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Abstract

Limestone calcined clay cement (LC3 or LC3) is a promising low-clinker and potentially
economical binder that combines Portland clinker, calcined clay, limestone and gypsum
in a chemically synergistic system. This review critically synthesizes published studies
on the mechanical and durability performance of LC3 concrete, focusing on compressive,
tensile and flexural strength, stiffness-related properties, water transport, chloride ingress,
carbonation, sulfate attack, alkali–silica reaction, freeze–thaw resistance, shrinkage, crack-
ing and reinforcement-corrosion-related durability. The literature shows that optimized
LC3 concrete can achieve comparable 28-day compressive strength to OPC concrete and
often provides improved chloride resistance through pore refinement, increased tortuosity,
C-A-S-H formation and carboaluminate phases. However, important gaps remain in car-
bonation, corrosion, RCPT-based durability assessment, long-term concrete-scale behavior,
shrinkage, creep, cracking and combined exposure conditions.

Keywords: limestone calcined clay cement; LC3; LC3 concrete; mechanical properties;
durability; chloride resistance; carbonation; corrosion; shrinkage; low-carbon concrete

1. Introduction
Concrete must satisfy two simultaneous requirements: it must develop sufficient

mechanical capacity for structural use, and it must remain durable under the exposure
conditions expected during service. Ordinary Portland cement (OPC) concrete has been
optimized for more than a century, but its high clinker content is associated with high carbon
dioxide emissions [1]. Limestone calcined clay cement (LC3) has emerged as a practical
low-clinker binder because calcined clay and limestone are more widely available than
many conventional supplementary cementitious materials, and because their combination
produces useful chemical and microstructural effects. The typical LC3 concept uses clinker,
calcined clay, limestone and gypsum, often near a 50% (clinker), 30% (clay), 15% (limestone)
and 5% mass gypsum proportion, although many concrete studies adjust this proportion
according to clay reactivity, strength class, workability and sulfate balance [1–5].

LC3 has become one of the most realistic low-clinker alternatives because it uses
calcined clay and limestone, two raw materials that are more widely available than several
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traditional supplementary cementitious materials. The binder is also potentially economical
where suitable clay and limestone are locally available, because clinker substitution can
reduce fuel demand, limestone calcination and clinker production costs [1,6,7].

The performance of LC3 depends on a set of coupled reactions. Clinker hydration
produces calcium silicate hydrate (C-S-H) and portlandite. Calcined kaolinitic clay, mainly
through its metakaolin fraction, reacts pozzolanically with portlandite and contributes
alumina and silica to form C-A-S-H type hydrates. Limestone is not only a filler; it also
provides carbonate that reacts with alumina to form hemicarboaluminate and monocar-
boaluminate, while gypsum regulates sulfate availability and ettringite formation [1,2,4–7].
The resulting microstructure can become finer and less connected than OPC concrete, which
is one reason for the frequently reported improvement in chloride resistance [8–13].

Despite this progress, a review focused only on LC3 works is no longer suf-
ficient. Several recent reviews already describe LC3 chemistry, raw materials and
sustainability [6,7,14–16]. In addition, systematic reviews have already addressed material
factors governing mechanical performance [3]. Experimental evidence at mortar and con-
crete scale also shows that limestone–calcined clay systems should be evaluated through
engineering properties such as strength development, transport resistance and carbonation
behaviour, rather than through binder chemistry alone [17]. Experimental and review
evidence further shows that LC3 performance must be interpreted across several scales,
from mortar and concrete engineering properties [17] to binder-scale phase evolution and
pore refinement [18], and finally to broader production, mixture-design, durability, eco-
nomic and future-research considerations [19]. The present review therefore takes a more
focused and practical position: it reviews LC3 concrete specifically through the combined
lens of mechanical properties and durability. It asks which performance claims are well
supported, which are still weak, and what experiments are still needed for LC3 concrete to
be confidently used in durable concrete applications. Life cycle assessment, standards and
service-life modeling are mentioned only briefly where they support future research needs;
they are not the main scope of this paper.

