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Abstract

Ultra-high-performance concrete (UHPC) delivers outstanding durability and strength
but typically relies on high Portland cement content. This study evaluates a 20% cement
replacement with limestone powder (LP) in UHPC and benchmarks performance under
two curing regimes: moist curing (MC) and warm bath curing at 90 ◦C (WB). Metrics
include workability, compressive and flexural behavior, shrinkage, freeze–thaw resis-
tance, chloride transport (surface resistivity, RCPT), material cost, and embodied CO2.
LP improved fresh behavior: flow increased by 14.3% in plain UHPC and 33% in fiber-
reinforced UHPC (FR-UHPC). Compressive strengths remained in the UHPC range at
28–56 days (approximately 142–152 MPa with LP), with modest penalties versus 0%-LP
controls (about 2–5% depending on age and curing). Under WB at 56 days, controls reached
154 MPa (plain) and 161 MPa (FR-UHPC), while LP mixes achieved 145.2 MPa (plain) and
152.0 MPa (FR-UHPC). Flexural performance was reduced with LP: for FR-UHPC, 28-day
MOR under MC was reduced from 15.5 MPa to 12.7 MPa and under WB from 14.3 MPa
to 10.3 MPa; toughness under MC was reduced from 74.4 J to 51.1 J. Durability indicators
were maintained or improved despite these moderate strength reductions. After 300 rapid
freeze–thaw cycles, all mixtures retained relative dynamic modulus near 100–103%, with
negligible MOR losses in LP mixes (plain UHPC: −1.1% with LP versus −4.7% without;
FR-UHPC: −3.7% versus −8.1%). Chloride transport resistance improved: at 56 days under
MC, surface resistivity increased from 558 to 707 kΩ·cm in plain UHPC and from 252 to
444 kΩ·cm in FR-UHPC; RCPT for LP mixes was 139 C (MC) and 408 C (WB), about 14–23%
lower than respective controls. Drying shrinkage was reduced by roughly 23% (plain)
and 28% (FR-UHPC). Sustainability and cost outcomes were favorable: embodied CO2

was reduced by 18.8% (plain) and 15.5% (FR-UHPC), and material cost was reduced by
about 4.5% and 2.0%, respectively. The main shortcomings are moderate reductions in
compressive and flexural strength and toughness, particularly under WB curing, which
should guide application-specific limits and design factors.

Keywords: UHPC; limestone powder; mechanical properties; durability; shrinkage;
sustainability

1. Introduction
Ultra-high-performance concrete (UHPC), also termed reactive powder concrete

(RPC) [1], was first developed by the Bouygues laboratory in France [2]. Distinguished by its
very low water-to-cementitious materials ratio (w/cm) and absence of coarse aggregate [3],
UHPC delivers exceptional mechanical strength, durability, and service life, making it
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suitable for infrastructure applications. However, UHPC typically contains three times
more cement than conventional concrete [4–6], significantly contributing to the cement
sector’s 8–9% share of global anthropogenic CO2 emissions [7]. Under UHPC’s low w/cm
ratio, only 52–61% of cement hydrates [8], leaving a considerable fraction unreacted [9,10]
and reducing its overall material efficiency.

Studies have reported the positive effects of SCMs, such as silica fume (SF) and fly ash
(FA) on the compressive strength, workability, and shrinkage properties of UHPC [11–16].
Partial replacement of cement with SCMs has proven effective in reducing the carbon
footprint of concrete production [17]. SCMs can satisfy UHPC’s performance requirements,
including achieving high compressive strength, while simultaneously lowering embodied
CO2 emissions associated with binder production [18,19]. Research has also shown that
supplementary mineral fillers such as limestone powder (LP) can provide additional
benefits in UHPC [20,21]. LP is attractive due to its low inherent CO2 emissions, abundant
availability, and low cost [22]. Studies have reported a significant increase in UHPC paste
flowability with partial replacement of Portland cement (PC) by LP, corroborating earlier
findings [23–25]. LP is often considered as a mineral plasticizer that can improve the
workability of UHPC mixtures [17].

LP can fill micro-voids and improve particle packing, thereby enhancing system pack-
ing density [26] and contributing to early-age compressive strength gains [26]. However,
several studies have reported that LP may reduce compressive strength of UHPC at certain
replacement levels. For example, Yang et al. [27] observed a 4.2% reduction in 7-day com-
pressive strength when 14% LP (with 24% FA and 12% SF) replaced cement, relative to a
reference mixture with only SF and FA. The reduction has been attributed to simultaneous
acceleration of hydration and dilution of the cement matrix, which lowers the overall heat
of hydration [27].

Physical and durability studies on UHPC with LP have reported mixed outcomes [27,28].
LP can reduce shrinkage in UHPC by lowering total cement content [17,18], yet its influence
on porosity appears dosage dependent. Li et al. [17], reported porosity reductions (versus
control) at LP contents up to 60%, likely due to filler-induced densification. In contrast, Ding
et al. [28] observed increased porosity at higher LP contents, underscoring the potential for
dilution effects when inactive fillers replace reactive binder.

Despite these insights, the full spectrum of mechanical and durability responses of
UHPC incorporating LP remains insufficiently characterized. This study evaluates the effect
of replacing 20% of cement with LP on UHPC properties, including shrinkage; compres-
sive, tensile, and flexural strengths; modulus of elasticity; Poisson’s ratio; and toughness.
Durability metrics assessed include freeze–thaw resistance, chloride penetrability (rapid
chloride permeability), and surface resistivity. In addition, the study quantifies material
cost and embodied CO2 to provide a holistic assessment of performance and sustainability.

2. Materials and Methods
2.1. Materials

Type IL Portland cement (PLC) along with silica fume (SF) and fly ash (FA) as SCMs,
and limestone powder (LP) as mineral filler were used in this study. Their chemical
compositions and physical properties are presented in Table 1. Figure 1 illustrates the
particle size distribution of cement, SF, FA, and LP.

As shown in Figure 1, the particle size of cement ranged from 0.05 to 71 µm, while
limestone powder (LP) exhibited a finer and narrower distribution between 0.01 and
36 µm. The relatively small and uniform particle size of LP allows it to effectively fill voids
between cement grains, improving packing density and matrix homogeneity through the
filler effect. This physical refinement enhances interparticle contact and supports secondary
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hydration by providing nucleation sites for hydration products. Silica fume (SF), with
ultrafine particles mostly below 1 µm, further densifies the microstructure by filling nano-
scale pores and contributing pozzolanic reactivity, while fly ash (FA), with sizes between
1 and 30 µm and a spherical morphology, enhances workability through a ball bearing effect
and offers long-term strength gain [29,30]. The combined gradation of cement, LP, SF, and
FA yields a dense, well-packed particle system that may improve flowability, mechanical
strength, and durability of UHPC, consistent with the observations of Li et al. [17] and
Ullah et al. [29,31].

Table 1. Chemical composition and physical properties of cementitious materials used.

