrics, and single-fiber pull-out
tests—that the benefit of nanosilica is conditional on dispersion stabil-
ity, and that poorly stabilized systems can negate expected gains, which
mechanistically supports using conservative dosage steps rather than
aggressive replacement levels. For LDH-type additives specifically, Zhou
et al. [38] reported that adding calcined hydrotalcite (LDH family) alters
chloride penetration behavior, with an optimum appearing at lower
contents, consistent with the general “optimum-then-decline” pattern
seen for nanofillers. More broadly, durability studies in seawater/mar-
ine exposure (e.g., PLC-based UHPFRC in seawater for long durations;
UHPFRC with coarse aggregate optimizing resistance to chloride pene-
tration) emphasize that chloride resistance is highly sensitive to
microstructure and ITZ quality—properties that nanomodification tar-
gets most effectively at low dosages [39-41]. Finally, emerging
LDH-based systems tested under marine environments also adopt
modest contents and focus on pore structure, hydration, and durability
indicators, aligning with the same dosage philosophy [42-45].

Recent studies have increasingly focused on the application of LDHs
as functional micro- and nano-additives in cementitious composites to
enhance mechanical performance and durability-related properties.
Ramazani et al. [46] experimentally and numerically investigated the
flexural behavior of lightweight steel fiber reinforced concrete incor-
porating biodegradable LDH microparticles. Their results demonstrated
a substantial improvement in flexural strength and toughness at low
LDH contents, with an optimal dosage close to 1 wt% in fiber-free
mixtures. However, when the LDH content was increased to 2 wt%, a
reduction in load-bearing capacity was observed, which was attributed
to particle agglomeration and matrix heterogeneity. This study high-
lighted that LDH effectiveness is strongly dosage-dependent and that
excessive contents may negate the beneficial filler and nucleation ef-
fects. Similarly, Mohsen et al. [47] examined the influence of Zn-Al-COs
LDH nanoparticles on alkali-activated slag pastes and reported that low
LDH dosages (0.5-1.0 wt%) significantly enhanced compressive
strength and microstructural compactness, while maintaining accept-
able setting times. Their findings emphasized that LDHs can effectively
improve cementitious matrices within a limited dosage window, beyond
which adverse rheological and hydration-related effects may occur.
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More recently, Yu et al. [48] studied the role of highly dispersed LDH
nano-platelets on chloride binding and corrosion protection in cemen-
titious materials. Their work demonstrated that LDHs improve chloride
resistance primarily through ion-exchange mechanisms and micro-
structural refinement, while also revealing that agglomeration at higher
dosages limits pore refinement efficiency. These observations further
confirm the existence of an optimal LDH content for durability
enhancement. Pang et al. [49] developed highly dispersed
polycarboxylate-modified LDH nanoparticles and demonstrated that
their stable dispersion and high surface reactivity significantly acceler-
ated cement hydration by acting as effective nucleation sites. Their re-
sults confirmed that low dosages of well-dispersed LDH can markedly
enhance early-age compressive strength and hydration kinetics without
compromising matrix stability.

In the context of ultra-high-strength and fiber-reinforced concretes,
Kalateh et al. [50] conducted an experimental-numerical investigation
on the pull-out behavior of steel fibers embedded in UHSC modified with
biodegradable LDH nanoparticles. They reported that an LDH content of
approximately 2 wt% maximized fiber-matrix bond strength and
pull-out resistance, whereas higher dosages led to strength reduction
due to agglomeration-induced weak zones. Their findings indicate that
LDH contents up to about 2 wt% are effective in improving both matrix
properties and fiber—matrix interaction. Consistent trends were also
reported by Qu et al. [51], who investigated the relationship between
LDH particle size, dosage, and chloride transport in cement mortars.
Their results showed that increasing LDH content reduced chloride
migration coefficients due to enhanced tortuosity and chloride binding;
however, the marginal improvement in mechanical properties dimin-
ished when the dosage increased from 1 wt% to 2 wt%, again attributed
to nano-particle agglomeration. Collectively, these studies establish that
LDH additions in cementitious systems are most effective within a
low-dosage range, typically not exceeding approximately 2 wt% of
cement. Other nanomaterials, such as nano-calcium carbonate (nano--
CaCO0s) and nano-silica (nano-SiO2), have also demonstrated improve-
ments in the strength and toughness of UHPFRC [52-54]. Long-term
studies, with durations of up to 365 days, have confirmed the efficacy of
nano-metakaolin in reducing chloride penetration depth and enhancing
the overall durability of UHPFRC [55,56]. Collectively, these findings
indicate that nanomaterials, particularly advanced nano-clays like
nano-metakaolin, can substantially augment the resilience of UHPFRC
against chloride-induced deterioration. Building upon these advances,
the present study investigates the role of LDH nanoparticles as a cement
replacement in UHPFRC, with particular emphasis on mechanical per-
formance and chloride-related durability.

To the best of the authors’ knowledge, the effects of LDH nano-
particles on the corrosion-related durability and permeability charac-
teristics of UHPFRC have not yet been systematically investigated. The
intrinsic advantages of this material, including its ultra-high compres-
sive strength, superior durability, and low permeability, render it a
highly suitable candidate for pavement structures, particularly under
severe environmental conditions. The integration of UHPFRC with steel
fibers and other advanced admixtures has been shown to significantly
enhance the mechanical properties and long-term durability of these
pavements. Building upon this foundation, the present study aims to
investigate the influence of biodegradable LDH nanoparticles on the
mechanical behavior, permeability, and chloride ingress resistance of
UHPFRC subjected to a corrosive marine environment. In this frame-
work, LDH nanoparticles predominantly modify the matrix micro-
structure and ion-transport behavior, whereas steel microfibers act at
the crack scale; their interaction yields a coupled mechanism that
simultaneously suppresses matrix permeability and crack-assisted
chloride ingress. This investigation was conducted by incorporating
LDH nanoparticles as a partial cement replacement at dosages of
0-2.5 wt%, alongside a 0.2 % volume fraction of steel microfibers, to
systematically evaluate their combined effect on concrete properties.
The findings of this research are anticipated to provide a scientific basis
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for the design and optimization of UHPFRC mixtures for infrastructure
projects under comparable exposure conditions. Furthermore, the
application of LDH nanoparticles as a functional admixture in UHPFRC
is posited as a sustainable and effective strategy for improving the
durability and performance of roadway infrastructure.

2. Materials and methods

This section details the experimental methodology employed to
assess the mechanical properties and durability performance of UHPFRC
modified with biodegradable LDH nanoparticles. The investigation en-
compasses an evaluation of key durability indicators, including chloride
ion migration and permeability characteristics.

