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The durability of high-performance concrete (HPC) in marine environments under freeze-thaw
cycles is critically governed by the Interfacial Transition Zone (ITZ). This theoretical article analyzes
the ITZ's role as the preferential pathway for chloride ingress and the nucleus for micro-crack initia-
tion. We argue that the synergistic degradation, where freeze-thaw damage accelerates ionic
transport and vice-versa, is primarily facilitated through this interfacial region. The discussion
establishes a framework for enhancing durability by engineering a densified ITZ through optimized
particle packing and ultra-fine supplementary cementitious materials. Consequently, a paradigm
shift towards explicitly modeling and designing the ITZ microstructure is essential for predicting
and extending the service life of marine concrete infrastructure in cold climates.
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POJIb KOHTAKTHOM 30Hbl B OBECMEYEHUM AONTOBEYHOCTU BbICOKOKAYECTBEHHOIO
BETOHA B YC/I0BUAX MOPCKOM CPEAIbl U LIUK/IMYECKOTO 3AMOPAMUBAHUA
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LonzoseyHocmes 8bICOKOKaYecmeaeHHbix bemoHos (BKE) 8 mopckoli cpede 8 ycano8usax YuK-
/IUYeCcKo20 3aMOPAXCUBAHUA U OMmmMaAueaHus 8 pewaroujeli cmeneHu onpeodensemca cOCmosHUem
KOHMaKkmHol 30Hsb! (ITZ) mexdy ueMeHmMHbIM KaMHeM U 3arosaHumenem. B 0aHHol meopemuye-
cKoli cmambe aHanAu3upyemcs posb KOHMAKMHOU 30HbI KOK MPeumMmyu,ecmeeHH020 nymu rpoHUK-
HOBeHUA Xxn1opudos u o4aza obpa3o8aHUA MUKpompeuw,uH. Aemopel 060CHOBbIBAOM, YMO CUHEP-
2emuyeckasn 0e2padayus, npu Komopol Mopo3Has 0ecmpyKUyusa ycKopsem rnepeHoc UOHO8 U Haobo-
pom, npoucxooum npeumMmyuwecmeeHHo Yyepes smy mexgasHyro obaacms. B pabome cpopmupo-
80HA KOHUeENuusA nosbiueHus 00a1208€4HOCMU 30 CHEeM HAMpasneHHo20 MpoeKkmuposaHus yraom-
HeHHOU KOHMAKMHoU 30HbI Mymem onMmuMuU3ayuu epaHyMmempuu (yrnakoeku yacmuy) u npumeHe-
HUA ynAbmpaoucrnepcHbix MUHepanbHbix 006ae8oK. CoesnaH 8b6i1800 0 MOM, YMoO rnepexod K A6HOMY
MOOenuUPOBAHUIO U MPOEKMUPOBAHUK MUKPOCMPYKMYpPbl KOHMAKMHOU 30Hbl Heobxo0um 04
MpPO2HO3UPOBAHUSA U NMNPOOAeHUA CPOKA CAyHbbl MOPCKUX 2UOPOMEXHUYECKUX COOpyHceHull 8 ycno-
BUSAX X0M00H020 Kaumama.

Knrouessble cnoesa: svicokoKayecmaeHHbili 6emoH (BKB), koHmakmHasa 30Ha (ITZ), 0oneosey-
HOCMb, MOPCKAA cpeda, UUK/bl 3aMOPAXUBAHUA U OMMAuBaHUs, NMPOHUKAHUE X/10pudos, MUKpPO-
CmpyKmypa, MuHepanbHsie 006a8KuU, CUHepaemu4ecKkas 0e2padauus, MooenauposaHUe CPOKA CryHObI.
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Introduction. The durability of marine and coastal infrastructure in cold climates repre-
sents a significant challenge for modern civil engineering. These structures are subjected to a syner-
gistic degradation process involving penetrating chloride ions, sulfate attack, and the physical
stresses of freeze-thaw (F-T) cycles. While High-Performance Concrete (HPC), characterized by its
low water-to-binder ratio and resultant low permeability, is the material of choice for such demanding
applications, its long-term integrity is not guaranteed [9, p. 562]. A critical, yet often overlooked,
determinant of its durability is the Interfacial Transition Zone (ITZ) — a thin region of cement paste
surrounding aggregate particles. Historically identified as the «weak link» in conventional concrete
due to its higher porosity and oriented crystal structure, the ITZ's role in HPC requires re-evaluation.
This article posits that even in HPC, the ITZ remains a preferential pathway for deleterious agents
and a nucleus for damage initiation under combined marine and F-T exposure [5, p. 3517-3519].
The aim of this theoretical analysis is to synthesize existing research and propose a conceptual
model elucidating how the microstructure of the ITZ governs the degradation kinetics of HPC in
these aggressive conditions.

Main body. The formation and characteristics of the ITZ in conventional concrete are well-
understood, primarily resulting from the «wall effect» of the aggregate surface, which leads to
a local increase in water-to-cement ratio and the subsequent formation of a porous, micro-
cracked interface rich in oriented calcium hydroxide (CH) crystals [6, p. 199-200]. However, in
High-Performance Concrete, this paradigm is fundamentally altered. The use of low water-to-
binder ratios and high-range water-reducing admixtures minimizes water film thickness and particle
segregation, thereby producing a denser and more homogeneous ITZ with a significantly reduced
width. Furthermore, the incorporation of supplementary cementitious materials (SCMs) such as
silica fume and metakaolin induces a profound microstructural transformation [8, p. 106275].
These ultra-fine particles act both physically, by packing the interstitial spaces between cement
grains near the aggregate, and chemically, through pozzolanic reactions that consume the weak
CH crystals to form additional strengthening calcium-silicate-hydrate (C-S-H) gel. Consequently,
the ITZ in well-designed HPC evolves from a weak boundary into a densified, less permeable region
that more closely resembles the properties of the bulk cement paste, though it may still retain
a distinct, albeit improved, microstructure [7, p. 453].