2. LC3 Production Route and Distinction from Related Binders
LC3 is usually produced by combining Portland clinker, calcined clay, limestone

and gypsum. In the common LC3-50 concept, the binder contains approximately 50%
clinker, 30% calcined clay, 15% limestone and 5% gypsum by mass, although the optimum
proportions depend on clinker mineralogy, clay reactivity, limestone purity, fineness, water
demand and sulfate balance [1–3,20–22].

The calcination step is central. Raw kaolinitic clay is heated to transform kaolinite
into a more reactive metakaolin-rich material. If the clay is under-calcined, the kaolinite is
not sufficiently activated. If it is over-calcined, recrystallization and loss of reactivity may
occur. Therefore, the production route must control both temperature and residence time,
not only the nominal clay percentage [2,23,24].

LC3 should also be distinguished from related binders. OPC is mainly clinker plus
gypsum. PPC or conventional blended cement is Portland cement blended with a poz-
zolan, often fly ash, but it does not necessarily use the designed calcined clay–limestone
synergy that characterizes LC3. Geopolymer and alkali-activated binders are different
again: they depend on alkaline activators and aluminosilicate gel formation rather than
ordinary Portland-clinker hydration [6,20,25,26]. Table 1 clearly distinguishes between
concrete types.
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Table 1. Binder terminology.

Binder Main Concept Reaction Basis Why Bring Here

OPC Portland clinker with
gypsum

Clinker hydration produces
C-S-H and portlandite.

Reference system for
strength and

durability comparison

PPC (blended cement) Portland cement blended
with a pozzolanic material

Clinker hydration plus
pozzolanic reaction.

Useful comparison, but not
the same designed
limestone-calcined

clay synergy.

LC3 Portland clinker + calcined
clay + limestone + gypsum

Clinker hydration, metakaolin
pozzolanic reaction and

carboaluminate formation.
Main focus of this review.

Geopolymer
(alkali-activated binder)

Aluminosilicate precursor
activated by

alkaline solution

Alkali activation and gel
formation; not ordinary

Portland hydration.

Mentioned only to avoid
terminology confusion.

3. Fresh Properties and Admixture Compatibility as Practical
Mechanical Barriers

Fresh performance is not a secondary issue for LC3 concrete because workability
controls compaction, segregation resistance, aggregate packing, fiber dispersion, surface
finishing and ultimately mechanical and durability performance. Calcined clay often
increases water demand because of high specific surface area, layered morphology and
water absorption, while limestone can improve packing and nucleation but cannot fully
remove slump-loss problems [7,16,24,26,27].

PCE (Polycarboxylate Ether) superplasticizers are widely used for LC3, but their
effectiveness depends on adsorption competition, clay mineralogy, sulfate content, ionic
environment and early surface area creation. Rapid flow loss and thixotropic build-up may
be useful for 3D printing or buildability, but they are problematic for ready-mix concrete
transport and placement [6,24,26–28].

The practical gap is therefore to develop LC3-specific admixture strategies rather
than simply increasing the dosage of OPC (Ordinary Portland Cement) based admixtures.
Future studies should report slump retention, rheology, PCE saturation dosage, temperature
sensitivity, mixing sequence and robustness under realistic batching conditions, because
fresh state instability can hide otherwise good binder chemistry [6,7,16,29].

4. Mechanical Properties of LC3 Concrete
Compressive strength is the best documented mechanical property of LC3. Many LC3

concretes show lower or more variable 1- to 3-day strength than OPC because of clinker
dilution and early pozzolanic kinetics, but optimized LC3 mixtures can match or exceed
OPC at 7 and 28 days when the clay is sufficiently reactive, sulfation is appropriate and
workability is controlled [1,4,6,13,30].