Chemical Compounds (%) Cement Silica Fume Fly Ash LP

SiO2 20.2 18.9 38.03 1

Al2O3 4.3 4.4 18.44 0.15

Fe2O3 2.8 2.5 5.16 0.15

CaO 63.8 63.1 16.05 -

MgO 1.6 1.6 3.73 -

SO3 0.35 3 3.3 -

Na2O - 0.34 9.2 -

K2O - - 0.96 -

MgCO3 - - - 44.3

CaCO3 - 91 - 54.2

CaSO4 2H2O -

Mn -

S - - - -

Loss on ignition 0.88 5.4 2.1 -

Insoluble residue 0.34 - - -

Relative density 3.15 3.15 2.58 1.28

moisture content (%) - - 0.2 0.2

Blaine fineness (m2/kg) 401 - - -

 

Figure 1. Particle size distribution of cement, SF, FA, and LP.
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Locally sourced natural river sand, conforming to ASTM #4 with a maximum particle
size of 4.75 mm, served as the fine aggregate. To enhance ductility, straight steel fibers
with a length of 13 mm and an aspect ratio of 65 were incorporated. A polycarboxylate-
based high-range water-reducing admixture (HRWRA) was used to ensure the desired
workability of the UHPC mixtures.

2.2. Mixture Proportioning, Specimen Preparation and Testing

The reference plain (no steel fibers) and fiber-reinforced UHPC mixtures without LP
were developed in our previous study [32] and were subsequently modified by replacing
20% cement (by mass) with LP to produce LP-modified UHPC mixtures. The w/cm ratio
was kept constant at 0.15 and the HRWRA dosage used was 45 L/m3. SF and FA were
used as SCMs in all four mixtures, with their proportions remaining unchanged in all the
UHPC mixtures to maintain consistency in the comparative analysis. Several trial mixtures
were investigated with varying LP dosages up to 20% replacement of cement. The mixture
proportions of these four mixtures are presented in Table 2. UHPC materials were mixed
using a vertical shaft mixer operating at 38 rpm. The mixing process, presented in Figure 2,
began with the dry blending of sand and cementitious materials for two minutes. Next,
75% of the total mixing water was added, followed by continued mixing until uniform. The
HRWRA was then introduced and mixed for an additional five minutes. The remaining
25% of water was subsequently added and mixed for another 5–6 min. For fiber-reinforced
mixtures, steel fibers were added at the end, and the mixing continued for 4–5 more minutes
until a homogeneous and workable consistency was achieved. The total mixing duration
ranged from 15 to 20 min.

Table 2. Curing regimens used for compressive strength and modulus of rupture tests.

Type Designation Specification

Moist curing MC

The specimens were left in the
mold for a period of 24 h.

Following demolding, they were
subsequently relocated to a
curing room with controlled
temperature and humidity

conditions until testing.

Warm bath curing WB

The specimens were left in the
molds for a period of 24 h.

Following the demolding, the
specimens were then subjected to
curing in a water bath maintained

at 90 °C until testing.

Figure 2. Mixing procedure for UHPC.
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After mixing, the fresh concrete was cast into molds and demolded after 24 h. The
specimens were then subjected to one of two curing regimens as summarized in Table 3.

Table 3. Proportions of reference and LP-modified plain and fiber-reinforced UHPC mixtures.

Mixture
Designation

Cement SF FA LP Sand Steel Fibers

(kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3)

UHPC mixtures
without LP

890 68 101 0 1110 0

890 68 101 0 1070 119

UHPC mixtures with
20% LP

712 68 101 178 893 0

712 68 101 178 853 119

For each experimental test, multiple specimens were prepared and evaluated in
accordance with the corresponding ASTM or EN standards. Unless otherwise stated, three
to eight specimens, depending on the experiment performed, were tested for each batch and
three batches were tested under each curing condition, and the reported values represent
the average of all testing results. The variability of the data is presented as error bars in
the figures.

To assess statistical significance between mixtures, a Bonferroni post-hoc test was
conducted using a 95% confidence level. This approach allows for multiple pairwise com-
parisons between the UHPC mixtures with and without LP. Differences were considered
statistically significant when p < 0.05. This criterion indicates that the probability of the
observed difference occurring by random chance is less than 5%, confirming significant
variation among the tested UHPC mixtures.

2.3. Methods
2.3.1. Workability

The fresh UHPC was placed into the mold in two layers, with each layer tamped
20 times. After leveling the top surface, the mold was carefully lifted and dropped onto the
table 25 times within 15 s. The diameter of the spread sample was then measured in two
perpendicular directions, and the average flow was recorded in accordance with ASTM
C1437 [33].

2.3.2. Compressive Strength

In this study, the compressive strength of UHPC was evaluated using 50 mm cubes in
accordance with ASTM C109 [34], after 7 and 28 days of curing under each curing condition.

2.3.3. Split Tensile Strength

Cylinders of size 100 mm by 200 mm were assessed for the split tensile strength of
UHPC mixtures in accordance with ASTM C496 [35], with tests conducted at 7 and 28 days
for both MC and WB curing regimen. Average split tensile strength was reported based on
the split tensile strength of two cylinders.

2.3.4. Modulus of Elasticity and Poisson’s Ratio

Modulus of elasticity (MOE) refers to the amount of stress needed to cause unit
deformation of a material within its elastic limit, while Poisson’s ratio is the ratio of lateral
deformation to vertical deformation. Both these parameters are crucial in structural design.
In the case of UHPC, testing procedure as per ASTM C469 [36] was used to determine these
parameters. A cylinder measuring 100 mm in diameter by 200 mm in height was used and
cured for 28 days under both MC and WB curing regimens for each mixture. A compress
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meter with an extensometer was attached to the cylinder, and the entire setup was mounted
onto a compression machine. The cylinder underwent compression loading until it reached
40% of its ultimate load. The same cylinder was tested three times according to the ASTM
C469 [36] standard. The first test served as a system check, while the data from the last
two tests were used to calculate the modulus of elasticity and Poisson’s ratio.

2.3.5. Flexural Strength

Four prismatic specimens, each measuring 75 × 100 × 400 mm, were cast for each
UHPC mixture and cured under MC and WB curing regimens for 28 days to evaluate the
flexural behavior of UHPC mixtures. Flexural strength testing was performed according to
ASTM C1609 [37]. Two Linear Variable Differential Transformers (LVDT) (Humbolt MFG
CO, Elgin, IL, USA) were also mounted at the mid-length of the beam to measure vertical
deflection under bending. The loading continued until the net deflection was greater than
span/150. Based on the load and displacement data, a stress–strain curve was plotted, and
the first crack location was identified. From the test data, modulus of rupture (MOR), which
is the first peak strength, peak stress, residual stress at L/600 and L/150 net deflections,
where L is the effective length of the beam 305 mm, and toughness of UHPC mixtures
were evaluated.

2.3.6. Direct Tension

The direct tensile behavior of UHPC mixtures was evaluated using dog-bone-shaped
specimens with a gauge section measuring 38.1 mm in width and 19.1 mm in thickness.
An extensometer (Epsilon Technology Corp., Jackson, WY, USA) was attached across the
central gauge length to record strain, and loading was applied using a universal testing
machine (Tinus Olsen, Horsham, PA, USA) under displacement control until failure. The
test was conducted under crosshead displacement control at a rate of 0.00254 mm/s [38].
The specimen was initially subjected to compressive loading up to a stress of approximately
7 MPa, followed by tensile loading until failure occurred. Stress was calculated by dividing
the applied load by the measured cross-sectional area of the gauge region, and the peak
stress obtained from the stress–strain response was taken as the direct tensile strength. All
specimens exhibited cracking within the central gauge region.

The tensile strength of fiber-reinforced UHPC mixtures was determined and compared
with UHPC mixtures prepared without and with LP under MC and WB curing conditions.
To further investigate the influence of curing, an additional combined curing regimen
(WB+MC) was introduced. In this method, specimens were cured as WB curing for the first
two days following demolding, after which they were transferred to a MC chamber for
the remaining 25 days. This hybrid curing approach was developed to better capture the
effect of initial water immersion followed by controlled moisture exposure on the tensile
performance of UHPC.

