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SERVICE PERFORMANCE OF CRACK REPAIR IN CONCRETE
TRANSPORTATION AND CIVIL INFRASTRUCTURE UNDER
SEVERE CONTINENTAL CLIMATES: A CRITICAL REVIEW
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Abstract. Concrete crack repair in transport and civil infrastructure is governed by
defect cause, moisture, movement, installation conditions and retained interface function, not
by product strength alone. Severe continental service adds cold application, saturation,
freeze—thaw, deicing salts, thermal movement, abrasion and traffic loading. This targeted
critical evidence review considered 60 sources published in 2000-2026: 51 peer-reviewed
papers and nine standards, agency reports or official sources. The corpus comprised a 45-
source core and 15 DOI-verified records added through a focused regional, coupled-exposure
and 2026 update. Evidence was coded by repair function, application variables, outcome,
validation scale and direct or supporting role; incompatible tests were not pooled. Stable
structural cracks may justify low-viscosity rigid injection, whereas water-bearing or moving
cracks require leakage- or movement-oriented systems. Within individual studies, gravity-
filled epoxy reduced the compressive-strength deficit to 8.23%, low-viscosity epoxy produced
a 25% greater slant-shear response than a high-viscosity comparator, and low-temperature
epoxy pre-curing increased wet bond by up to 34.3% while reducing cured-resin shrinkage by
12.0%. Direct coupled abrasion-freeze-thaw and bond-deterioration studies confirm that
initial strength cannot represent retained interface performance. A threshold-based selection
framework is proposed, but it remains an author-developed framework requiring prospective
validation. Regional field comparisons, long-duration conditioned interfaces and monitored
pilot repairs remain priority gaps.

Keywords: crack diagnosis, injection viscosity, repair-substrate interface; freeze-thaw;
deicing salts; bridge-deck preservation, performance-based selection.
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oJIY MAKAJIA

KYPT KOHTUHEHTTIK KJIUMAT KAFJAUBIHIA KOJIIK
/KI9HE ASAMATTBIK NHO®PAKYPbBIJIBIM HbBICAH/IAPBIHBIH
BETOH KOHCTPYKIUAJTAPBIHAAT'BI ) KAPBIKTAP/IbI
"KOHAEYJIH NAUJAJIAHY TUIMJILIITT: CBIHA IIOJY

N. Tammyxan0eToBa ©®

«Xansikapanslk 0i7imM 6epy kopnoparusicen» JKIIIC, 050043, Anmatsl, Kazakcran

Anoamna. Konix owcone azamammoulk UHGPAKYPLLILIMOGARLL OEMOH  HCAPLIKMAPIH
JHCOHOeY OHIMHIN OepikmiciMen &ama emec, aKayowly cebebi, blial, KO32aabliC, OPbIHOAY
Hcazo0alnapvl  JHcoHe  MyUicy QYHKYUACHLIHbIY — CAKMATYybiMeH —aHblkmanaosl. Kamawy
KOHMUHeHMMIK ~ opma  CYbIKMAd — OpblHOAY,  KAHbl2y,  My30amy—epimy,  my30ap,
memnepamypaiblK Ko32aublC, KANCALY HCIHe KOJIK dcykmemecin Oipikmipedi. 2000-2026
arceinoapoazvl 60 depexkeosee (51 peyeHzusananean Heymoic gncane 9 cmanoapm, pecmu Hemece
8€00MCMBONBIK, KYHCAN) MAKCAMMblL CoIHU MAN0A) HCYp2i3inoi. 45 depekkozoen mypamovit
bacmankbl Kopnyc 6HIplix, keulenoi acep ocone 2026 ocviievr 15 DOI-mexcepineen
arcazbamer mMoabiIKMulpuliobl. Typakmel KYpblIbIMObIK HCAPLIKMAD YUWLH MYMKbIPIbIbL
memMeH Kammbvl UHbeKyus He2i30i 00nybl MYMKIH, all CYIAH2AH Hemece KO32aNdAmblH
HCAPLIKMAP CY ASLIHBIH HCIHE KO32ANbICMbL DAKbLIAY2A OAbIMMANAH HCylenepol Kaxcem
emedi. JKekenecen 3epmmeynepoe snoxkcuo Oepikmix manwubinvievin 8,23%-2a Oetiin
asaummsl, MYMKbIPIbIEbl MOMEH INOKCUO KON0ey blebicy Hamuicecin 25%-ea apmmulpovl,
moMen memnepamypaoa aiovlH aid Kamaumy bsli2anovl aoeesusnvl 34,3%-ea Oetiin
apmmulpoln, waivlp weyin 12,0%-ea memenoemmi. Lllexmi kepcemkiwumepee nezizoenzen
mayoay oicyleci  YCulHuLIObl, Oipak o1 6onaulakma meKcepilyi muic  asmopivik
myacoipbimoama 60avin maowiiaosl. OHIPAIK 0ANanblK CAlbICMbIPYIAP MeH Y3aK Mep3imoi
MYUICy CoIHAKMAapsl He2i32l ONKbLIbIK OO0NbIN KAIAObL.