The role of clay reactivity is clear but not one-dimensional. About 40% kaolinite in
calcined clay can be sufficient for LC3-50 (50 is clinker factor, meaning 50% is clinker and
another 50% consists of the rest of the materials) strength comparable to OPC in some
systems, yet strength also depends on clay impurities, calcination degree, fineness, clinker
composition, limestone content, curing temperature and water demand. This means that
kaolinite content is an important screening index but cannot be the only acceptance criterion
for LC3 concrete [2,6,23,31,32].
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In a direct comparison of M40 (strength of concrete, meaning a mix of concrete that
can achieve compressive strength of 40 MPa) concretes, LC3 concrete achieved higher 7-day
and 28-day compressive strength than both OPC and PPC (Portland Pozzolanic Cement)
concretes; the reported 28-day values were approximately 54.6 MPa for LC3, 49.2 MPa
for OPC and 48.7 MPa for PPC [30]. This result supports the view that LC3 can perform
at the concrete scale, although the study was short and did not provide detailed clay
characterization or microstructural evidence.

Studies using regional clays confirm both the potential and the risk of local LC3
production. Saudi clays, marine clays and other low- to medium-grade clays can produce
useful LC3 concretes, but strength and durability vary with CaO content, calcite impurities,
reactive alumina, particle size and calcination regime. These findings support regional LC3
development, but they also show that local raw materials need systematic characterization
before being used in structural concrete [6,16,32–34].

Longer-term studies also show that LC3 systems may continue gaining strength
beyond 28 days because pozzolanic and carboaluminate-forming reactions continue. For
example, recycled aggregate concrete incorporating LC3 showed lower early strength at
50% replacement but reduced its strength gap by 300 days, while maintaining much better
chloride resistance than OPC-based recycled aggregate concrete [35]. Fly-ash-modified
limestone calcined clay systems also indicate that replacement of part of calcined clay with
fly ash can improve workability without severely reducing long-term strength or chloride
resistance [30].

Nevertheless, compressive strength is not universally improved. Low-grade clays,
insufficient kaolinite, under-calcination, high replacement level, inadequate sulfate bal-
ance and high-water demand can reduce strength. Low-grade marine clay LC3 showed
acceptable but approximately 25% lower 28-day mortar strength than OPC, while still
showing excellent chloride diffusion resistance [34]. This demonstrates a central point for
this review: LC3 mechanical performance and durability do not always improve together,
and the evaluation of LC3 concrete should not rely on compressive strength alone.

Tensile and flexural behavior of LC3 concrete is less developed than compressive
strength. Some studies report comparable split tensile strength to OPC and improved
flexural strength in selected LC3 mixtures [30]. However, the evidence remains limited
because fracture behavior, crack patterns, crack width, statistical variation and links with
microstructure are not always reported. This is important because tensile and flexural
properties directly affect cracking, serviceability and durability. Even when LC3 concrete
reaches adequate compressive strength, shrinkage cracking or low tensile strain capacity
can create pathways for chloride, CO2, water and sulfate ingress. Future studies should
therefore report split tensile strength, flexural strength, fracture energy and crack-width
development together with durability results.

Some LC3 concrete and LC3-ECC systems report promising tensile, flexural and strain
hardening behavior, but the evidence is smaller, more specialized and often linked to fiber
reinforced systems rather than ordinary reinforced concrete. A structural review should
therefore identify tensile and flexural behavior as a remaining gap, not as a fully solved
property [4,36–39].

Elastic modulus, bond strength, fracture energy, creep and shrinkage are less consis-
tently reported in the LC3 concrete literature. This is a serious limitation for structural
applications because these properties influence deflection, cracking, prestress loss, re-
straint stress and long-term serviceability. Some LC3 studies on engineered cementitious
composites and fiber-reinforced systems suggest that LC3 can be incorporated into ductile
composites, but these are specialized systems and cannot be directly generalized to ordinary
structural concrete [37,40].
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Shrinkage deserves special attention because LC3 pore refinement can increase
capillary stresses and self-desiccation, especially in low water/binder mixtures. Sul-
fate level, curing, internal water availability and admixtures can also change shrinkage
behavior [41,42]. The literature therefore needs more studies that combine mechanical
testing with drying shrinkage, autogenous shrinkage, restrained shrinkage, creep and
crack-controlled durability.