2.3.7. Drying and Autogenous Shrinkage

Two prismatic specimens, each measuring 75 × 75 × 285 mm were cast for each
batch, with gauge studs inserted at the ends following ASTM C157 [39], establishing a
250 mm effective length for shrinkage measurement. After casting, the specimens were
left in the mold for 24 h before being demolded. Subsequently, they were submerged in
lime-saturated water for half an hour prior to taking the initial measurements.

The initial length comparator readings were then recorded. The specimens were then
placed in MC regimens for the next two days. After two days of curing, the specimens
were left in the air at room temperature for the next 52 days. Length comparator readings
were recorded every other day. The method for measuring autogenous shrinkage is similar
to that of drying shrinkage with the exception that the specimens were covered with
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food-grade plastic wrap/aluminum foil after being saturated in lime water for 30 min to
minimize the change in length due to change in temperature.

The value of shrinkage recorded on the 56th day is considered as the ultimate shrinkage
for the UHPC mixtures. The average of two samples was reported as the final shrinkage
strain which was calculated using Equation (1).

∆ = (Lx − L0)/10 (1)

where Lx represents the length (mm) comparator reading on the test date and L0 (mm) is
the initial length comparator reading.

2.3.8. Rapid Chloride Permeability Test (RCPT)

An RCPT test was conducted according to the ASTM C1202 standard [40] to evaluate
the resistance of UHPC to chloride ion ingress. Disk specimens with 100 mm diameter
and 50 mm thickness were used. After 28 days of MC and WB curing, the specimens
were vacuum saturated and then placed in test cells as per ASTM C1202 [40]. The average
charge passed values were reported for the UHPC mixture. ASTM C1202 [40] provides
qualitative indications of the chloride ion penetrability based on the charge passed in
Coulombs through the test specimen.

2.3.9. Surface Resistivity

The surface resistivity test (SRT) is a newly developed method used to measure the
electrical resistivity of water-saturated concrete in kΩ-cm, which provides information
about the concrete’s ability to resist the penetration of chloride ions. A test method de-
veloped by AASHTO TP95-11 [41] was used to evaluate the chloride transport in UHPC
mixtures. This laboratory test method assesses the electrical resistivity of UHPC to quickly
determine their ability to resist the penetration of chloride ions.

In this test, cylinder specimens (100 mm diameter with 300 mm height) are prepared
and cured under MC regimen for 28 days. The circular surface of each sample is marked at
four points along its circumference, representing 0, 90, 180, and 270 degrees. A Four-Point
Wenner Array Probe is used to determine the electrical resistivity values at 0, 90, 180, and
270 degrees. The average of these electrical resistivity values is then reported. Based on
the average value, the amount of chloride ion penetration is evaluated by comparing the
values given in AASHTO TP95-11 [41].

2.3.10. Freezing and Thawing

ASTM C 666 [42] assesses concrete’s resistance to freezing and thawing by subjecting
specimens to rapid, repeated freeze–thaw cycles under controlled laboratory conditions.
In this study, molded beam specimens measuring 75 × 100 × 405 mm were cured for
14 days prior to testing. After curing, the specimens underwent a 24-h conditioning period
in water maintained at 4 ◦C. They were then exposed to freeze–thaw cycles, each lasting
3 h and 26 min, consisting of 2 h and 10 min of freezing, 56 min of thawing, and a 10-min
soaking period between phases. At intervals of no more than 30 cycles, the specimens
were removed from the freezing chamber during the thaw phase to measure their dynamic
elastic modulus. Fundamental transverse frequency (for modulus calculations) and mass
were recorded throughout testing. The procedure continued until each beam completed at
least 300 cycles or its dynamic elastic modulus fell to 90% or less of its initial value. Based
on these data, the relative dynamic modulus Pc and durability factor were calculated using
Equations (2) and (3).

Pc =

(
nx

ni

)2
× 100 (2)
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DF =
PN
M

(3)

where nx and ni are the transverse fundamental frequencies at the xth cycle and initial
fundamental frequency, respectively. N is the cycle when the relative dynamic modulus
falls below 90% and M is the cycle when the test is supposed to be stopped (300 cycles).

3. Results and Discussion
3.1. Workability

The effect of LP on the flowability of both plain and fiber-reinforced UHPC mixtures
was evaluated, with results shown in Figure 3. LP incorporation significantly enhanced
workability in both cases. In plain UHPC mixtures, replacing 20% of cement with LP in-
creased flow by 14.3%, while in fiber-reinforced mixtures, the same replacement improved
workability by 33%. This improvement is attributed to the plasticizing effect of LP [17],
which facilitates better particle dispersion. The higher percentage increase in flow observed
in the fiber-reinforced UHPC compared with the plain mixture can be attributed to the
combined effects of fiber dispersion dynamics and the filler characteristics of LP. In UHPC
without LP, the presence of steel fibers tends to hinder flow because fibers create mechanical
interlocking and increase internal friction within the mix [43–45]. When LP is introduced,
its fine, inert particles enhance particle packing and lubrication of the mix through a
micro-ball-bearing effect, reducing frictional resistance between fibers and the surrounding
matrix [17,23]. This rheological improvement is particularly pronounced in fiber-reinforced
systems, where fiber–matrix and fiber–fiber interactions dominate the flow response and
amplify the beneficial influence of LP on workability [46]. Consequently, LP mitigates the
typical flow loss caused by fiber addition and results in a proportionally larger improve-
ment in workability for fiber-reinforced UHPC. Similar findings have been reported in
studies on LP-modified UHPC and self-consolidating concrete containing steel or synthetic
fibers [17,23,47].

 
Figure 3. Workability for (a) plain and (b) fiber-reinforced -UHPC mixture with and without 20% LP.

3.2. Compressive Strength

The average compressive strengths of 50 mm cubes cured under MC and WB regimens
for 7, 28, and 56 days for both plain and fiber-reinforced UHPC mixtures with and without
LP are presented in Figure 4.
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Figure 4. Compressive strength of 50 mm (2-inch) cube for (a) plain and (b) fiber-reinforced UHPC
mixture without GGBFS. The control mixture contains 0% LP and is compared with 20% LP used as
cement replacement cured under WB and MC regimens for 7, 28 and 56 days.

For the WB curing regimen at 56 days, the plain UHPC mixture without LP achieved
the highest compressive strength of 154 MPa, while the fiber-reinforced mixture with-
out LP reached 161 MPa. In mixtures with 20% LP as a cement replacement, the high-
est compressive strengths under MC were 142 MPa for plain UHPC and 149 MPa for
fiber-reinforced UHPC. Under WB curing, the corresponding values were 145.2 MPa and
152.0 MPa, respectively. Compared to mixtures without LP, plain UHPC mixtures with
20% LP exhibited reductions in compressive strength of 4.15%, 3.59%, and 3.65% after 7,
28, and 56 days of MC, respectively. Similarly, for fiber-reinforced UHPC mixtures with
20% LP, compressive strength decreased by 2.57%, 4.22%, and 3.16% after 7, 28, and 56 days
of MC, respectively, compared to mixtures without LP.

Under the WB curing regimen, the compressive strength of plain UHPC mixtures
with 20% LP as a cement replacement decreased by 2.71%, 2.12%, and 4.05% after 7, 28,
and 56 days, respectively, compared to mixtures without LP. For fiber-reinforced UHPC
mixtures, the reductions were 2.79%, 4.22%, and 5.52% over the same time periods. The
decrease in compressive strength is attributed to LP’s lack of pozzolanic reactivity with
cement [48], which prevents the formation of additional C–S–H gel [21,48]. Furthermore,
replacing cement with LP in the UHPC matrix contributes to strength loss through physical
mechanisms such as the dilution effect and the filler effect [26,49].