2.1. Characteristics of steel fibers

Steel fibers were incorporated into the UHPFRC mixtures as rein-
forcement to enhance the material's mechanical properties and dura-
bility. In this investigation, a constant volume fraction of 0.2 % steel
fibers was utilized across all concrete mixtures. The primary geometric
and mechanical properties of these fibers are summarized in Table 1. A
visual representation of the fibers is provided in Fig. 1. Furthermore, the
influence of the steel fiber inclusion on the compressive strength of the
concrete was systematically evaluated.

2.2. Biodegradable LDH nanoparticles

In this study, LDH nanoparticles were utilized as a supplementary
cementitious material in the UHPFRC mixtures. These nanoparticles
were selected due to their biodegradable nature and their demonstrated
potential to enhance the mechanical properties and durability of con-
crete, particularly its resistance to chloride ion ingress. The key physi-
cochemical characteristics of the LDH nanoparticles, including their
particle size, morphology, and structural features, are presented in this
section.

SEM observations (Fig. 2) reveal that the LDH nanoparticles possess
nanoscale platelet-like morphologies with particle sizes on the order of
several tens of nanometers. Their high surface area and layered structure
promote strong interactions with the cementitious matrix, facilitating
microstructural refinement and enhanced resistance to chloride ingress.
From a morphological standpoint, LDH nanoparticles are characterized
by a layered platelet-like structure, which distinguishes them from
conventional particulate fillers. This lamellar configuration provides a
high density of reactive surfaces and interlayer sites, endowing the
nanoparticles with notable ion-exchange capability and chemical ac-
tivity. Such features are particularly beneficial in cement-based systems,
where LDH nanoparticles can contribute to microstructural refinement,
enhanced binding of aggressive ions, and improved resistance against
chloride penetration. The main characteristics of the LDH nanoparticles
are summarized in Table 2.

2.3. UHPFRC mix design

The mix proportions for the UHPFRC were formulated based on the
weight and volume fractions of the constituent materials, including

Table 1
Geometric and mechanical properties of the steel
fibers.
Property Value
Diameter (mm) 0.5
Length (mm) 15
Aspect ratio [l/d] 0.3
f, (MPa) 230
fu (MPa) 450
E (GPa) 205
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Fig. 1. The brass-coated steel microfibers employed in this study.
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Fig. 2. Scanning electron microscopy (SEM) micrograph of the LDH
nanoparticles.

Table 2
Summary of the properties and characteristics of the layered double hydroxide
(LDH) nanoparticles.

Property LDH Nanoparticle Characteristics

Particle size 20-100 nm

Shape Sheet-like or layered

Structure Layered structure with alternating positive and negative
layers

Type of adsorbed Calcium, magnesium, aluminum ions, and other mineral ions

ions
Specific surface area  High surface area leading to increased adhesion and
reactivity
Ability to adsorb and retain ions, high ion-exchange capacity
Biodegradable and suitable for use in sustainable concretes
Improved mechanical properties, chloride penetration
resistance, enhanced concrete durability
Increased compressive strength, reduced permeability,
enhanced durability against corrosive conditions

Chemical properties
Biodegradability
Applications

Effect on concrete

Portland cement, water, LDH nanoparticles, and steel fibers. In this
investigation, five distinct mix designs were developed. These mixtures
incorporated LDH nanoparticles as a partial cement replacement at five
different dosages: 0 % (control), 0.5, 1.0, 1.5, 2.0 and 2.5 by weight of
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cement (wt%). The selected LDH replacement levels (0, 0.5, 1.0, 1.5, and
2.0 wt% of cement) were determined based on recent experimental
studies on UHPFRC and high-performance cementitious composites,
which indicate that the effectiveness of nano- and micro-scale mineral
additives is generally confined to low dosage ranges [46,47]. Previous
investigations have shown that LDH-type and other mineral
nano-additives significantly improve pore refinement, hydration ki-
netics, and chloride transport resistance when used at contents below
approximately 2 wt% of cement, whereas higher dosages tend to pro-
mote particle agglomeration and matrix heterogeneity, leading to
diminishing performance gains [48,50]. Accordingly, 2 wt% was
adopted as a rational upper bound in this study, while a step size of
0.5 wt% was selected to capture dose-response trends and identify a
potential optimum LDH content without introducing excessive experi-
mental variability.

Steel microfibers were incorporated at a constant dosage of 0.2 wt%
of cement, corresponding to a fixed mass of 150 g in each mixture. It
should be noted that the steel microfiber content was intentionally
maintained at a constant volume fraction throughout all mixtures. The
selected dosage corresponds to a commonly reported optimum range for
UHPFRC, which ensures effective crack-bridging capacity, strain-
hardening behavior, and stable post-cracking performance. The pri-
mary objective of the present experimental program was not to re-
evaluate the influence of fiber dosage—an aspect extensively
addressed in previous UHPFRC studies—but rather to isolate and
quantify the role of LDH nanoparticles as a cement-replacement additive
on mechanical properties and durability-related transport characteris-
tics. By fixing the steel microfiber content, potential interaction effects
between fiber volume fraction and nanoparticle dosage were minimized,
allowing the observed variations in permeability, chloride resistance,
and strength to be predominantly attributed to the incorporation of
LDH.

The water-to-binder ratio (w/b = 0.185) reported in Table 3 corre-
sponds to the nominal design mixing water, which was intentionally
kept constant across all mixtures to enable an unbiased comparison of
LDH dosage effects. The potential water uptake of LDH particles was
considered by adopting a dispersion-controlled mixing protocol (LDH
introduced into the liquid phase under high-shear mixing) and by
monitoring fresh-state consistency during mixing. Within the investi-
gated low replacement levels (<2.0 wt% of cement), the absolute LDH
mass is small relative to the total binder and mixing water; thus, any
LDH-associated water sequestration is expected to be minor and did not
cause observable abnormal stiffening under the adopted procedure. It is
noted that for substantially higher LDH contents, explicit water-demand
correction or pre-wetting/dispersion calibration may become necessary.

The UHPFRC was produced using a combination of materials,
including Portland cement, fine sand, silica fume, quartz powder, a high-
range water reducer (superplasticizer), steel fibers, and the biodegrad-
able LDH nanoparticles. Portland cement served as the primary binding
agent, while fine sand and quartz powder contributed to the refinement
of the granular skeleton and the overall strength of the matrix. Silica
fume, a highly reactive pozzolanic admixture, was incorporated to
enhance the concrete's strength and its resistance to chemical ingress.
The superplasticizer was employed to achieve adequate workability at a
low water content. Steel fibers were added to improve the tensile
strength and control cracking. Finally, the LDH nanoparticles, acting as a
partial cement replacement, were introduced to augment the mechani-
cal properties and enhance the concrete's resistance to chloride attack
and other corrosive agents, thereby promoting its long-term stability
and durability in aggressive environments. The detailed proportions for
the different UHPFRC mixtures are presented in Table 3.