Bond with reinforcing steel, fracture energy and crack width control are underrepre-
sented compared with compressive strength. This is important because structural design
depends not only on cube or cylinder strength but also on stiffness, deformation compati-
bility, crack spacing, reinforcement bond and post-cracking behavior [4,6,19,39].

Shrinkage and creep remain mixed and system-dependent. Some LC3 systems show
lower creep or delayed shrinkage due to refined microstructure and binder composition,
while other systems show higher autogenous or drying shrinkage depending on water
demand, internal relative humidity, sulfation, clay fineness and curing. This makes shrink-
age/cracking a high-priority mechanical durability bridge topic [1,6,39,41,42].

5. Chemistry and Microstructural Basis of LC3 Performance
The standard LC3 concept is usually described as a ternary or quaternary binder

containing Portland clinker, calcined clay, limestone and gypsum. The best-known LC3-50
formulation contains about 50% clinker, 30% calcined clay, 15% limestone and 5% gypsum,
although the optimum composition depends on clinker mineralogy, clay reactivity and
sulfate demand [1,2,6,19,43].

In LC3 hydration, clinker supplies C-S-H and portlandite, calcined clay supplies
reactive silica and alumina, and limestone supplies carbonate and filler/nucleation surfaces.
The reaction between alumina and carbonate produces AFm (Al2O3Fe2O3mono) type
carboaluminate phases, while the pozzolanic reaction of metakaolin consumes portlandite
and contributes to C-A-S-H type hydrates [5,18,19,29,44].

The durability advantage of LC3 is often attributed to pore refinement rather than
a simple reduction in total porosity. Studies using MIP, SEM, XRD, TGA and advanced
synchrotron microtomography show that LC3 can refine capillary pores and reduce pore
connectivity, which is directly relevant for chloride ingress, water transport and electrical
resistivity [4,10,11,18,45].

The sulfate balance of LC3 is central because the aluminate peak must be controlled
relative to silicate hydration; insufficient or unsuitable sulfate may accelerate aluminate
reactions, alter ettringite and carboaluminate formation, and affect early strength. Re-
cent work on sulfate optimization shows that different criteria (calorimetry, bound water,
strength and chemical shrinkage) may lead to different optimum SO3 contents, meaning
that LC3 cannot rely on one universal gypsum rule [16,20,21,41].

6. Chloride Resistance and Water/Ion Transport
Chloride resistance is the strongest and most repeated durability advantage of LC3

concrete. Multiple studies show lower chloride migration or diffusion than OPC and some
other blended cements, especially when calcined clay has adequate kaolinite content and
the pore structure is refined [4,10,12,13,32].

The mechanism of chloride resistance is not simply higher chloride binding. LC3 can
form AFm/carboaluminate phases that bind chloride, but several studies emphasize that
lower transport is mainly controlled by reduced pore connectivity, refined capillary pores,
increased tortuosity and higher electrical resistivity [10,11,18,46,47].

https://doi.org/10.3390/engproc2026161006

https://doi.org/10.3390/engproc2026161006


Eng. Proc. 2026, 161, 6 6 of 14

Chloride evidence must still be interpreted carefully because the rapid chloride per-
meability test (RCPT) is sensitive to electrical conductivity, pore solution chemistry and
resistivity, not only chloride diffusion. Chloride durability should therefore be supported
by migration/diffusion coefficients, bulk diffusion, chloride profiles, resistivity and, where
possible, natural exposure, rather than only RCPT charge passed [4,24,47–49].