As shown in Figure 4, higher curing temperatures and longer curing periods improved
the compressive strengths of both plain and fiber-reinforced UHPC mixtures, regardless of
LP content. This enhancement is attributed to accelerated hydration at elevated tempera-
tures, which increases the formation of hydration products [50,51].

Figure 5a,b show compressive strengths achieved at 7 and 56 days, using the 28-day
strength as the baseline (100%).

Under MC, plain UHPC mixtures without and with 20% LP reached 87.70% and
87.27% of their 28-day strength at 7 days, increasing by 8.16% and 8.09% by 56 days. Fiber-
reinforced mixtures achieved 80.22% and 81.60% in 7 days, increasing by 2.66% and 3.30%
by 56 days.
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Figure 5. Percentage compressive strength attained after 7 and 56 days under (a) MC and (b) WB
curing, expressed relative to the 28-day strength (baseline = 100%). The red line represents the 28-day
reference strength.

Under WB curing, plain UHPC mixtures without and with LP reached 86.80% and
86.27% at 7 days, increasing by 3.53% and 1.49% by 56 days. Fiber-reinforced mixtures
reached 86.77% and 88.06% at 7 days, increasing by 5.03% and 3.61% by 56 days.

Statistical analysis confirmed that the compressive strengths of mixtures with
20% LP were significantly different (p < 0.05) from those without LP in both plain and
fiber-reinforced UHPC. Nevertheless, all mixtures exceeded 120 MPa after 28 days under
both curing regimes, meeting the standard UHPC strength [52].

3.3. Split Tensile Strength

The splitting tensile strengths of plain and fiber-reinforced UHPC mixtures, with and
without 20% LP as a cement replacement, were evaluated after 7 and 28 days under MC and
WB curing regimens (Figure 6). For mixtures without LP, the highest strengths were 7.2 MPa
for plain UHPC and 12.1 MPa for fiber-reinforced UHPC, both achieved under WB curing
at 28 days. Under the same conditions, mixtures with 20% LP reached 5.9 MPa (plain) and
11.3 MPa (fiber-reinforced). For plain UHPC with 20% LP under MC, splitting tensile
strength decreased by 15.38% at 7 days and 13.33% at 28 days compared to mixtures without
LP. For fiber-reinforced UHPC under MC, reductions were 9.45% and 5.88% at the same
ages. Under WB curing, plain UHPC with 20% LP showed decreases of 20.72% and 18.66%
at 7 and 28 days, respectively, while fiber-reinforced UHPC showed reductions of 11.00%
and 7.10%. The mechanical performance of UHPC is closely linked to its microstructure [53].
LP replacement affects hydration product formation, increasing porosity and weakening
the interfacial transition zone (ITZ) and matrix bonding strength [54,55]. Increasing LP
replacement tends to minimize the formation of hydration products, resulting in greater
porosity. This affects the ITZ and bonding strength of the concrete matrix [55]. Similar
trends have been reported by Demirhan et al. [56], who found that LP contents above 15%
did not improve splitting tensile strength across curing periods.
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Figure 6. Splitting tensile strength of 100 mm × 200 mm cylinders for (a) plain and (b) fiber UHPC
mixture without GGBFS. The control mixture contains 0% LP and is compared with 20% LP used as
cement replacement cured under WB and MC regimens for 7 and 28 days.

Statistical analysis confirmed a significant reduction (p < 0.05) in splitting tensile
strength with 20% LP compared to mixtures without LP, for both plain and fiber-reinforced
UHPC. However, even with this reduction, 20% LP mixtures exceeded the typical UHPC
benchmarks of 5 MPa for plain UHPC and 10 MPa for fiber-reinforced UHPC under WB
curing after 28 days.

3.4. Modulus of Elasticity (MOE)

Figure 7 presents the MOE values for plain and fiber-reinforced UHPC mixtures, with
and without 20% LP as a cement replacement. For plain UHPC, the greatest MOE values
were 37.0 GPa (without LP) and 36.1 GPa (with LP) under MC, and 40.6 GPa (without LP)
and 36.9 GPa (with LP) under WB curing.

For fiber-reinforced UHPC, the highest MOE values were 44.6 GPa (without LP) and
38.6 GPa (with LP) under MC, and 50.0 GPa (without LP) and 42.5 GPa (with LP) under
WB curing.

Since MOE and compressive strength are correlated, both elevated curing temper-
ature and steel fiber addition improved these properties. However, replacing cement
with 20% LP reduced MOE for all mixtures. Compared to mixtures without LP, MOE
decreased by 2.23% (MC) and 8.15% (WB) for plain UHPC, and by 13.31% (MC) and
14.66% (WB) for fiber-reinforced UHPC. This reduction trend mirrors that observed for
compressive strength.
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Figure 7. Modulus of elasticity of the UHPC mixtures, without and with 20% LP under different
curing regimens. (a) the modulus of elasticity of plain UHPC mixtures and (b) the modulus of
elasticity of fiber-reinforced UHPC mixtures.

3.5. Flexural Properties

Load–deflection curves were obtained following ASTM C1609 [37] and are shown
in Figure 8. A typical curve for fiber-reinforced UHPC consists of three distinct stages.
Stage I (red arrow) represents the linear-elastic region up to the first crack, where load
increases proportionally with deflection. Stage II (black arrow) is the strain-hardening
region, characterized by distributed microcracking and increased fiber contribution, leading
to the peak load. Stage III (blue arrow) represents the softening phase and crack localization.

 

Figure 8. Load–deflection curves for fiber-reinforced UHPC mixtures: (a) without LP, MC; (b) with
20% LP, MC; (c) without LP, WB curing; (d) with 20% LP, WB curing.
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Zang et al. [57] further discussed the inelastic stages, stage I and stage II, where steel
fibers contribute. These are:

• Transition stage (I): Load-bearing capacity decreases as tensile stresses transfer from
the concrete matrix to the steel fibers, initiating micro-cracks.

• Deflection hardening stage (II): Load continues to increase with deflection as fibers
bridge cracks and hinder propagation.

• Post-peak stage (III): Significant ductility is observed, with load capacity gradually
decreasing due to bond failure or fiber rupture.

From the load–deflection curves (Figure 8), key performance indicators were de-
termined for all UHPC mixtures: first-crack strength (modulus of rupture, MOR), peak
strength, residual strengths at L/150 and L/600, and toughness. Figure 9 presents the
average MOR for fiber-reinforced UHPC mixtures with and without 20% LP after 28 days
under MC and WB curing.

 

Figure 9. Average MOR for fiber-reinforced UHPC mixtures, with and without 20% LP at 28 days
under MC and WB curing regimens.

Overall, flexural strengths were higher under MC compared to WB curing, which
contrasts with the compressive strength trend. This reversal may be due to larger specimen
size, making them more sensitive to steep temperature gradients during heat curing, as
reported by Hu et al. [58]. Tautanji et al. [59] similarly noted that silica fume addition can
promote micro-shrinkage cracking, further influencing flexural performance. Consequently,
curing appears to have a greater effect on flexural strength than on compressive strength.