Tyiinoi co3dep: Hcapvlk OUACHOCMUKACHL, UHLEKYUSLILIK MYMKLIPIbIK, HCOHOE)-He2l3
myuicyi; myzoamy—epimy, KOKMAUeakKa Kapcbl my30ap; Kenip mecemoepi;, nanuoaiauy
KepcemKiumepi OOUbIHWA MAHOA).
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OB30PHAS CTATHA

IKCINIYATAIHMOHHASA DO®EKTUBHOCTb PEMOHTA
TPEIIMH B BETOHHBIX KOHCTPYKIIUSIX TPAHCHOPTHOM
U TPAXKJIAHCKOUN UHO®PACTPYKTYPBI B YCJIOBUSX
PE3KO KOHTUHEHTAJBHOI'O KJIMMATA: KPUTUYECKUI
OB30P

H. TammmyxanOeToBa ©

TOO «Mexnynaponnas obpazoBatenbHas kopropanus», 050043, Anmatsl, Kazaxcran

Aunomayus. Pemonm mpewurn 6 0emoHHOU MPAHCNOPMHOU U 2PAACOAHCKOU
ungpacmpykmype onpeoensemcs He MOAbKO HPOYHOCMBIO NPOOVKMA, HO U NPUYUHOU
oeghexma, 61A*CHOCMbIO, NepeMeujeHUsMU, YCI08UAMU HAHECeHUS U COXPAHeHUeM QYHKYUU
KOHMAaKMmMHoU 30Hbl. Pe3ko KOHMUHeHMANbHas JIKCHAyamayus coyemaem XOJN0OHOe
HaHeceHue, HACbIWEHUE, 3AMOPANCUBAHUE—OMMAUBAHUE, NPOMUBO20JI0NE0Hble  COJU,
memnepamypHble nepemeweHus, UCmupanue u mpaHcnopmuule Hazpy3ku. Beinoanen yenegoti
kpumuyeckutl ananuz 60 ucmounurxos 2000-2026 22.: 51 peyenzupyemoii pabomul u 0egsamu
CManoapmos, 8e00MCMEEHHbIX UIU OPUYUATLHBIX OOKYMeHmos. Hcxoouvii kopnyc uz 45
ucmounuxos oonoaven 15 DOI-nposepennvimu 3anucamu pecuoHaiIbHO20, KOMNJLEKCHO-
9KCHO3UYUOHHO20 U 6PEMEHHO20 NOoucka. /[nsi cmaduibHublX KOHCMPYKMUBHLIX MPeujuH
Modicem ObImMb 0O00CHOBAHA HUBKOBAZKASL HCECMKASL UHBEKYUsL, M020d KaK 8000Hecyujue Uil
NOOBUMNCHbBIE MPEUJUHbl MPeOVIOm CUCMEM, OPUEHMUPOBAHHBIX HA 2ePMEMUYHOCb UTU
gocnpusmue nepemeweHull. B omoenvHbiXx uccre008anusx dMOKCUOHOe 3aNOIHeHue
YMeHbuuno degpuyum npourHocmu 00 8,23%, HU3K08A3KULL INOKCU0 0an Ha 25% oonvuyio
NPOYHOCMb NpU KOCOM Cpe3e;, HUKOmeMNnepamypHoe npeodsapumenbHoe OmeepiHcoeHuUe
NOBBICUNIO BLANCHYIO adze3uto 00 34,3% u cuusuno ycaoky cmonvl na 12,0%. Ilpeonoscena
nopo2osas cucmema 6blOopa, 0OHAKO OHA AGIAEMCS A8MOPCKOU Konyenyuel u mpebyem
nepcnekmueHol eanudayuu. Ilpuopumemmuvivu npoberamu oCmaromcs pe2UuOHAIbHble
noziesvie CpasHeHus:, OIUmebHble UCNbIMAHUS KOHOUYUOHUPOBAHHOU KOHMAKMHOU 30HbL U
MOHUMOPUHS NUTOMHBIX PEMOHMOS.