LC3 has also been used to improve recycled aggregate concrete, where the porous old
mortar and weak Interfacial Transition Zone (ITZ) normally increase transport. LC3-based
recycled aggregate concrete studies indicate that pore refinement and matrix densification
can substantially reduce chloride migration while keeping strength losses modest, but
ITZ improvement and RCA (Recycled Concrete Aggregate) variability still need direct
microstructural and long-term validation [17,19,30].

7. Carbonation and Reinforcement Corrosion
Carbonation is the most critical durability uncertainty for LC3 concrete because the

same pozzolanic reaction that improves pore refinement also consumes portlandite. Re-
duced portlandite and lower alkaline reserve can reduce pH buffering and increase the risk
of carbonation-induced de-passivation of reinforcing steel [6,17,19,50,51].

The carbonation problem should not be over-simplified. LC3 may have lower per-
meability and higher resistivity, which can slow moisture and ionic transport and reduce
corrosion rate after de-passivation, but carbonation depth may still be higher than OPC
under some exposure conditions because of lower buffering capacity [12,50–53].

The important review gap is the interaction between carbonation and chloride ex-
posure. Real reinforced concrete structures are rarely exposed to only one deterioration
mechanism; marine, urban and deicing environments may combine chlorides, carbonation,
wet–dry cycling and cracking. Recent corrosion studies indicate that coupled carbonation–
chloride attack can change reinforcement corrosion mechanisms in LC3 systems, so com-
bined exposure must become a main future research direction [50–53].

For structural LC3 concrete, the question is not only whether carbonation depth is
higher or lower, but how much cover, curing quality, binder composition, w/b ratio and
exposure class are needed to keep reinforcement passive for the intended design life. This
is why carbonation should be presented as a remaining design challenge rather than a
reason to reject LC3 [6,12,19]. It is good to mention that a reliable LC3 concrete design
has to consider and connect different factors such as raw-material characterization, fresh-
state robustness, mechanical performance, durability, transport assessment and reinforced
concrete validation. Figure 1 emphasizes that good paste chemistry or high cube strength
alone is not sufficient for structural application; LC3 mixtures must also remain workable,
control cracking, resist aggressive transport and protect steel reinforcement under realistic
exposure conditions.

https://doi.org/10.3390/engproc2026161006
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Figure 1. Practical pathway for a reliable LC3 concrete.

8. Sulfate Attack, ASR, Freeze–Thaw and Other Durability Indicators
Sulfate resistance of LC3 is generally promising because lower portlandite content [3],

refined pores and altered AFm (monosulfate)/Aft (ettringite) phase assemblages can reduce
harmful ingress and expansive reactions. However, magnesium sulfate, external sulfate
combined with carbonation, and long-term transformations of carboaluminates require
more systematic work [6,7,19,21].

ASR mitigation is another promising durability area. LC3 can reduce alkali availability,
refine pores and modify pore solution chemistry, and experimental work has shown
reduced expansion in reactive aggregate systems. Still, the degree of mitigation depends on
replacement level, clay reactivity, alkalis, aggregate reactivity and test method [6,19,24,54].

Freeze–thaw durability and elevated-temperature performance are much less devel-
oped than chloride resistance. Available reviews report favorable or potentially favorable
behavior in some cases, but the data remain insufficient across air-void systems, scal-
ing salts, saturation levels, thermal cycles, high-temperature phase changes and post-fire
residual properties [6,7,16,24].

Water absorption, capillary absorption/sorptivity and permeability generally decrease
when LC3 produces effective pore refinement and lower pore connectivity. However,
these transport indicators are strongly influenced by curing quality, water-to-binder ratio,
aggregate grading, compaction and testing age. Therefore, they should not be interpreted as
isolated durability results but should be evaluated together with mechanical performance
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and microstructural evidence. Therefore, transport tests should be interpreted together
with mechanical results and microstructural evidence [4,11,30,32,35]. Table 2 summarizes
how strongly different durability properties are currently supported in the LC3 concrete
literature and highlights the main cautions that should be considered when interpreting
the available evidence.