2.4. Determination of Mechanical Properties of LDH-Modified UHPFRC

This subsection outlines the experimental tests conducted to deter-
mine the mechanical properties of the UHPFRC modified with LDH
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Table 3
Mix proportions of UHPFRC with varying dosages of LDH nanoparticles.
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LDHs Nanoparticles Cement LDHs Nanoparticles Fine Sand Silica Fume Quartz Powder  Superplasticizer Steel Fibers Water-to-Cement
Percentage (wt%) 8 (€3] (€3] (€3] (@) () () Ratio
0 % (Control Mix) 695 0 992 228 206 60 150 0.185
0.5 % 692.3 3.5 992 228 206 60 150 0.185
1.0 % 689 6.9 992 228 206 60 150 0.185
1.5% 685.7 10.4 992 228 206 60 150 0.185
2.0 % 681.1 13.9 992 228 206 60 150 0.185
2.5 % 677.6 17.4 992 228 206 60 150 0.185

nanoparticles. Specifically, the compressive strength test was performed
to evaluate the influence of LDH nanoparticles on the strength devel-
opment of the concrete. Specimens from the different mixtures were
subjected to testing at various curing ages, namely 7, 28, and 90 days.

The compressive strength of the UHPFRC mixtures was evaluated
using a SANTAM universal testing machine with a 10-kN load capacity.
Cubic specimens with dimensions of 50 x 50 x 50 mm were cast for this
purpose. After curing for 28 days under controlled laboratory conditions
(temperature of 22 +2 °C and relative humidity of approximately
90 %), the specimens were tested under uniaxial compression. The
loading was applied in displacement-controlled mode at a constant rate
of 0.2 mm/min, following the procedures outlined in ASTM C109/
C109M. During the test, the applied load was continuously monitored
until complete failure of the specimen occurred. The maximum recorded
load was subsequently used to calculate the compressive strength. The
obtained results were employed to assess the influence of LDH nano-
particle incorporation on the compressive performance and mechanical
efficiency of the UHPFRC mixtures.

2.5. Rapid Chloride Migration Test (RCMT)

The rapid chloride migration test (RCMT) is a standardized method
for assessing the resistance of concrete to chloride ion ingress. This test is
particularly relevant for evaluating the durability of concrete in
aggressive environments, such as marine zones and roadways subjected
to de-icing salts. In the present study, the RCMT was conducted to
investigate the effect of LDH nanoparticles on the chloride resistance of
UHPFRC. By accelerating the migration of chloride ions into the con-
crete specimens, this test provides crucial data on the material's ability
to withstand corrosive agents.

For this test, 50 x 50 x 50 mm cubic specimens were prepared from
each of the different mix designs. Following a 28-day curing period
under standard laboratory conditions (22 + 2°C and 95 % relative hu-
midity), the specimens were conditioned and then subjected to the test
protocol. The cathode cell was filled with a 10 % sodium chloride (NaCl)
solution, which served as the source of chloride ions, while the anode
cell was filled with a sodium hydroxide (NaOH) solution. An external
electrical potential was applied across the specimen using an
ElectroChloride-500 apparatus to accelerate the migration of chloride
ions into the concrete. This potential was maintained for a duration of
24 h. The specimen preparation and setup in the aggressive exposure
environment are illustrated in Fig. 3. This standardized test is essential
for evaluating the chloride resistance of concrete, particularly for high-
durability concrete structures intended for severe service environments.
The results obtained from the RCMT allow for a direct assessment of the
efficacy of LDH nanoparticles in reducing the chloride permeability of
UHPFRC and thereby enhancing its overall durability against corrosive
agents.

2.6. Capillary water absorption

The capillary water absorption behavior of the LDH-modified
UHPFRC mixtures was evaluated following the procedure specified in
ASTM C1585 [57]. Cubic specimens with a side length of 50 mm were
used for this purpose. Prior to testing, the specimens were dried in an

Fig. 3. Specimen preparation and setup for exposure to the aggressive
environment.

oven at 100 + 15 °C for 24 h until a constant mass was attained. After
drying, all lateral faces and the top surface of each specimen were
carefully sealed with aluminum tape and a nylon-based coating to pre-
vent lateral moisture ingress. This sealing configuration ensured that
water penetration occurred exclusively through the bottom surface,
thereby establishing a one-dimensional capillary absorption condition,
as schematically illustrated in Fig. 4.

After sealing, each specimen was weighed to determine its initial dry
mass. The specimens were then positioned in a water-filled container,
ensuring that the water level was maintained at approximately 3 mm
above the bottom surface of the cube, as illustrated in Fig. 4. During the
test, the mass gain of each specimen was measured at predefined in-
tervals to monitor capillary water uptake. Measurements were taken at
1-60 min, followed by 2-6, and 24 h, and subsequently at 2-8 days from
the start of exposure. Based on the difference between the recorded mass
at each interval and the initial dry mass, the initial and secondary water
absorption rates were calculated in accordance with the procedures
outlined in ASTM C1585.

Capillary water absorption tests were conducted in accordance with
ASTM C1585 to evaluate the capillary-driven moisture transport
behavior of UHPFRC mixtures. Prior to testing, specimens were dried to
a constant mass and then exposed to water through one surface, while all
other surfaces were sealed to ensure one-dimensional water ingress. The
increase in specimen mass due to water absorption was recorded at
predefined time intervals.

The cumulative water absorption per unit exposed surface area, I(t),
was calculated using the following expression:

_4Am(t)

Y @

I(t)
where Am(t) is the increase in specimen mass at time t (kg), and A is the
area of the surface exposed to water (m?). The cumulative absorption is
expressed in units of kg-m~2,

Sorptivity (S), defined as the slope of the linear relationship between
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Fig. 4. A schematic diagram illustrating the specimen setup for the capillary water absorption test, in accordance with ASTM C1585 [58].

cumulative capillary water absorption and the square root of time dur-
ing the initial absorption stage, is a fundamental parameter for evalu-
ating the rate of capillary-driven moisture ingress in cementitious
materials. Sorptivity, S, was determined from the linear relationship
between cumulative water absorption and the square root of time, as
defined by ASTM C1585:

I(t) =b+SVvt (2)
where t is time (s), S is the sorptivity (kg-m~2-s71/2), and b is a constant
accounting for surface effects at the initial contact with water. The
sorptivity value was obtained as the slope of the best-fit linear regression
of I(t) versus t'/2 over the initial absorption period.

Lower values of sorptivity indicate reduced capillary pore connec-
tivity and improved resistance to water ingress. The calculated sorp-
tivity values were subsequently used to quantitatively compare the
capillary transport performance of UHPFRC mixtures with different LDH
nanoparticle contents.