Knioueswle cnosa: ouacnocmuxa mpewjut,; UHbeKYUOHHAS 63KOCMb, KOHMAKMHASL 30HA
PEMOHMA, 3aMOPANCUBAHUE-OMMAUBAHUE, NPOMUBO20IONEOHBIE CONU; MOCHMOBbIEe NIAUMbL,
8b100P NO IKCNILYAMAYUOHHBIM NOKAZAMENAM.
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1 INTRODUCTION

Crack repair is a decision problem before it is a materials problem. A visible discontinuity may
be the stabilized residue of plastic or drying shrinkage, a leakage path driven by hydrostatic pressure,
a flexural crack that opens under traffic, a thermal joint behaving as an unintended hinge, or a
symptom of corrosion, settlement or alkali-aggregate reaction. Treating these conditions with the
same product merely because their surface widths appear similar risks sealing a symptom while
leaving the damage mechanism active. Repair guidance therefore requires the cause, activity,
structural significance and exposure of a crack to be established before an intervention is selected [1,
2, 3]. For concrete transport infrastructure, diagnosis must also account for reopening time, traffic
vibration, skid and abrasion demands, access constraints and the consequences of failure at the repair-
substrate interface.

The problem is intensified in severe continental climates. Repaired bridge decks, pavements,
tunnel portals, culverts and hydraulic structures may pass from sub-zero saturation to warm, dry
conditions within short periods. Water in incompletely filled cracks freezes; deicing solutions enter
the same pathways and sustain corrosion; daily and seasonal thermal strains repeatedly load a repair
whose coefficient of thermal expansion and stiffness differ from those of the substrate. Kazakhstan's
climatic data and durability provisions treat cold-period parameters, repeated freezing and thawing,
water impermeability and aggressive exposure as location- and asset-specific design variables [4, 5,
6]. Consequently, acceptance limits must be derived for the project location and structure rather than
transferred from a dry room-temperature test.

Existing reviews address adjacent but incomplete questions. Bridge-deck sealer syntheses
emphasize products and agency practice [7]; broader crack-repair reviews catalogue techniques [8];
interface reviews focus on substrate-overlay bond [9]; coating reviews concentrate on protective
layers [10]; and freeze-thaw reviews synthesize deterioration of hydraulic concrete rather than
repaired cracks [11]. None integrates defect diagnosis, installation limits, method-specific
verification and retained repair—substrate function under severe continental exposure. The present
review therefore narrows its claim to a targeted, performance-based synthesis for crack-repair
selection; it does not attempt an exhaustive inventory of all repair materials or climates.

Three gaps follow. First, catalogues often conflate stopping water with restoring force transfer.
Second, single-property rankings overlook constructability: nominal strength is irrelevant if viscosity,
pressure loss, moisture or cold cure prevents filling. Third, bulk freeze-thaw or regional concrete
performance is sometimes transferred directly to a repaired interface, although only an interface- or
component-level test can verify retained repair function. The additional 2026 literature strengthens
regional and coupled-exposure context but does not remove this boundary [10, 12, 13, 14, 15, 16].
Table 1 distinguishes the present contribution from adjacent reviews.

Table 1 — Comparison with adjacent review literature and specific contribution of the present review [developed by the
author]

Severe .
. . . . Selection Unresolved
Review Primary focus Repair interface continental
framework boundary
exposure
Bridge-deck Product/practice dNiZ lrrllf)(;%irca-tgi
Nietal. [7] crack sealers and Partial Partial pra 18 .
agency practice synthesis retained-function
& framework
. Climate transfer and
Zhao et al. [8] Crack—repglr Broad, 'm(')stly Limited Technology test incompatibility
technologies descriptive catalogue
not central
Manawadu et Substrate— . Bond- Not centered on
Central Limited characterization crack injection or
al. [9] overlay bond
focus leakage control
Ariyadasa et Proteptlve Coating/substrate Durability Coating selection ~ Nota crack-.repalr
al. [10] coatings context context synthesis
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Freeze—thaw

degradation of No repair- Bulk deterioration

Damage-model

Zhuetal. [11] . . Central . cannot validate
hydraulic interface focus review .
repaired cracks
concrete
Diagnosis, Targeted rather than
Present installation and Central and Operationally ~ Threshold-based, exhaustive;
review retained crack- method-specific classified author-proposed  framework requires
repair function validation