Table 2. Relative maturity of durability evidence in LC3 concrete.

Durability Property Evidence
Maturity Typical Interpretation Caution for Review Writing

Chloride ingress High
LC3 usually shows lower chloride
transport (than OPC) due to pore
refinement and high resistivity.

Do not rely only on RCPT; use
diffusion/migration, chloride

profiles and resistivity.

Carbonation Medium/low
LC3 may carbonate faster because
of lower portlandite and alkaline

reserve.

Needs reinforced-concrete
validation.

Corrosion Low/medium High resistivity may slow corrosion
after initiation.

Needs cracked and reinforced
specimens under combined

chloride–carbonation exposure.

Sulfate attack Medium
Often promising due to lower

permeability and changed phase
assemblage.

Magnesium sulfate and
long-term field exposure remain

less clear.

ASR Medium
LC3 can reduce expansion through

pozzolanic reaction and pore
solution changes.

Aggregate reactivity and alkali
content must be considered.

Freeze–thaw/scaling Low Evidence is still limited. Needs air-void, salt-scaling and
cyclic saturation studies.

Elevated
temperature/fire Low Concrete-scale and residual

performance data are limited.
Needs post-fire mechanical and

microstructural validation.

9. Comparison of LC3 with Other Types of Concrete
Compared with OPC, the main advantage of LC3 is that it preserves Portland-cement-

type handling and hydration while reducing clinker content and improving some transport
properties. Compared with PPC or fly ash cement, LC3 can show faster early strength and
less dependence on coal fly ash availability, but it may require more careful workability
and sulfate control [1,4,6,19,30].

Compared with geopolymer or alkali-activated concrete, LC3 is usually more compati-
ble with existing cement standards, production lines and field practice because it remains a
Portland-clinker-based blended cement. Geopolymers may offer major CO2 reductions in
some contexts, but their activator chemistry, curing conditions, standardization and field
robustness differ strongly from LC3 [1,7,24,25].

For the present review topic, the OPC/PPC/geopolymer comparison should remain
short and functional. The central paper should not become a broad comparative binder
review; it should use the comparison only to clarify why LC3 is attractive and where its
mechanical-durability risks differ from those of OPC and other low-carbon binders [6,19,24].

This comparison is also supported by concrete-scale microstructural observations.
Mhene and Babafemi [55] examined PC and LC3 concretes after 28 days of water curing
using SEM–EDS. The PC concrete showed a dense and relatively well-compacted matrix
with limited microcracking Figure 2. The reported microcracks were attributed to early-age
moisture loss, plastic-shrinkage stresses and locally incomplete hydration. In comparison,
the LC3 concrete showed a densified matrix containing hydration products consistent
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with C–S–H, C–A–S–H, ettringite and carboaluminate phases Figure 3. These observations
support the role of LC3 hydration in matrix densification and pore refinement. However,
the SEM images provide qualitative local evidence only and should not be interpreted as a
quantitative comparison of the total porosity of PC and LC3 concretes.

Figure 2. SEM images of PC concrete after 28 days of water curing, adapted from Mhene and
Babafemi [55] (Figure 24).

Figure 3. SEM images of LC3 concrete after 28 days of water curing, adapted from Mhene and
Babafemi [55] (Figure 25).

10. What Has Been Done and What Remains Insufficiently Resolved
The literature has moved beyond proving that LC3 can hydrate and gain strength.

Strong evidence now exists for clinker reduction, carboaluminate formation, pore refine-
ment, OPC-comparable compressive strength in optimized mixes and improved chloride
resistance. The remaining challenge is to define robust performance envelopes for different
raw materials, climates, exposure classes and structural applications [1,4,6,16,19].

The largest imbalance in the literature is between compressive strength/chloride
resistance and the rest of structural durability. Tensile strength, flexural strength, elas-
tic modulus, creep, shrinkage, bond, fracture, cracking, carbonation-induced corrosion,
combined chloride-carbonation exposure, freeze–thaw, fire and field exposure remain
substantially less mature [6,35,41,42,51].