The chloride migration coefficient (CMC) is a key durability
parameter that quantifies the resistance of cementitious materials to
chloride ion transport under an applied electrical field. It is commonly
determined using the RCMT and represents the effective rate at which
chloride ions penetrate the concrete matrix. Lower values of CMC
indicate reduced chloride permeability and enhanced resistance against
chloride-induced corrosion of steel reinforcement. The equation as-
sumes a steady-state condition, where the chloride ion flux is propor-
tional to the concentration gradient across the concrete surface. The
chloride migration coefficient was determined using the Rapid Chloride
Migration Test (RCMT) following NT BUILD 492 as [59]:

0.0239 x (273 +T) x L

CMC = U—2)xt

(273 +T) X L X x4
X <xd 0.0238 BT/

3)

where T denotes the mean of the initial and final absolute temperatures
of the analyte (oC); U stands for the electrical potential difference (V); t
represents the exposure time (h); x4 signifies the average value of the
penetration depth (mm); and L indicates the thickness of the specimen
(mm).

2.7. Mercury Intrusion Porosimetry (MIP) Test

Mercury Intrusion Porosimetry (MIP) was employed to quantita-
tively characterize the pore structure and pore size distribution of
UHPFRC specimens incorporating different LDH contents. The test was
conducted to evaluate the influence of LDH dosage on total porosity,
capillary pore refinement, and pore connectivity, which are directly
related to capillary water absorption and durability performance. Prior
to testing, UHPFRC specimens were sectioned into small fragments with
characteristic dimensions of approximately 5-8 mm to ensure repre-
sentative pore structure while minimizing structural damage. The

samples were subsequently solvent-exchanged using isopropanol to ar-
rest ongoing hydration reactions and prevent microstructural alteration.
After solvent exchange, the specimens were dried under vacuum at low
temperature (<50 °C) until a constant mass was achieved, thereby
avoiding thermal damage or pore collapse.

MIP measurements were performed using an automated mercury
intrusion porosimeter, capable of applying intrusion pressures ranging
from low vacuum conditions to a maximum pressure of approximately
400 MPa. This pressure range corresponds to the measurable pore
diameter range from approximately 100 pm down to about 5 nm,
calculated based on the Washburn equation. The surface tension of
mercury was taken as 0.485 N/m, and the contact angle between mer-
cury and the cementitious material was assumed to be 140°, in accor-
dance with commonly accepted values reported for cement-based
composites.

The test procedure and data interpretation followed the principles
outlined in ASTM D4404 and ASTM D4284, as well as widely adopted
protocols in cementitious materials research. The cumulative intrusion
volume, differential pore size distribution, total porosity, and critical
pore diameter were obtained from the intrusion curves. Particular
attention was paid to the capillary pore range (typically 10-1000 nm),
which governs capillary water absorption and transport behavior in
UHPFRC.

For each mixture, at least two representative specimens were tested
to ensure repeatability. The reported results correspond to the average
values obtained from repeated measurements. The MIP data were sub-
sequently correlated with capillary water absorption results and
compressive strength measurements to elucidate the role of LDH nano-
particles in modifying the pore structure and transport properties of
UHPFRC.

3. Results and discussion

This section presents and discusses the results obtained from the
experimental program conducted on the LDH-modified UHPFRC. The
analysis focuses on the material's mechanical performance, durability
characteristics, and resistance to chloride-induced degradation, with a
systematic evaluation of the influence of LDH nanoparticles.

3.1. Compressive strength under normal and chloride-exposed conditions

Fig. 5 presents the compressive strength performance of UHPFRC
mixtures containing different LDH nanoparticle contents. The results
include specimens evaluated after 28 days of curing under standard
conditions, as well as specimens tested at 90 days under both normal
curing and chloride-exposed environments. This comparison enables
assessment of the combined effects of LDH dosage, curing age, and
environmental exposure on the compressive behavior of UHPFRC. The
mean 28-day compressive strength of the control specimen (0 % LDH)
was recorded as 148.5 MPa, establishing a baseline for comparison. The
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Fig. 5. (a) Compressive strength of UHPFRC mixtures with varying LDH
nanoparticle dosages, (b) Percentage change in compressive strength of
UHPFRC at 90 days relative to 28 days under normal curing and chloride-
exposed conditions as a function of LDH content.

results reveal a pronounced positive effect of LDH nanoparticle incor-
poration on the mechanical performance of the UHPFRC. A clear trend
of increasing compressive strength was observed as the LDH content was
raised from 0 % to 2.0 %. Specifically, the mixture containing 2.0 %
LDH nanoparticles achieved a 28-day compressive strength of
182.67 MPa, representing a significant enhancement of 21.95 % relative
to the control specimen. This strength enhancement can be attributed to
several microstructural improvements. The nanoparticles act as a filler,
physically occupying interstitial voids within the matrix, which leads to
a denser, more compact microstructure and improved inter-particle
bonding. Furthermore, LDH nanoparticles can serve as nucleation
sites, promoting the formation of additional hydration products and
thereby enhancing the overall cohesion and intrinsic strength of the
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cementitious matrix.

Conversely, a decline in compressive strength was observed at dos-
ages exceeding the optimum level, as exemplified by the 2.5 % LDH
mixture. Although this mixture still exhibited a 9.67 % strength increase
over the control (achieving a mean strength of 162.87 MPa), its per-
formance was notably inferior to that of the 2.0 % LDH mixture. This
trend suggests that an excessive concentration of nanoparticles may lead
to agglomeration. Such agglomerates can introduce microscopic voids
and disrupt the homogeneity of the matrix, thereby impairing the bond
between the cementitious phases and aggregates and ultimately
reducing the composite's overall strength. From a materials science
perspective, these findings underscore that the incorporation of nano-
materials must be carefully optimized within a specific range. Conse-
quently, the results of this investigation clearly identify a 2.0 % dosage
of LDH nanoparticles as the optimum content for maximizing the me-
chanical performance of the UHPFRC developed in this study. Any
further increase beyond this threshold is likely to induce detrimental
effects on the microstructure, leading to a degradation in performance.
This conclusion holds significant implications for the design and
proportioning of high-strength, high-durability concrete mixtures for
advanced infrastructure projects.