The review addresses four questions: (i) which crack and exposure variables govern the
defensible selection of injection, gravity filling, routing-and-sealing, grouting and surface-treatment
methods; (ii) which quantitative evidence supports mechanical restoration, water control and retained
interface performance; (iii) how severe continental exposure changes the admissibility of candidate
methods; and (iv) what minimum experimental and field evidence is required before a technology
can be recommended for a transport or civil-infrastructure asset. The central proposition is
conditional: no technology is intrinsically superior; the preferred option is the one that retains the
required function for a defined crack state, substrate condition, installation window and exposure.

2 MATERIALS AND METHODS

2.1 Review scope and operational definition

This study used a targeted critical evidence-review design and does not claim exhaustive or
systematic-review coverage. ‘Severe continental climate’ was operationalized for evidence coding
rather than treated as a universal climatic class. Evidence was direct climate-repair evidence when a
repaired interface or repaired component was exposed to freeze-thaw and at least one relevant co-
stressor (salt or saturation, abrasion, mechanical cycling, or a defined thermal range). Bulk concrete
tested under comparable cold or plateau conditions was coded as supporting evidence; climate
descriptions, standards and reviews were contextual evidence. This rule limits transfer from bulk
material performance to repaired-interface performance.

2.2 Identification and focused update

The 45-source core was identified through publisher platforms, Crossref metadata, open
repositories, FHWA, ACI, J-STAGE, ASCE Library, ScienceDirect and backward/forward citation
chaining. Scopus and Web of Science were considered as indexing contexts but were not
independently queried through a reproducible database export; the manuscript therefore does not state
that those databases were systematically searched. Searches used title, abstract and keyword fields
where available. Representative strings were: (‘concrete crack repair’ OR ‘crack injection’) AND
(epoxy OR polyurethane OR methacrylate OR ‘cementitious grout’) AND (bond OR interface OR
leakage OR freeze-thaw OR chloride OR fatigue); ‘concrete repair interface’ AND (freeze-thaw OR
abrasion OR chloride); and (Kazakhstan OR ‘Central Asia’ OR ‘continental climate’) AND
(‘concrete repair’ OR freeze-thaw OR ‘transport infrastructure’). The main search was completed on
5 September 2026; a focused update on 28 September 2026 added 15 DOI-verified records addressing
Kazakhstan/comparable regions, coupled exposure and 2026 publications [10, 11, 12, 13, 14, 15, 16,
17,18, 19, 20, 21, 22, 23, 24].

2.3 Eligibility, extraction and synthesis

Inclusion required a direct connection to post-cracking intervention in concrete or a verification
method needed to select that intervention. Direct repair evidence, supporting bulk-material evidence,
numerical or mechanistic studies, focused reviews, standards and agency guidance were kept
analytically separate. The retained set contains 60 sources: 51 peer-reviewed papers and nine
standards, agency reports or official sources. The earlier working log did not preserve reliable counts
for initially identified, duplicate or title/abstract-excluded records; these quantities were not
reconstructed. Online Supplementary Information reports the 60 retained sources, their evidence role,
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climate/asset relevance and confidence class. Outcomes from incompatible bond, permeability,
fatigue or freeze—thaw methods were not pooled.

2.4 Evidence-confidence rule

High confidence required a direct repair-interface or repaired-component test, a relevant
comparator, sufficiently described conditioning, a method-specific quantitative outcome and
interpretable failure or replication information. Moderate confidence was assigned when repair
evidence was direct but one or more of those elements were incomplete. Supporting evidence
included bulk materials, numerical models, reviews, standards, agency reports and regional studies
without a repaired interface. Coding was performed by one author; ambiguous cases were
conservatively downgraded. No independent duplicate screening or inter-rater agreement assessment
was available, and the confidence labels should therefore be interpreted as transparent analytical
judgments rather than validated risk-of-bias scores.

2.5 Methodological limitations

The evidence base is heterogeneous in crack geometry, product chemistry, moisture, cure,
exposure sequence and test configuration. It supports method-specific comparison and within-study
quantitative signals, but not a pooled population estimate or universal product ranking. The targeted
update improves regional and temporal coverage without converting the review into a systematic
search. Author-developed decision diagrams are identified as conceptual proposals and are not
presented as experimentally validated standards. Figure 1 summarizes the workflow, and Table 2
states the coding safeguards.