The degradation of HPC in a combined marine and F-T environment can be conceptualized
as a multi-stage process initiated and propagated at the ITZ. The first stage involves the preferen-
tial transport of aggressive ions, where the ITZ, despite its improvement in HPC, still acts as the
primary conduit for the ingress of chloride and sulfate ions from seawater. The interconnected
pore network within the ITZ facilitates faster diffusion and capillary suction compared to the denser
bulk paste. The second stage is the synergistic initiation of damage, where two key mechanisms
interact. During freeze-thaw cycles, the cryo-suction of water into the ITZ's capillaries generates
hydraulic pressures upon freezing, leading to the nucleation of microcracks specifically within this
vulnerable zone [1, p. 167]. Concurrently, chlorides migrating along the ITZ rapidly reach the steel
reinforcement, depassivating the surface and initiating corrosion. This leads to a critical positive
feedback loop: the microcracking from F-T cycling increases the permeability of the ITZ, which in
turn accelerates the ingress of chlorides and sulfates [11, p. 329]. The resulting corrosion products,
which have a larger volume than the original steel, exert expansive stresses, while sulfate crystalli-
zation within the newly formed cracks further propagates them [3, p. 107753]. This synergy relent-
lessly degrades the ITZ, transforming it from a mere transport pathway into a zone of active dete-
rioration, ultimately compromising the composite integrity of the concrete and leading to surface
scaling, spalling, and a loss of structural serviceability.
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Discussion. The preceding analysis underscores that the long-term performance of high-
performance concrete in aggressive environments is not solely a function of the bulk matrix but is
critically governed by the quality of the Interfacial Transition Zone. Consequently, mix design must
evolve from a focus on general composition to the targeted engineering of this interfacial region.
The foundational principle for optimizing the ITZ lies in mitigating its inherent weaknesses — high
initial porosity and chemical vulnerability [4]. This can be achieved through a multi-scale approach
that first addresses particle packing. By optimizing the granular skeleton, including the selection of
well-graded fine and coarse aggregates, the phenomenon of water accumulation at the aggregate
surface — the primary cause of a porous ITZ — is minimized. This physical densification is then pro-
foundly enhanced by the strategic incorporation of ultra-fine supplementary cementitious materials
[10, p. 123472]. Materials such as silica fume and metakaolin act synergistically; their fine particles
physically occupy nano-scale pores within the ITZ, while their pozzolanic reactivity consumes the
portlandite crystals, which are both soluble and poorly structured, replacing them with durable
calcium-silicate-hydrate gel [2, p. 142405]. This chemical transformation effectively eliminates the
weak phase and homogenizes the microstructure between the aggregate and the bulk paste. Fur-
thermore, the rheology of the fresh concrete must be carefully controlled through superplasticizers
to ensure a cohesive mix that prevents particle segregation and bleeding, which can re-create
a weak boundary layer.

From a predictive modeling perspective, these microstructural improvements necessitate
a refinement of existing service-life models. Traditional chloride diffusion models that treat concrete
as a homogeneous medium may significantly overestimate durability. A more accurate approach
would require multi-phase models that explicitly represent the ITZ as a distinct, albeit densified,
phase with its own transport properties, acknowledging that its enhancement shifts the rate-
limiting step of degradation from the ITZ itself to the bulk paste [12, p. 111348]. Future research
should therefore pivot towards advanced micro-mechanical and chemo-physical modeling, vali-
dated by nano-indentation and high-resolution microscopy, to quantitatively link specific ITZ proper-
ties to macroscopic durability factors, ultimately enabling the rational design of next-generation
concrete with predictable performance in the harshest environments.

Conclusion. In conclusion, this theoretical analysis has established that the Interfacial Tran-
sition Zone remains a critical and deterministic factor for the durability of High-Performance Con-
crete exposed to the synergistic degradation of marine environments and freeze-thaw cycles.
While the low-permeability matrix of HPC provides a robust first line of defense, the ITZ persists as
the preferential pathway for the ingress of deleterious ions and the nucleus for micro-crack initia-
tion. The proposed conceptual model illustrates a vicious cycle of degradation where freeze-thaw
action and chloride penetration mutually reinforce each other, with the ITZ serving as the primary
locus for this damaging synergy. Consequently, the strategic densification of the ITZ through the
use of ultra-fine supplementary cementitious materials and optimized mix designs is not merely
a supplementary improvement but a fundamental prerequisite for disrupting this cycle and achieving
long-term durability. By effectively transforming the ITZ from a weak boundary into a strengthened,
less permeable interface, its role as the Achilles' heel of the composite can be mitigated. There-
fore, a paradigm shift towards the explicit microstructural engineering of the ITZ, supported by
advanced multi-phase modeling, is essential for the development of concrete infrastructures with
predictable and enhanced service lifespans in the most demanding climatic conditions.
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