Fig. 5b illustrates the percentage change in compressive strength
from 28 to 90 days. While all mixtures exhibited strength gain under
normal curing, specimens exposed to the chloride environment showed
areduced growth rate. Notably, LDH-modified mixtures demonstrated a
mitigated strength reduction, indicating that LDH incorporation en-
hances long-term strength stability under aggressive exposure. A quan-
titative comparison reveals that all mixtures exhibit strength gain from
28 to 90 days under normal curing, indicating continued hydration and
matrix densification. Specifically, the 90-day compressive strength
under normal conditions increased by approximately 5.5 % (0 wt%),
6.5 % (0.5 wt%), 2.4 % (1.0 wt%), 2.9 % (1.5 wt%), 3.8 % (2.0 wt%),
and 1.9 % (2.5 wt%) relative to the corresponding 28-day values. This
confirms that LDH incorporation does not hinder long-term strength
development within the investigated dosage range. In contrast, exposure
to the chloride environment resulted in a systematic reduction in
compressive strength compared with specimens cured under normal
conditions. For the control mixture (0 wt% LDH), the 90-day compres-
sive strength decreased by approximately 14.1 % relative to the 90-day
normal-cured specimen. Notably, the incorporation of LDH nano-
particles significantly mitigated this strength loss. At LDH contents of
0.5, 1.0, 1.5, and 2.0 wt%, the corresponding reductions were limited to
approximately 9.8 %, 6.6 %, 6.7 %, and 2.6 %, respectively, indicating a
pronounced improvement in resistance to chloride-induced degrada-
tion. The mixture containing 2.0 wt% LDH exhibited the lowest strength
reduction, suggesting an optimal balance between matrix densification
and durability enhancement. However, further increasing the LDH
content to 2.5 wt% led to a renewed increase in strength loss under
chloride exposure, reaching approximately 13.9 %, comparable to the
control mixture. At 2.5 wt% LDH, the reduction in performance is
attributed to nanoparticle agglomeration in the very low w/b UHPFRC
matrix. Excess LDH promotes cluster formation, creating microstruc-
tural heterogeneities and weak zones that diminish the filler/nucleation
benefits and may locally increase transport connectivity, which becomes
more detrimental under chloride exposure. This behavior quantitatively
supports the presence of an optimum LDH dosage, beyond which par-
ticle agglomeration and local matrix heterogeneity may offset the
beneficial effects of pore refinement and chloride transport inhibition.

Overall, the quantitative results demonstrate that LDH nanoparticles
effectively reduce chloride-induced compressive strength degradation in
UHPFRC by refining the microstructure and limiting aggressive ion
ingress, with an optimum performance observed at approximately
2.0 wt% LDH. These findings provide direct numerical evidence sup-
porting the role of LDH in enhancing long-term mechanical stability
under chloride-rich environments.

The enhancement in compressive strength observed in the presence
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of LDH nanoparticles, particularly within a chloride environment, is
fundamentally attributed to their unique physicochemical properties
and their subsequent impact on the concrete's microstructure and
chemistry. With their high ion-exchange capacity and lamellar struc-
ture, LDH nanoparticles effectively act as pore-refining agents, filling
interstitial voids and reducing the overall porosity of the matrix. This
densification directly contributes to a reduction in permeability, which
in turn enhances the concrete's resistance to the ingress of chloride ions.
Furthermore, LDH nanoparticles participate in the cement hydration
process, acting as nucleation sites that promote the formation of addi-
tional hydration products, most notably Calcium Silicate Hydrate (C-S-
H). This results in a strengthening of the microstructural bonds and an
overall improvement in the intrinsic strength of the concrete. In a
chloride environment, this reinforced structure physically impedes the
penetration of chloride ions, thereby preserving compressive strength.
This hypothesis is corroborated by the SEM analysis of the fracture
surfaces, as presented in Fig. 6, which compares the normal UHPFRC
specimen with those modified with 2.0 % and 2.5 % LDH nanoparticles.
The SEM micrographs reveal a significant refinement of the micro-
structure in the LDH-modified UHPFRC. In the sample containing 2.0 %
LDH, the nanoparticles are observed to be uniformly dispersed among
the cement and aggregate particles, effectively filling the interstitial
voids. This leads to reduced porosity and enhanced adhesion, creating a
more densified and resilient concrete matrix. In contrast, the specimen
with 2.5 % LDH exhibits evidence of increased porosity and areas of
poor bonding between the cementitious phases and the nanoparticles,
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likely due to agglomeration. This compromised microstructure accounts
for the observed reduction in compressive strength compared to the
2.0 % specimen. These microstructural observations confirm that LDH
nanoparticles contribute to a refined and less permeable concrete ma-
trix, which is the primary mechanism responsible for the enhanced
performance, particularly in aggressive environments such as those with
high chloride concentrations.

The reduction in compressive strength observed under chloride
exposure, compared with normal curing conditions, arises from a com-
bination of chloride-induced microstructural and physicochemical
degradation mechanisms. Although UHPFRC is characterized by a
highly dense and low-permeability matrix, prolonged exposure to
chloride-rich environments can still induce localized deterioration,
particularly in surface-near regions and microstructural weak zones.
Chloride ingress may promote leaching of calcium-bearing hydration
products and partial decalcification of the C-S-H gel, leading to reduced
matrix cohesion and stiffness. In parallel, chloride ions interact with
aluminate-containing hydration phases, resulting in phase trans-
formations (e.g., AFm-to-Friedel’s salt conversion) accompanied by
local structural rearrangements and internal stress development. At the
meso-scale, these chemically driven alterations are exacerbated by stress
concentration effects within the interfacial transition zones (ITZs) sur-
rounding steel microfibers, which exhibit comparatively higher porosity
and compositional heterogeneity. Such regions facilitate microcrack
initiation and gradual damage accumulation under chloride ingress and
moisture fluctuations, thereby diminishing the effective load-bearing
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Fig. 6. Comparative SEM analysis of fracture surfaces showing the microstructure of: (a) plain UHPFRC (control), (b) UHPFRC with 2.0 % LDH nanoparticles,
revealing a densified matrix, and (c) UHPFRC with 2.5 % LDH nanoparticles, showing increased porosity.
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capacity of the matrix—fiber system. Collectively, the superposition of
hydration-phase destabilization and microcrack development results in
a measurable reduction in compressive strength under chloride
exposure.

From a physicochemical standpoint, the reduction in compressive
strength observed under chloride-exposed conditions can be attributed
to a combination of chloride-hydration phase interactions and micro-
structural destabilization processes. Upon exposure to chloride-rich
environments, free chloride ions (C17) penetrate the cementitious ma-
trix and interact primarily with aluminate-bearing hydration products.
One of the dominant reactions involves the transformation of AFm
phases into Friedel’s salt, which can be expressed as:

AFm + 2Cl" »C3A-CaCl,-10H,O (Friedel’s salt) (€))

Although the formation of Friedel’s salt contributes to chemical
chloride binding, this process is accompanied by local structural rear-
rangements and volumetric instability, which may induce micro-scale
damage and reduce the effective stiffness of the load-bearing skeleton.
In parallel, prolonged chloride exposure can promote leaching of
portlandite:

Ca(OH),—Ca*" +20H" (5)

The loss of calcium ions disrupts the chemical equilibrium of the
calcium-silicate-hydrate (C-S-H) gel, leading to partial decalcification
according to:

C—S —H—-C — S — Hcaopoon +Ca*" O]

This decalcification reduces the intrinsic stiffness and cohesion of the
C-S-H network, thereby contributing to the observed compressive
strength degradation, even in the highly compact matrix of UHPFRC.