Another issue that remains insufficiently resolved is quality control. R3 and other reac-
tivity tests are useful for calcined clays, but they do not directly guarantee concrete strength,
workability, carbonation resistance or long-term durability. Industrial LC3 needs rapid,
reliable and practical quality-control tools that link raw clay properties and calcination
degree to concrete-scale performance [6,19,22,23,31].
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Evidence Basis for the Identified Research Gaps

The gaps in this review are treated as evidence-supported limitations rather than
absolute claims that no study exists. They were derived by triangulating three types of
evidence: (i) recent state of the art and bibliometric reviews that identify underdeveloped
LC3 themes, (ii) primary experimental studies showing where results are concentrated
or limited, and (iii) methodological limitations in commonly used tests. Therefore, the
manuscript uses cautious wording such as “limited evidence”, “underexplored”, “not yet
fully resolved” and “requires further validation” instead of unsupported statements such
as “no research exists” [6,7,16,19,24,25,56].

This evidence table strengthens the manuscript because it shows that the identified
gaps are not based on personal opinion. The safer and more defensible interpretation is
that LC3 research is advanced in hydration, compressive strength and chloride transport,
but remains comparatively less mature in carbonation–corrosion coupling, full mechanical
characterization, fresh-state constructability, combined exposure, long-term field data and
reinforced concrete validation. This wording is appropriate for a critical review paper
and reduces the risk of overclaiming [4,6,16,19,24]. Table 3 shows the evidence-supported
justification of the main gap statements used in this paper.

Table 3. Evidence-supported justification of the main gap statements used in this review.

Gap Statement Used in the
Review Evidence Basis from Current Literature Why Does It Still Remain a Valid Gap/Safe

Interpretation

Compressive strength

LC3 studies report compressive strength more
often than tensile strength, flexural strength,
elastic modulus, fracture, bond, creep and

shrinkage [6,24]

The gap is an imbalance, not a total absence of
data. Future studies should report broader
mechanical properties under comparable

workability, curing and exposure conditions.

Chloride resistance is well
supported, but chloride

durability is not fully proven
by RCPT alone.

The [1,4,10] show LC3 often reduced chloride
transport due to pore refinement and lower
connectivity. However, electrical tests are

affected by pore solution conductivity.

Chloride durability should be confirmed using
migration/diffusion, chloride profiles,

resistivity, binding and corrosion-related
measurements, not only charge-passed values.

Carbonation and
reinforcement corrosion

remain critical
durability concerns.

Refs. [3,17,18,25,52,53] identify LC3 may have
lower portlandite and alkaline reserve, which

can affect carbonation resistance and steel
depassivation

Carbonation is not unstudied, but
reinforced-concrete corrosion under realistic
humidity, cover depth, curing and exposure

conditions still needs validation.

Fresh properties and
admixture compatibility are

practical barriers.

Refs. [6,7,16,26,27] report calcined clay can
increase water demand, slump loss, thixotropy

and PCE sensitivity because of its fineness,
morphology and surface area

More practical evidence is needed for
ready-mix production, pumping, slump
retention, temperature sensitivity and

admixture compatibility.

Paste and mortar mechanisms
are better established than

concrete and reinforced
concrete validation.

Refs. [6,19] Paste and mortar studies explain
LC3 chemistry well, while concrete-scale and

reinforced-concrete studies are fewer and more
variable [4,32,33]

The gap is scale transition: aggregates, ITZ,
curing gradients, cracking, reinforcement and

field exposure can change performance.

Long-term and combined
exposure data

remain limited.

Reviews and bibliometric studies show that
durability and rheology are less developed

than reactivity and mechanical-strength
studies [56]

More validation is needed for
chloride–carbonation, sulfate–carbonation,
freeze–thaw with salts, wet–dry cycles and

cracked concrete.