Targeted critical-evidence workflow

1 SCOPE 2 IDENTIFICATION 3 RETAINED EVIDENCE
Crack-repair function Publisher platforms 45-source core
transport assets Crossref ' repositories + 15 DOI-verified updates
continental exposure agencies - citation chaining 60 sources
4

6 SYNTHESIS 5 APPRAISAL 4 CODING
Performance envelopes Direct / supporting role Crack state - application

uncertainty * gaps high / moderate / supporting function - outcome

proposed decision framework method-specific comparison validation scale

No reconstructed PRISMA counts; incompatible outcomes were not pooled.

Figure 1 — Targeted evidence-identification, coding and synthesis workflow. The corpus contains a 45-source core and
15 DOI-verified focused additions (60 sources total). Earlier identification and exclusion counts were not reconstructed
because they were not preserved. Author-developed workflow; not a PRISMA flow diagram.

Table 2 — Evidence coding framework and analytical safeguards [developed by the author]

Domain Extraction question Primary evidence Safeguard
Crack state Cause, width/depth, activity, Inspection record; Width alone is not treated
moisture, structural role controlled crack specimen as a sufficient selector.
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Domain Extraction question Primary evidence Safeguard

Nominal product data are
separated from achieved

Application Viscosity, pressure, access,

Injection/filli
temperature, surface njection/filling

observation; field QA

preparation, reopening filling.
Function .Contlnulty, le.akage control, Load, bond, permeability or Different functions are not
ingress reduction, movement ranked on one strength
. movement test
accommodation scale.
Exposure Freeze—thaw, salt, thermal . . Bulk-material durability is
. . Conditioned repair/interface . .
cycling, wet—dry, fatigue, test not substituted for retained
abrasion interface function.
Scale Laboratory suitability is not
Coupon, member, pilot, ficld Laboratqry and field described as field
evidence S
validation.
L li
Confidence Comparator, replication, method  Full method and traceable . No pOOIINg across
. . incompatible methods or
clarity, duration result

proprietary products.

3 RESULTS AND DISCUSSION

3.1 Failure-oriented diagnosis: selecting the repair function

A repair decision should begin by assigning two independent labels: the cause of cracking and
the required intervention function. Cause determines whether treatment is admissible; function
determines the technology family. Cracks driven by ongoing corrosion, reactive aggregate, settlement
or continuing overload cannot be made durable by filling alone. The source mechanism must be
mitigated or accommodated. Stable cracks created by a completed shrinkage event may be
structurally rebonded. Active thermal or traffic-induced cracks require a deformable, replaceable
sealing detail unless movement can be arrested. Leaking cracks require water-pressure and wet-
adhesion verification even when no structural reconnection is intended [1, 2, 3, 25, 26].

This distinction resolves a common semantic error. Epoxy injection is a structural bonding
technique when it reconnects crack faces and restores stiffness; a gravity-fed methacrylate is
principally a penetrant and ingress barrier; hydrophilic polyurethane is primarily a water-control
material; and a routed elastomeric seal deliberately sacrifices rigid continuity to accommodate
movement. A surface coating may reduce liquid uptake without filling a through-depth crack. Each
can be successful against its own performance target and unsuccessful against another. Figure 2
converts these relationships into a diagnosis-to-intervention sequence, while Table 2 links each
diagnostic variable to the required verification.
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Diagnosis before material selection

OBSERVED CRACK

Map width/depth - identify cause
activity - moisture - structural role

v

CAUSE CONTROLLED?

If no: mitigate corrosion, overload,
movement, settlement or water source

Stable + structural 1 l\Ioung / leaking
RESTORE CONTINUITY CONTROL WATER / MOVEMENT
Injection or compatible grout Flexible injection or routed seal
Verify fill, bond, stiffness, fatigue Verify leakage and cyclic opening

VERIFY RETAINED FUNCTION

after application-relevant conditioning

Figure 2 — Diagnosis-to-intervention decision tree.