The incorporation of LDH nanoparticles effectively mitigates these
degradation mechanisms through their layered structure and anion-
exchange capability. LDHs can capture free chloride ions via revers-
ible anion substitution reactions:

LDH — OH + CI"=LDH — Cl + OH™ )

This mechanism reduces the concentration of free chlorides in the
pore solution, thereby limiting Friedel’s salt formation and suppressing
chloride-induced decalcification of C-S-H. Consequently, mixtures
containing optimized LDH contents exhibit reduced compressive
strength loss under chloride exposure. However, when the LDH dosage
exceeds the optimal level (e.g., 2.5 wt% in the present study), nano-
particle agglomeration becomes more pronounced, reducing the effec-
tive reactive surface area available for chloride binding. These
agglomerates act as local microstructural heterogeneities and weak
zones, diminishing the chemical and microstructural protective role of
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LDH and leading to an increased strength reduction under chloride
exposure. This transition from a chloride-mitigating regime to an
agglomeration-dominated regime confirms the existence of an optimum
LDH dosage for maximizing long-term mechanical stability in chloride-
rich environments.

3.2. RCMT and Corrosion Resistance

A visual inspection of the specimen surfaces following the RCMT, as
presented in Fig. 7, provides initial qualitative evidence of the LDH
nanoparticles' efficacy. The figure compares the surface condition of the
control UHPFRC specimen with that of the UHPFRC modified with
2.0 % LDH. A significant reduction in chloride-induced surface deteri-
oration is apparent in the LDH-modified specimen, which exhibits a
more intact and stable surface. In stark contrast, the control specimen
shows clear signs of corrosion, with visible rust stains indicating the
oxidation of the near-surface steel fibers.

Additional evidence supporting the durability enhancement is ob-
tained from the examination of fracture surfaces after chloride exposure,
as presented in Fig. 8. The cross-sectional images compare the reference
UHPFRC specimen with those incorporating 1.0 wt% and 2.0 wt% LDH
nanoparticles, enabling direct evaluation of internal damage charac-
teristics. The control specimen displays more pronounced signs of in-
ternal deterioration, whereas the LDH-modified mixtures exhibit a
noticeably more intact and homogeneous internal structure. In partic-
ular, the specimen containing 2.0 wt% LDH shows minimal internal
degradation, indicating an improved resistance to chloride-induced
damage. These observations qualitatively confirm the beneficial role
of LDH nanoparticles in restricting chloride ingress and suppressing
corrosion-related deterioration within the concrete matrix. The
enhanced performance can be attributed to the microstructural refine-
ment induced by LDH incorporation, which leads to reduced pore con-
nectivity and lower permeability. As a result, the transport of aggressive
ions is physically hindered, and the integrity of the cementitious matrix
is better preserved. Consequently, LDH nanoparticles contribute to
strengthening the internal structure of UHPFRC and significantly
improving its durability when exposed to corrosive environments.

The chloride migration coefficients obtained from the RCMT at
curing ages of 28 and 90 days are summarized in Table 4. As shown in
Table 4, the control UHPFRC mixture exhibits the highest chloride
migration coefficients at both ages, indicating a comparatively higher
susceptibility to chloride ion transport despite the intrinsically dense
UHPFRC matrix. With the incorporation of LDH nanoparticles, a sys-
tematic reduction in the CMC is observed for both curing periods, con-
firming the effectiveness of LDH in enhancing chloride resistance. From
a quantitative perspective, at 28 days, the chloride migration coefficient

(a)

(b)

Fig. 7. Optical micrographs of UHPFRC surfaces after chloride exposure: (a) control specimen showing localized corrosion products and microcrack-affected zones;
(b) LDH-modified specimen exhibiting a more uniform matrix with reduced corrosion features. Scale bars are included for reference.
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Fig. 8. Fracture surface morphologies of UHPFRC after chloride exposure: (a) control mixture; (b) 1.0 wt% LDH-modified UHPFRC; and (c) 2.0 wt% LDH-

modified UHPFRC.

Table 4
Chloride migration coefficient (CMC) of LDH reinforced-UHPFRC mixtures at 28
and 90 days (RCMT).

LDH content 28 days 90 days

(wt6) CMC Reduction vs. CMC Reduction vs.
(x10'2m?2/  control (%) (x1072 control (%)
s) m?*/s)

0.0 7.20 - 6.20 -

(Control)

0.5 6.30 12.5 5.40 12.9

1.0 5.60 22.2 4.60 25.8

1.5 5.10 29.2 4.10 33.9

2.0 4.90 31.9 3.89 37.2

2.5 5.40 25.0 4.45 28.2

decreases progressively with increasing LDH content up to 2.0 wt%,
where a maximum reduction of approximately 31.9 % relative to the
control mixture is achieved (Table 4). At 90 days, this improvement
becomes more pronounced, with the 2.0 wt% LDH mixture exhibiting a
37.2 % reduction in CMC compared to the control. The additional
decrease in CMC at 90 days reflects the combined effects of continued
cement hydration, further pore refinement, and enhanced chloride-
binding capacity of LDH-modified matrices over time.

The physical interpretation of these trends is closely related to
microstructural evolution. At moderate LDH dosages (<2.0 wt%), well-
dispersed LDH nanoparticles act as effective micro-fillers and hydration
nucleation sites, leading to reduced capillary pore connectivity,
increased diffusion tortuosity, and partial immobilization of free chlo-
ride ions through ion-exchange mechanisms. These effects collectively
suppress chloride transport, resulting in lower migration coefficients. In
contrast, the mixture containing 2.5 wt% LDH shows a partial rebound
in CMC at both curing ages (Table 4). This behavior is attributed to
nanoparticle agglomeration at excessive dosages, which induces local
heterogeneities and inter-agglomerate voids that facilitate preferential
chloride migration pathways. Nevertheless, even at 2.5 wt% LDH, the
migration coefficients remain significantly lower than those of the
control mixture, indicating an overall beneficial effect of LDH
incorporation.

Overall, the results presented in Table 4 demonstrate that LDH
nanoparticles substantially enhance the chloride resistance of UHPFRC,
with 2.0 wt% LDH identified as the optimal dosage for minimizing
chloride migration. The observed consistency between RCMT results
and the trends obtained from capillary water absorption and sorptivity
analyses further validates the role of LDH-induced pore refinement and
transport pathway disruption in improving the durability performance

10

of UHPFRC.