Low-grade and no
kaolinitic clays are
promising but still
difficult to predict.

Kaolinite content is important, but impurities,
amorphous content, calcination degree,
fineness and sulfate demand also affect

performance [2,6,16,34].

Clay suitability should be linked to concrete
strength and durability, not only to

kaolinite percentage.

Sulfate/gypsum
Optimisation is not

universal.

Sulfate demand depends on clay reactivity,
clinker chemistry, fineness, limestone and

target property [6,19–21,41]

Fixed gypsum contents are insufficient; sulfate
should be optimized using multiple criteria

such as setting, strength, shrinkage
and durability.
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11. Future Research Direction
Future LC3 concrete research should prioritize concrete-scale and reinforced concrete

evidence instead of repeating only paste and mortar optimization. Minimum future test
programs should include workability retention, compressive strength, tensile and flexural
strength, elastic modulus, shrinkage, creep, chloride diffusion or migration, carbonation
depth, resistivity, corrosion initiation and corrosion rate [4,17,38,52,53].

The most urgent durability experiments should study combined exposure: chloride
plus carbonation, sulfate plus carbonation, chloride plus wet–dry cycles, freeze–thaw plus
deicing salts, and cracked reinforced specimens. These combinations are more realistic
than single-ion tests and will determine whether the excellent chloride resistance of LC3 is
sufficient to compensate for carbonation-related risks [25,48,52–54].

Future mix-design studies should move from one ideal clay and one ideal limestone
to regional design frameworks. Such frameworks should connect kaolinite content, amor-
phous content, clay impurities, calcination conditions, limestone purity, gypsum demand
and admixture dosage to target performance classes [2,3,6,23,32,34].

Finally, LC3-specific admixtures and curing strategies should be developed. Water
demand, slump loss and thixotropy can reduce field quality, while curing affects hy-
dration, shrinkage and carbonation; therefore, practical recommendations must include
mixing sequence, PCE type, PCE dosage, curing duration, early age temperature and
finishing/placement constraints [7,16,26,27,29].

12. Conclusions
LC3 concrete is no longer only a laboratory concept; it is a technically credible low-

clinker binder system supported by strong evidence on hydration synergy, pore refinement,
compressive strength and chloride resistance. The main performance mechanism is the
combined action of metakaolin pozzolanic reaction, limestone filler/nucleation effects and
carboaluminate formation.

The strongest performance claim that can be made today is that optimized LC3 concrete
can achieve OPC-comparable compressive strength and substantially improved resistance
to chloride transport, especially when clay reactivity, fineness, sulfate balance, curing and
admixture dosage are well controlled.

The most important limitation is carbonation and its interaction with steel corrosion.
LC3 can reduce permeability and increase resistivity, but it can also reduce alkaline reserve;
therefore, carbonation-induced de-passivation and coupled carbonation–chloride corrosion
must remain central research questions before LC3 is used broadly in reinforced concrete
exposure classes.

The main novelty of this review is to frame LC3 not only as a low-carbon binder or as
a collection of material-related factors, but as a complete mechanical–durability system. Its
practical success depends on whether LC3 concrete can provide reliable strength, transport
resistance and reinforcement protection under realistic structural conditions. Therefore,
future research should move beyond paste, mortar and uncracked concrete specimens and
should include long-term concrete-scale studies on cracked LC3 concrete and reinforced
LC3 concrete elements. This is particularly important because cracks can accelerate the
ingress of chloride ions, CO2, moisture and sulfate (cracks can allow chloride, CO2, water,
and sulfate to enter faster), while the presence of steel reinforcement makes corrosion resis-
tance a decisive performance requirement (durability is not only about concrete strength; it
is also about whether the steel reinforcement is protected from corrosion). Such studies
are needed to translate LC3 hydration chemistry and pore refinement into practical design
recommendations for durable reinforced concrete structures.
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