3.5.1. Modulus of Rupture

Figure 9 presents the first-cracking strength (MOR) values for fiber-reinforced UHPC
mixtures. Without LP, MOR values were 15.5 MPa (MC) and 14.3 MPa (WB curing). With
20% LP as a cement replacement, MOR decreased to 12.7 MPa (MC) and 10.3 MPa (WB).

This corresponds to reductions of 18.1% under MC and 28.0% under WB curing. The
reduction in MOR with increasing LP content parallels the compressive strength trend, and
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is primarily attributed to the dilution effect, where LP does not participate in pozzolanic
reactions and reduces the volume of hydration products [60].

Statistical analysis confirmed that, at the 5% significance level, MOR values for UHPC
mixtures with 20% LP were significantly lower than those without LP under both MC and
WB curing.

3.5.2. Peak Flexural Strength

From the load–deflection curves (Figure 8), it is evident that after first cracking, the
beams retained substantial load-carrying capacity due to the bridging action of steel fibers,
underscoring the importance of peak flexural strength. Figure 10 shows the peak flexural
strength values. For fiber-reinforced UHPC mixtures without LP, peak strengths were
17.0 MPa (MC) and 15.5 MPa (WB curing). With 20% LP as a cement replacement, these
values decreased to 13.1 MPa (MC) and 11.6 MPa (WB), representing reductions of 23.09%
and 25.04%, respectively. Statistical analysis at the 5% significance level confirmed that the
peak flexural strength of mixtures with 20% LP was significantly lower (p < 0.05) than that
of mixtures without LP under both curing conditions.

 
Figure 10. Average 28-day toughness values of fiber-reinforced UHPC mixtures with and without
20% LP as cement replacement, under MC and WB curing regimens.

3.5.3. Residual Flexural Strength

Residual flexural strength, derived from the load–deflection curves (Figure 8), is a key
indicator of the post-cracking performance of UHPC mixtures. Figure 9 presents residual
strengths at net deflections of 0.50 mm and 2.03 mm.

At 0.50 mm deflection, the highest residual strength was 16.4 MPa for fiber-reinforced
UHPC mixtures without LP and 12.3 MPa for mixtures with 20% LP, both under MC.
For mixtures with 20% LP, residual strengths were 12.3 MPa (MC) and 11.1 MPa (WB
curing), representing reductions of 16.63% and 15.63%, respectively, compared to mixtures
without LP.

At 2.03 mm deflection, the highest residual strength was 9.6 MPa for mixtures without
LP and 7.4 MPa for mixtures with 20% LP under MC. For mixtures with 20% LP, residual
strengths were 9.6 MPa (MC) and 8.9 MPa (WB curing), corresponding to decreases of
22.83% and 24.36%, respectively, relative to mixtures without LP.
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Statistical analysis confirmed that, at the 5% significance level, residual flexural
strengths at both 0.50 mm and 2.03 mm deflections were significantly lower (p < 0.05)
for mixtures containing 20% LP compared to those without LP.

3.5.4. Toughness

Toughness, representing the energy absorption capacity prior to failure, was calculated
from the area under the load–deflection curve (Figure 8) at a net deflection of L/150.
Figure 10 shows the 28-day toughness values for fiber-reinforced UHPC mixtures with
and without 20% LP. For mixtures without LP, the highest toughness was 67.8 J under MC,
while with 20% LP, the maximum value was 63.7 J under MC. WB curing produced lower
toughness values for all mixtures compared to MC.

The addition of 20% LP reduced toughness in all cases. Under MC, toughness de-
creased from 74.4 J (without LP) to 51.11 J (with LP), a reduction of 31.37%. Under WB
curing, toughness declined from 63.2 J (without LP) to 45.9 J (with LP), representing a
27.41% reduction. This reduction indicates a decrease in post-cracking energy absorption
and a slightly reduced capacity of the UHPC matrix to bridge and redistribute stresses
after cracking. This suggests a marginal weakening of the fiber–matrix interaction within
the cementitious paste, likely due to the dilution of hydration products and changes in
the interfacial microstructure. Similar trends have been reported in other UHPC systems
containing mineral fillers or supplementary cementitious materials, where partial binder re-
placement modifies the fiber–matrix bond and lowers overall fracture energy [61,62]. While
the toughness loss implies a lower resistance to crack propagation under service loads,
the measured values remain within the typical range reported for fiber-reinforced UHPC,
indicating that overall ductility and load-carrying capacity are largely preserved when
adequate fiber content and distribution are maintained. Comparable observations were
made by Zhuang et al. [24] and Meng and Khayat [47], who found that although LP and
other SCMs slightly reduced toughness and energy absorption, the dense microstructure
of UHPC and fiber bridging mechanisms maintained overall ductility and crack control
in UHPC. Statistical analysis confirmed that, at the 5% significance level, the toughness
values for mixtures with 20% LP were significantly lower (p < 0.05) than those without LP
for both curing regimens.

3.5.5. Equivalent Flexural Strength Ratio

The equivalent flexural strength ratio was evaluated to assess the post-cracking per-
formance of the developed UHPC mixtures. This ratio quantifies the percentage of peak
flexural strength retained at a specific deflection point and is calculated following the
methods outlined by Nayyar et al. [63], Rashiddadash et al. [64] and Liu et al. [65], in
accordance with ASTM C1609 [37] (Equation (4)):

RD
Tn =

nTD
n

fPbh2 (4)

where
n is deflection ratio corresponding to the toughness measurement (e.g., 150 at the

deflection of L/150).
TD

n is toughness measured at the deflection of L = n in N/mm.
fP is peak flexural strength in N/mm2.
b and h are cross-sectional dimensions of the flexural specimen in mm.
Figure 11 presents the equivalent flexural strength ratios for all fiber-reinforced UHPC

mixtures at net deflections of L/600 and L/150. For example, for the fiber-reinforced
UHPC mixture without LP under MC, the ratio was 76.93% at L/150, indicating that this



Constr. Mater. 2025, 5, 90 16 of 32

proportion of peak flexural strength was maintained at the specified deflection. At L/600,
the same mixture achieved an equivalent flexural strength ratio of 81.62%. Across all
fiber-reinforced UHPC mixtures, the equivalent flexural strength ratio ranged from 80–86%
at L/600 and 75–77% at L/150. These results indicate that the inclusion of 20% LP as a
cement replacement had no significant effect on post-cracking performance under either
MC or WB curing conditions.

 

Figure 11. Average equivalent flexural strength ratios for fiber-reinforced UHPC mixtures without
and with 20% LP: (a) at net deflection L/600 and (b) at net deflection L/150.

3.6. Direct Tensile Strength

The tensile strength of the proposed fiber-reinforced UHPC mixtures was compared
with baseline mixtures without LP. Stress–strain curves were plotted to determine the
peak stress values, which were reported as the direct tensile strength. Graybeal et al. [38]
described the ideal tensile mechanism in three regions: R1, the elastic region up to the first
crack, R2, the cracking region with distributed microcracks; and R3, the crack localization
region with significant crack widening. These regions are illustrated in Figure 12 for
specimens subjected to WB, MC, and combined MC+WB curing regimens.

The combined MC+WB regimen was included to examine the effect of sequential
curing on tensile performance, as elevated curing temperatures can induce thermal cracking,
potentially reducing tensile strength. To mitigate thermal shock in the combined curing
regimen, specimens cured in a WB at elevated temperatures were allowed to cool while
submerged before being transferred to the MC chamber.