Furthermore, the data presented in Table 4 reveal a clear trend of
decreasing chloride migration coefficients with increasing specimen
age. This phenomenon is a direct consequence of the ongoing cement
hydration process. In the early stages, as the concrete is curing, the
hydration reactions are still progressing. Over time, as the concrete
matures, these reactions proceed to a more advanced degree, leading to
the formation of a greater volume of hydration products and the
establishment of stronger chemical bonds between the cementitious
phases and the aggregates. This process inherently results in a refine-
ment of the pore structure and a densification of the concrete matrix.
Consequently, at later ages, the chloride migration coefficient naturally
decreases as the concrete becomes progressively more impermeable and
resistant to ion penetration. While the initial contribution of the LDH
nanoparticles may be less pronounced at very early ages, their beneficial
effects—namely the pozzolanic reaction and the physical filler
effect—become increasingly significant as the matrix matures. Over
time, the synergistic interaction between the hydrating cement particles
and the LDH nanoparticles leads to the formation of a more compact and
tortuous microstructure. These microstructural developments are
directly responsible for the reduction in porosity and the corresponding
improvement in the concrete's resistance to chloride ion attack. There-
fore, the observed decrease in the chloride migration coefficient at later
ages is an expected outcome, reflecting the natural evolution and
enhancement of the concrete's durability characteristics over time.

3.3. Capillary water absorption

Fig. 9 shows the cumulative capillary water absorption of LDH-
modified UHPFRC mixtures in accordance with ASTM C1585. Cumula-
tive capillary water absorption expressed in kg/m? as a function of the
square root of time, in accordance with ASTM C1585. The progressive
reduction in absorption and sorptivity up to 2.0 wt% LDH reflects
effective pore refinement and reduced capillary connectivity, as
confirmed by MIP analysis. The increased absorption at 2.5 wt% LDH is
attributed to nanoparticle agglomeration and inter-agglomerate voids. A
clear non-linear uptake behavior is observed: an initially faster ab-
sorption stage followed by a progressively reduced rate, which is typical
for capillary suction where the driving capillary pressure remains but
the hydraulic pathway becomes increasingly saturated and flow resis-
tance rises with time. Across all time points, LDH-modified mixtures
exhibit lower cumulative uptake than the control, indicating that LDH
reduces capillary transport by modifying the pore network rather than
merely delaying wetting.

From a quantitative standpoint, the control mixture reaches the
highest cumulative absorption at the end of the monitoring period, while
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Fig. 9. Cumulative capillary water absorption profiles of UHPFRC mixtures
with varying LDH nanoparticle contents over an 8-day exposure period, illus-
trating the influence of LDH dosage on capillary transport behavior relative to
the control mixture.

LDH incorporation leads to a systematic reduction up to an optimum
dosage of 2.0 wt%. Using the end-point values as an illustrative metric,
the 2.0 wt% LDH mixture achieves the lowest cumulative uptake (=
27 % lower than the control at the final time), confirming superior
resistance to water ingress. Intermediate dosages (0.5-1.5 wt%) show a
progressive reduction relative to the control, demonstrating a dose-
dependent improvement. Importantly, the 2.5 wt% LDH mixture ex-
hibits a rebound (higher uptake than 2.0 wt%) yet remains lower than
the control (= 30 % lower than the control at the final time), revealing a
non-monotonic response at excessive LDH content. In addition to end-
point comparison, the early-age absorption rate (sorptivity) follows
the same trend: sorptivity decreases continuously from the control to
2.0 wt% and then increases at 2.5 wt%, consistent with an “optimum
dosage” phenomenon for nanoparticle-modified cementitious matrices.

The physical interpretation is directly linked to pore structure evo-
lution. At dosages up to 2.0 wt%, well-dispersed LDH platelets act as
micro-fillers and hydration nucleation sites, which refine capillary
pores, reduce pore connectivity, and increase diffusion tortuosity;
consequently, both cumulative uptake and early-stage transport rate
decrease. At 2.5 wt%, however, the high surface energy of LDH increases
the tendency for agglomeration, producing inter-agglomerate voids and
local heterogeneity. These features partially restore preferential capil-
lary pathways, leading to the observed increase in absorption relative to
the 2.0 wt% mixture. Overall, Fig. 9 provides consistent qualitative and
quantitative evidence that LDH improves the moisture-transport resis-
tance of UHPFRC, with an optimal performance near 2.0 wt%, while
overdosage can compromise pore refinement efficiency due to disper-
sion limitations.

In this study, sorptivity was determined in accordance with ASTM
C1585, which provides a standardized methodology for assessing water
absorption and capillary suction characteristics of concrete. As sum-
marized in Table 5, the sorptivity values of the UHPFRC mixtures exhibit
a clear dependence on the LDH nanoparticle content. The control
mixture shows the highest sorptivity, indicating a relatively continuous
capillary pore network that facilitates rapid early-age water uptake.
With increasing LDH content up to 2.0 wt%, sorptivity decreases pro-
gressively, reaching a minimum at 2.0 wt% LDH. Quantitatively, the
sorptivity at this optimal dosage is reduced by approximately 25-30 %
compared with the control specimen (Table 5), reflecting a significant
suppression of early-stage capillary suction. Intermediate LDH dosages
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Table 5
Sorptivity values of UHPFRC mixtures with varying LDH contents
determined in accordance with ASTM C1585.

LDH (wt%) Sorptivity (S) (kg.m’z.s’l/ 2)

0.0 0.0158
0.5 0.0142
1.0 0.0132
1.5 0.0124
2.0 0.0118
2.5 0.0126

(0.5-1.5 wt%) exhibit a gradual decline in sorptivity, confirming a dose-
dependent improvement in resistance to capillary transport. In contrast,
the mixture containing 2.5 wt% LDH shows an increase in sorptivity
relative to the optimal mixture, although it remains lower than that of
the control. This rebound behavior suggests a partial loss of pore
refinement efficiency at excessive LDH content, which is consistent with
dispersion-related effects such as nanoparticle agglomeration and the
formation of inter-agglomerate voids. Overall, the sorptivity results
obtained following ASTM C1585 provide quantitative support for the
cumulative capillary absorption trends (Fig. 9) and are in good agree-
ment with the pore structure evolution inferred from MIP analysis,
confirming 2.0 wt% LDH as the optimal dosage for minimizing capillary
water ingress in UHPFRC.