Results in Figure 13 indicate that all UHPC mixtures achieved tensile strengths ex-
ceeding the 5 MPa minimum required for classification as UHPC. The average 28-day
tensile strengths for fiber-reinforced UHPC mixtures with 20% LP were: 8.6 MPa under
WB curing, 7.6 MPa under MC+WB curing, and 6.7 MPa under MC. Compared to corre-
sponding mixtures without LP, these strengths were reduced by 14.50%, 6.00%, and 13.15%,
respectively. The greatest tensile strength values were observed under WB curing, which
can be attributed to the improvement of the interfacial transition zone (ITZ) at elevated
temperatures, enhancing fiber–matrix bonding [66,67]. The MC+WB curing regimen also
improved tensile strength compared to MC alone, as initial elevated curing enhanced
microstructural development, resulting in early-age strength gains.
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Figure 12. Tensile stress–strain curves for fiber-reinforced UHPC mixtures: (a) without LP, WB curing;
(b) with 20% LP, WB curing; (c) without LP, MC+WB curing; (d) with 20% LP, MC+WB curing;
(e) without LP, MC; and (f) with 20% LP, MC.
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Figure 13. Average tensile strength of fiber-reinforced UHPC mixtures with 0% and 20% LP, cured
under MC, MC+WB, and WB regimens.

However, the inclusion of LP as a cement replacement reduced tensile strength due
to the dilution effect, where a less reactive or non-reactive material replaces cement, pro-
ducing fewer hydration products and consequently weakening the matrix [68]. Statistical
analysis at a 5% significance level indicated no significant difference in tensile strength
between UHPC mixtures with and without 20% LP under WB and MC. The only significant
difference was observed for specimens cured under the MC+WB regimen.

3.7. Shrinkage
3.7.1. Autogenous Shrinkage

The average autogenous shrinkage values for all UHPC mixtures are shown in
Figure 14. The plain UHPC mixture without LP exhibited an average autogenous shrinkage
of 672 µε, while the plain mixture with 20% LP showed 468 µε. For fiber-reinforced UHPC,
the corresponding values were 566 µε without LP and 408 µε with LP.

As seen in Figure 15, a distinct transition or “knee point” occurred between the fourth
and seventh days for plain UHPC mixtures with and without LP. For fiber-reinforced
mixtures, the knee point appeared on the fourth day in both cases. This transition marks a
period of rapid volumetric change, which can influence early-age cracking potential and
long-term durability [69,70].

Fiber-reinforced UHPC mixtures consistently showed lower autogenous shrinkage
than plain mixtures. Without LP, fiber-reinforced mixtures had a 15.47% reduction com-
pared to plain UHPC; with 20% LP, the reduction was 7.40%. The high elasticity of
steel fibers helps restrict crack widths and limits crack propagation during autogenous
shrinkage [71].

Comparing mixtures with and without LP, 20% LP replacement reduced autogenous
shrinkage by 35.6% for plain UHPC and by 29.4% for fiber-reinforced UHPC. Previous
studies by Li et al. [17] and Yang et al. [27] reported similar trends, attributing the reduction
to the slower hydration process and lower formation of hydration products when LP is used
as a cement replacement. Statistical analysis confirmed that, at the 5% significance level,
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autogenous shrinkage values differed significantly between mixtures with and without LP
for both plain and fiber-reinforced UHPC.

 

Figure 14. Average autogenous shrinkage values for (a) plain and fiber-reinforced UHPC mixtures
without LP, and (b) plain and fiber-reinforced UHPC mixtures with 20% LP at 8, 28, and 56 days.
Approximately half of the total autogenous shrinkage occurs within the first eight days.

 

Figure 15. Average autogenous shrinkage values for (a) plain UHPC mixtures and (b) fiber-reinforced
UHPC mixtures, both without and with 20% LP. The “knee point,” indicating a rapid volumet-
ric change, occurs between the 4th and 7th days for plain mixtures and on the 4th day for fiber-
reinforced mixtures.

3.7.2. Drying Shrinkage

The average drying shrinkage values for all UHPC mixtures are illustrated in Figure 16.
The plain UHPC mixture without LP exhibited an average drying shrinkage of 696 µε,
while the plain UHPC mixture with 20% LP recorded 533 µε. In contrast, fiber-reinforced
UHPC mixtures showed drying shrinkage values of 602 µε without LP and 432 µε with
20% LP.



Constr. Mater. 2025, 5, 90 20 of 32

 

Figure 16. Average drying shrinkage values for (a) plain and fiber-reinforced UHPC mixtures without
LP and (b) plain and fiber-reinforced UHPC mixtures with 20% LP, measured at 8, 28, and 56 days.

From Figure 17, it can be observed that the “knee point”—the critical transition
indicating a period of rapid volumetric change—occurred between the 5th and 8th days for
plain UHPC mixtures, both with and without LP. For fiber-reinforced mixtures, this knee
point was observed on the 4th day for both LP and non-LP mixtures.

 

Figure 17. Average drying shrinkage development for (a) plain UHPC mixtures without GGBFS
and (b) fiber-reinforced UHPC mixtures without GGBFS, both with and without 20% LP as a cement
replacement, showing the knee point formation period under 56-day monitoring.

The drying shrinkage values for all UHPC mixtures at 8, 28, and 56 days are presented
in Figure 16. For plain and fiber-reinforced UHPC mixtures without LP, 60.0% of the total
drying shrinkage occurred within the first eight days. With 20% LP replacement, 38.0%
and 42.0% of the total drying shrinkage was reached within eight days for plain and fiber-
reinforced mixtures, respectively—indicating that approximately half of the total drying
shrinkage typically develops during the initial curing period.

Compared to plain UHPC mixtures, fiber-reinforced UHPC mixtures exhibited lower
drying shrinkage for both LP and non-LP formulations. Specifically, fiber-reinforced
mixtures without LP showed a 13.0% reduction, while those with 20% LP exhibited a
12.2% reduction compared to plain UHPC mixtures. This reduction is attributed to the
stress-distribution ability of steel fibers, which mitigates shrinkage-induced microcracking
by reducing stress concentrations in the matrix [72].
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When comparing UHPC mixtures with 20% LP to those without LP, the drying shrink-
age decreased by 23.4% for plain mixtures and by 28.2% for fiber-reinforced mixtures.
This is because LP has lower reactivity than cement and other SCMs such as fly ash and
silica fume, and functions primarily as an inert filler. By replacing a portion of cement, LP
effectively increases the water-to-cement ratio of the reactive binder, which in turn reduces
drying shrinkage in UHPC mixtures [73].

Statistical analysis confirmed that, at the 5% significance level, the drying shrinkage
differences between LP and non-LP mixtures—both plain and fiber-reinforced—were
significant (p < 0.05).

3.8. Resistance to Rapid Freezing and Thawing Cycles

The resistance of plain and fiber-reinforced UHPC mixtures, both with and without
20% LP as a cement replacement, was evaluated against rapid freeze–thaw cycles in
accordance with ASTM C666 [42]. Figure 18 illustrates the relative dynamic modulus for
these mixtures. The relative dynamic modulus of all UHPC mixtures remained essentially
constant throughout three hundred cycles of rapid freezing and thawing, regardless of the
presence or absence of steel fibers. The specimen mass did not change during the three
hundred cycles, indicating that no microcracking occurred due to freeze–thaw exposure.
All UHPC mixtures demonstrated a relative dynamic modulus ranging from 100% to 103%.

 

Figure 18. Average relative dynamic modulus from rapid freezing-thawing cycles of (a) plain UHPC
mixture and (b) fiber-reinforced UHPC mixture without and with 20% LP.

MOR values were determined at fourteen days (immediately following MC curing)
and after three hundred freeze–thaw cycles.

Figure 19 presents the results for plain and fiber-reinforced UHPC mixtures, respec-
tively. For plain UHPC mixtures (Figure 19a), the MOR decreased by 4.7% for mixtures
without LP and by 1.1% for mixtures with 20% LP after three hundred cycles, compared to
the fourteen-day MOR values. For fiber-reinforced UHPC mixtures (Figure 19b), the MOR
decreased by 8.1% for mixtures without LP and by 3.7% for mixtures with 20% LP after
three hundred cycles.

These results demonstrate that incorporating 20% LP as a cement replacement reduced
the percentage loss in MOR after three hundred cycles compared to the fourteen-day values.
Furthermore, the fourteen-day MOR values of plain UHPC mixtures without LP were
20.0% lower, and those of fiber-reinforced mixtures were 26.1% lower than the respective
values of mixtures with 20% LP. After three hundred cycles, the MOR values for mix-
tures without LP decreased by 17.25% (plain UHPC) and 21.45% (fiber-reinforced UHPC)
compared to mixtures with 20% LP.
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Figure 19. Modulus of rupture values of UHPC mixtures with and without LP for (a) plain and
(b) fiber-reinforced at 14 days of MC and after 300 freeze thaw cycles.

Overall, the addition of LP mitigated the reduction in MOR due to rapid freezing and
thawing. Muro-Villanueva et al. [74] reported a 60% loss in flexural strength compared to
seven-day MOR values, attributed to enlargement of pore sizes across UHPC specimens
subjected to freeze–thaw cycles. According to ASTM C666 [42], a durability factor (DF)
above 95% indicates excellent freeze–thaw resistance. The DF for all UHPC mixtures
exceeded 100%, confirming outstanding resistance to freeze–thaw damage.

3.9. Surface Resistivity

The surface resistivity (SR) values of all UHPC mixtures were measured at 3, 7, 14, 28,
and 56 days for specimens cured under the MC regimen. Results for plain UHPC mixtures
with and without 20% LP are shown in Figure 20a, and for fiber-reinforced UHPC mixtures
in Figure 20b.

From Figure 20a, the SR values at fifty-six days for plain UHPC mixtures varied
noticeably with the addition of LP. The plain UHPC mixture without LP exhibited an
SR value of 558 kΩ·cm, while the mixture with 20% LP reached 707 kΩ·cm. Similarly,
Figure 20b shows SR values of 252 kΩ·cm for fiber-reinforced UHPC without LP and
444 kΩ·cm with 20% LP. These results indicate that the presence of steel fibers reduces
electrical resistivity, lowering SR values. However, even with fibers, the fifty-six-day SR
values under MC remained above 234 kΩ·cm, suggesting that LP had only a minimal
adverse effect on electrical resistivity.

For plain UHPC mixtures, replacing 20% cement with LP increased the SR value
by 26.70% compared to the mixture without LP. This improvement aligns with earlier
observations in this study, which noted the beneficial role of LP in refining pore structure
and enhancing resistivity.

A consistent increase in SR values with curing age was also observed. To quantify this
relationship, a linear regression analysis between SR values and curing duration for plain
UHPC mixtures is presented in Figure 21. The results yielded strong correlations, with
R2 = 0.98 for mixtures without LP and R2 = 0.99 for mixtures with 20% LP, indicating that
SR increases linearly with curing time.
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Figure 20. Surface resistivity values of UHPC mixtures without LP and with 20% LP for (a) plain
UHPC mixtures and (b) fiber-reinforced UHPC mixtures, cured under MC regimen for 56 days.

 

Figure 21. Linear relationship between curing age and surface resistivity values for UHPC mixtures
without GGBFS containing 0% and 20% LP dosage.
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3.10. Rapid Chloride Permeability Test

The charge passed values for plain UHPC mixtures with and without LP, cured
for 56 days under MC and WB curing regimens, are presented in Figure 22. The con-
trol plain UHPC mixture without LP demonstrated very low chloride ion penetrability,
with charge passed values ranging from 100 to 1000 Coulombs across curing conditions.
For plain UHPC mixtures with 20% LP cured under MC regimen, the RCPT value was
139 Coulombs—14.38% lower than the plain UHPC mixture without LP under the same
curing condition. Similarly, for plain UHPC mixtures with 20% LP cured under WB reg-
imen, the RCPT value was 408 Coulombs—23.45% lower than the plain UHPC mixture
without LP under WB curing. These results highlight the beneficial effect of LP as a cement
substitute in enhancing the chloride resistance of UHPC mixtures.

 
Figure 22. Average RCPT values for plain UHPC mixtures without LP and with 20% LP under MC
and WB curing regimens at 56 days.

3.11. Microstructural Basis of Mechanical and Durability Behavior

Previous investigations using scanning electron microscopy (SEM), X-ray diffraction
(XRD), and mercury intrusion porosimetry (MIP) have shown that UHPC possesses an
exceptionally dense binder matrix and interfacial transition zone (ITZ) when fillers and
supplementary materials are incorporated. Bahmani and Mostofinejad [75] reported that
SEM images of UHPC matrices show an almost complete absence of large capillary pores
and the presence of a continuous C–S–H gel network, which together account for UHPC’s
high strength and low permeability.

Studies on limestone-containing UHPC confirm that CaCO3-rich fillers provide both
physical and chemical benefits. Chen et al. [76] observed that LP acts as a nucleation site for
C–S–H formation and participates in secondary reactions with aluminate phases, producing
monocarboaluminate and hemicarboaluminate that densify the matrix. Dong et al. [77]
reported similar outcomes in UHPC containing limestone and calcined clay, where SEM
and XRD analyses confirmed a tighter microstructure and lower intensity of CH peaks,
consistent with enhanced hydration and reduced porosity.

Additional microstructural investigations have linked durability improvements di-
rectly to pore structure refinement. Hernández-Carrillo et al. [78] further confirmed
that limestone fillers promote a denser paste and ITZ morphology, improving the ho-
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mogeneity of the matrix but slightly decreasing compressive strength due to the dilution of
reactive phases.

These microstructural findings align with the present results. The moderate decline
in strength observed with 20% LP replacement can be attributed to the dilution of re-
active phases that limits total C–S–H production. In contrast, the filler-nucleation and
carboaluminate-forming effects of LP refine pore structure, reduce ionic transport paths,
and enhance surface resistivity and freeze–thaw durability. Collectively, the evidence
supports that the mechanical and durability behavior of LP-modified UHPC is governed
by a balance between chemical dilution and physical densification mechanisms, as also
described in earlier limestone-based cement systems [76,78,79].

4. Sustainability
Cost and CO2 Emissions Analysis

To assess the sustainability of the developed sustainable UHPC, both environmental
and economic impacts were analyzed. This included a comparative evaluation of the
embodied CO2 emissions and the associated costs for UHPC mixtures with varying dosages
of LP of 0% and 20%. This part of the study provides an indicative comparison of the
environmental and economic implications of LP incorporation in UHPC. The cost values
(Table 4) and CO2 emissions (Table 5) were derived from published datasets and literature
sources that report cost and emission factors for individual materials (cement, LP, silica
fume, fly ash, superplasticizer, and steel fibers) respectively. The boundaries of the analysis
were limited to material production and did not include transportation, processing energy,
or curing energy inputs, which can vary significantly depending on regional supply chains
and manufacturing practices. The results therefore represent a relative comparison between
mixtures with and without LP. The total embodied CO2 emissions for each UHPC mixture
were calculated by multiplying the CO2 emission factor of each constituent material by its
quantity in the mixture, then summing the results.