3.4. Pore structure characteristics based on MIP results

The pore structure parameters derived from MIP, as summarized in
Table 6, clearly demonstrate the significant influence of LDH nano-
particle content on the microstructural characteristics of UHPFRC. The
control mixture exhibits a relatively higher total porosity and larger
critical pore diameter, accompanied by a considerable proportion of
pores exceeding 100 nm, which are known to govern capillary transport
and water absorption. With increasing LDH content up to 2.0 wt%, a
systematic refinement of the pore structure is observed. This refinement
is reflected by a continuous reduction in total porosity and pore volume,
a decrease in both mean and critical pore diameters, and a progressive
shift in pore size distribution toward finer pores (<20 nm and
20-60 nm). Concurrently, the pore specific surface area increases,
indicating the formation of a denser and more complex pore network.
Such trends are characteristic of nano-modified cementitious systems,
where well-dispersed nanoparticles act as micro-fillers and hydration
nucleation sites, thereby reducing capillary pore connectivity and
increasing diffusion tortuosity, as widely reported in previous studies on
UHPFRC and nanomodified concretes. Similar pore refinement trends
identified by MIP have been widely reported for UHPFRC systems
incorporating fine mineral additions, where micro-filler effects and
enhanced hydration kinetics lead to reduced capillary pore connectivity
and improved transport resistance [60].

In contrast, the mixture containing 2.5 wt% LDH shows a reversal of
these beneficial trends. Although the LDH content is higher, both the
total porosity and critical pore diameter increase compared with the
optimal 2.0 wt% mixture, accompanied by a higher fraction of pores
larger than 100 nm and a reduction in pore specific surface area. This
behavior indicates a transition from a pore-refinement-dominated
regime to an agglomeration-controlled microstructure, where exces-
sive LDH promotes particle clustering and the formation of inter-
agglomerate voids. These microstructural heterogeneities locally
enhance capillary pore connectivity, providing preferential pathways
for fluid transport. The observed MIP trends are therefore fully consis-
tent with the measured increase in capillary water absorption and the
reduced durability performance at 2.5 wt% LDH. This agglomeration-
controlled pore structure evolution at higher nanoparticle contents is
consistent with MIP-based observations reported for nano-modified
cementitious systems, where excessive nanoparticle addition leads to
particle clustering, increased critical pore diameter, and a resurgence of
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Table 6
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Pore structure characteristics of UHPFRC incorporating different LDH contents derived from MIP analysis.

LDH (wt Porosity Pore volume (cc/ Pore specific surface (m?/ Mean pore diameter Critical pore diameter Pore proportions (%) by diameter
%) (%) g) 8) (nm) (nm) (nm)
< 20 20-60 60-100 > 100

0.0 6.2 0.030 16.0 32 95 22 30 16 32
0.5 5.6 0.027 17.5 28 80 26 32 16 26
1.0 5.0 0.024 19.0 24 68 30 33 15 22
1.5 4.6 0.022 20.5 22 60 33 34 14 19
2.0 4.1 0.020 22.0 20 52 36 35 13 16
2.5 5.4 0.026 18.0 27 88 25 31 15 29

capillary-scale porosity despite an overall dense matrix [61]. Similar
non-monotonic pore structure evolution at high nanoparticle dosages
has been reported in the literature for nano-modified UHPFRC and
cementitious composites, where optimal nanoparticle contents yield
maximum microstructural densification, while overdosage leads to
dispersion-related deterioration [62]. Overall, the MIP results confirm
that 2.0 wt% LDH represents an optimal dosage for achieving pore
refinement and improved transport resistance in UHPFRC. These
MIP-derived trends provide microstructural evidence supporting the
observed variations in capillary water absorption and compressive
strength.

4. Conclusions

This study addressed the unresolved question of whether biode-
gradable LDH nanoparticles can systematically improve the compressive
performance and chloride-related durability/transport resistance of
UHPFRC when a constant dosage of steel microfibers is used for crack
control. A comprehensive experimental program (compressive strength,
ASTM C1585 capillary absorption/sorptivity, MIP pore structure, and
RCMT/NT BUILD 492 chloride migration) was conducted for LDH dos-
ages of 0-2.5 wt%. Overall, the results confirm a clear dose-dependent
improvement up to an optimum, followed by performance loss at
excessive dosage due to dispersion limitations. On the basis of the ob-
tained results, the main conclusions of this study are summarized as
follows:

e Compressive strength (28 days, normal curing): the control mixture
reached 148.5 MPa, while the optimum mixture (2.0 wt% LDH)
reached 182.67 MPa, i.e., + 21.95 % relative to control.

Strength stability under chloride exposure (90 days): the control
mixture exhibited ~14.1 % reduction relative to its 90-day normal-
cured counterpart, whereas the 2.0 wt% LDH mixture limited the
reduction to ~2.6 %, demonstrating strong mitigation of chloride-
related degradation.

Chloride migration coefficient (RCMT/NT BUILD 492): relative to
control, the 2.0 wt% LDH mixture reduced CMC by 31.9 % at 28 days
(7.20 — 4.90 x107'2 m?/s) and by 37.2% at 90 days (6.20 —
3.89 x107'2 m?/s).

Capillary absorption and sorptivity (ASTM C1585): sorptivity
decreased from 0.0158 (control) to 0.0118 kg-m=s7! /% at 2.0 wt%
LDH (= 25 % reduction), indicating reduced capillary connectivity
and moisture transport rate.

Pore structure refinement (MIP evidence): at 2.0 wt% LDH, total
porosity decreased from 6.2 % to 4.1 %, and the critical pore diam-
eter decreased from 95 to 52 nm, consistent with a shift toward finer
pores and reduced connected capillary pathways.

Mechanistic interpretation (why the optimum occurs)

At moderate LDH contents (<2.0 wt%), the nanoparticles act as (i)
micro-fillers and (ii) hydration nucleation sites, promoting matrix
densification, reducing pore connectivity, increasing tortuosity, and
providing additional chloride-binding/anion-exchange capacity. In
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parallel, the steel microfibers primarily restrict microcrack formation
and propagation, limiting preferential transport channels. The com-
bined action therefore produces a synergistic, multi-scale improvement
in both mechanical capacity and transport resistance.

At 2.5 wt% LDH, performance partially deteriorates (higher sorp-
tivity/absorption, larger critical pore diameter, and reduced strength
gain) because the very low w/b UHPFRC matrix increases the tendency
of LDH to agglomerate, creating local heterogeneity and inter-
agglomerate voids that re-enable connected capillary paths and reduce
the effective reactive surface area.

The findings are specific to the investigated constituents (binder
system, w/b, LDH type/dispersion protocol, and fixed microfiber con-
tent). Future studies should (i) quantify long-term field exposure per-
formance, (ii) examine broader LDH chemistries and dispersion
strategies, and (iii) assess coupled mechanical-durability behavior
under sustained loading and cyclic wet-dry chloride regimes.
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