Table 4. Cost of UHPC components taken from [60,80–82].

Materials Used Cost $US/ton References

Cement 82–110 [80,81]

Silica fume 350–1100 [80,81]

Fly ash 46–60 [80]

LP 122–124 [80]

HRWRA 3400 [81]

Steel fibers 5000 [81]

Natural river sand 100 [60]

Table 5. Emission factors of the materials used for the development of UHPC mixtures presented in
this study.

Materials CO2 Emission (kg of CO2/ton) References

Cement 930 [17]

Fly ash 28 [83]

Silica fume 4–27 [84]

Fine aggregates 13.9 [83]

Limestone powder 17 [17]
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Table 5. Cont.

Materials CO2 Emission (kg of CO2/ton) References

Superplasticizer 944 [85]

Fibers 1600 [85]

The cost results for plain and fiber-reinforced UHPC mixtures are shown in Figure 23.
The material cost of UHPC mixtures with 20% LP was $242/m3 ($317/yd3) for plain
UHPC and $622/m3 ($814/yd3) for fiber-reinforced UHPC. The replacement of 20% cement
with LP reduced material costs by 4.5% and 2.0% for plain and fiber-reinforced mixtures,
respectively. The inclusion of steel fibers significantly increased costs compared to plain
mixtures, but the relative cost reduction from LP replacement remained evident.

 

Figure 23. Cost of UHPC mixture with and without 20% LP for both plain and fiber-reinforced mixtures.

These findings indicate that LP is economically beneficial for both plain and fiber-
reinforced UHPC while maintaining performance. The CO2 emissions results are shown in
Figure 24, while the combined cost–CO2 analysis is presented in Figure 25.

 

Figure 24. CO2 emission of UHPC mixture with and without 20% LP.
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Figure 25. Relationship between material cost and total CO2 emissions for all UHPC mixtures
evaluated in this study.

For plain UHPC mixtures, the use of 20% LP reduced CO2 emissions by 18.80%
compared to mixtures without LP. Similarly, for fiber-reinforced UHPC, replacing 20% of
cement with LP resulted in a 15.50% reduction in CO2 emissions. Fiber-reinforced UHPC
mixtures inherently had higher CO2 emissions than plain UHPC due to the emissions
associated with steel fiber production. Nonetheless, LP replacement mitigated part of
this increase.

While this simplified approach allows for rapid benchmarking of the potential CO2

savings associated with LP substitution, it does not capture the full environmental footprint
of UHPC production. A more comprehensive evaluation—covering transportation, energy
consumption during curing, and end-of-life stages—would provide deeper insight into the
true sustainability performance of UHPC systems. Such an expanded boundary analysis
could form the basis of future research focusing on the life-cycle implications of curing
regimes and cement replacement strategies in UHPC.

5. Discussion
The results indicate that incorporating 20% LP as a cement replacement in UHPC

influences both mechanical and durability performance through a combination of physical
and chemical mechanisms. The modest reductions in compressive, tensile, and flexural
strengths observed can be attributed primarily to the dilution effect, wherein partial replace-
ment of reactive clinker phases (C3S and C2S) with relatively inert CaCO3 particles reduces
the quantity of hydration products such as calcium silicate hydrate (C–S–H) [26,50]. As a
result, the total binding phase volume and overall matrix strength decrease. This early-age
behavior is consistent with findings for composite Portland cements containing limestone
filler and calcined clays, where dilution dominates the initial hydration phase [22,26].

Despite this dilution, the fine LP particles act as microfillers and nucleation sites,
promoting the early precipitation of C–S–H and enhancing packing density within the
UHPC matrix [17,23]. The higher specific surface area and improved particle packing
reduce the volume of larger capillary pores, leading to a denser microstructure. At
later ages, limited chemical interactions between LP and the aluminate phases of cement
promote the formation of carboaluminate phases, particularly monocarboaluminate and
hemicarboaluminate [68,86]. These secondary products fill voids and refine the pore net-
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work, partially compensating for the reduction in C–S–H formation. Similar observations
of carboaluminate stabilization and microstructural densification with CaCO3 addition
have been reported in high-performance and blended cements by Huang et al. [86] and
Irassar E. F. [68].

The improved durability performance—including a lower charge passed in the RCPT
test, higher surface resistivity, and excellent freeze–thaw resistance—can be explained by
this refined pore structure. LP particles act as nucleation centers for C–S–H growth, which
reduces pore interconnectivity and limits ionic transport pathways [87,88]. The increased
electrical resistivity and reduced chloride penetrability suggest that LP incorporation
decreases both total porosity and the connectivity of capillary pores, consistent with earlier
microstructural analyses of limestone-containing UHPC [17,20]. Furthermore, finer pore
sizes lower the amount of freezable water in the matrix, mitigating hydraulic pressure
buildup during freezing cycles and thereby enhancing freeze–thaw durability [50,74].

In addition, LP improves matrix homogeneity and densifies the ITZ between paste
and fibers. A denser ITZ reduces stress concentrations during mechanical loading and
minimizes microcrack initiation, which may help preserve ductility and toughness despite
slight reductions in ultimate strength [54,55].

Overall, using 20% LP in UHPC creates a balance between chemical and physical
effects. Replacing part of the cement reduces the amount of hydration products, which
slightly lowers strength, but the LP particles help fill voids, improve particle packing, and
make the internal structure denser. This denser structure improves durability by reducing
the pathways for water and ions to move through the concrete. As a result, LP-modifi0ed
UHPC maintains strength while showing better resistance to chloride penetration and
freeze–thaw damage. These outcomes align with previous studies on limestone-based
high-performance concretes [17,42,43,67] and show that improving the microstructure—
rather than depending only on binder reactivity—is key to achieving high performance
and sustainability in UHPC.

6. Conclusions
This study evaluated the influence of partial cement replacement with LP on the

fresh, mechanical, durability, and microstructural properties of UHPC. The results indicate
that LP acts predominantly as an inert filler and hydration nucleation site, improving
particle packing and enhancing mix workability without significantly affecting compressive
strength. At a replacement level of 20%, LP improved flow by reducing internal friction
and promoting better fiber dispersion, leading to a denser, more homogeneous matrix.

A moderate reduction in compressive, tensile and flexural strengths was observed
at higher LP content, primarily due to dilution of reactive clinker phases. However,
the mechanical performance remained within the range typical for UHPC applications,
as microstructural refinement and filler effects partly compensated for reduced binder
reactivity. The addition of LP also reduced both autogenous and drying shrinkage. The
observed reduction in autogenous and drying shrinkage for UHPC mixtures with 20% LP
may be linked to the lower heat evolution during hydration [23] and the refinement of
the pore structure caused by the filler effect of LP. These mechanisms have been described
in previous studies on limestone-modified cement systems by De Weerdt et al. [89] and
general review on SCM by Juenger and Siddique [90]. Enhanced resistance to chloride
ion penetration and freeze–thaw cycles further support the development of a dense and
stable ITZ.

From a sustainability perspective, LP incorporation significantly reduces cement
consumption and associated CO2 emissions while maintaining the desired balance between
strength, durability, and dimensional stability. Overall, replacing up to 20% of cement
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with LP provides an optimal synergy between performance and environmental efficiency,
confirming LP as a viable material for producing cost-effective and sustainable UHPC.
Future research should explore long-term shrinkage evolution and durability mechanisms
to further advance LP-modified UHPC for infrastructure applications.
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