3.2 Technology classes and functional envelopes

Pressure injection is the most direct route to structural reconnection when a stable crack is
accessible and can be sealed for controlled delivery. Epoxy chemistry offers high adhesive and
cohesive strength, but the outcome depends on viscosity, pot life, cure temperature and moisture
tolerance. Injection pressure must overcome line losses and capillary resistance without extending
the crack or rupturing the surface seal. Controlled experiments show that areal injection velocity
varies with the square of crack width, pressure and inverse viscosity, while surface roughness and
equipment pressure loss introduce additional effects [27]. Visualized specimens confirm that apparent
surface closure does not demonstrate complete internal filling [28]. Comparative material tests and
EN 1504-5 provide complementary evidence on product behavior and injection requirements [29,
30].

Gravity filling with low-viscosity epoxy, HMWM or MMA avoids pressure equipment and is
attractive for horizontal deck cracks. HMWM and MMA are considered separately at product-
qualification level because their formulation, reactivity, volatility, modulus and curing controls are
not interchangeable. Their shared application advantage is low-viscosity penetration into stable, open
surface networks where sealing or partial rebonding is required. Neither low viscosity nor chemical
family alone establishes structural restoration: achieved penetration, cure and retained bond must be
verified under the field moisture and temperature window [7, 31, 32, 33].

Polyurethane and acrylic injection systems occupy a different functional region. Water-reactive
polyurethane can expand and block active leakage, while flexible gels tolerate some movement. Two
tank models exposed to water pressures up to 3 bar over three days showed that polyurethane injection
substantially stopped leakage where waterproofing alone was insufficient [26]. This demonstrates
water-control capability, not structural load recovery. Artificial-crack movement testing across fifteen
commercial materials also found large differences within nominal cement, acrylic, epoxy, urethane
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and synthetic-rubber groups; several flexible products retained movement response, but leakage
resistance could be lost after local debonding or material displacement [25]. Generic chemical family
is therefore an inadequate specification.

Cementitious and microfine grouts are potentially compatible with mineral substrates,
noncombustible and economical for accessible voids or wider cracks. Their limitations are particle
filtration, bleeding, washout, shrinkage and reduced ability to follow movement. Cement grout and
epoxy injection restored comparable cracking-load gains in one full-scale slab comparison, yet the
same result does not establish equal penetration, fatigue resistance or water tightness [34].
Polyurethane grouting developed for ballastless railway mud pumping demonstrates how wet/dry
bond, expansion and application geometry must be optimized together [35], but subgrade-bed
performance should be treated as supporting evidence for concrete crack repair rather than direct
equivalence.

Surface impregnation and coatings are preservation treatments, not universal crack repairs.
They can reduce absorption and chloride ingress around fine surface cracking, while through-cracks
may remain hydraulically connected. Laboratory comparison of acrylic, polyurethane, epoxy, epoxy—
polyurethane and polymer—cement systems showed that adhesion, water barrier, vapor transmission
and crack-bridging behavior differ in ways not captured by compressive strength [36]. For bridge
decks, crack chasing or gravity-fed resin and surface treatment may be combined, but entrapped
chloride, skid resistance and future overlay bond must be considered [7, 31, 37]. Figure 3 summarizes
the functional taxonomy; Table 3 compares the corresponding performance envelopes and
limitations.

Repair technologies classified by required function

' N (O N N ™
STRUCTURAL INGRESS LEAKAGE MOVEMENT
RECONNECTION CONTROL CONTROL ACCOMMODATION
Low-viscosity epoxy HMWM / MMA gravity fill Hydrophilic polyurethane Routed flexible seal
compatible cementitious grout surface impregnation acrylic gel flexible injection
. . L. o . o L o
A product family is admissible only when its installation window and verified function match the defect.
APPLICATION INTERFACE SERVICE
viscosity - pot life surface preparation movement - salts
moisture - temperature adhesion - failure mode freeze—thaw - traffic

Figure 3 — Crack-repair technologies classified by required function rather than product name.

Table 3 — Functional comparison of principal post-cracking technologies [developed by the author]

Best-supported

Technology Primary function Principal advantages  Critical limitations

condition
Low-viscosity epoxy Structural Stable, clean, dry High bond: Cold cure, moisture
pressure injection . or product- . § sensitivity, rigidity,
reconnection and ; stiffness/load .
sealing qualified damp recovery possible incomplete
crack penetration.
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Best-supported

Technology Primary function condition Principal advantages  Critical limitations
HMWM or MMA . Volatility/cure
. . . Fine stable . . . L
gravity filling Penetration and . Low viscosity; rapid control; limited
. . horizontal deck
ingress reduction deck treatment movement; later
cracks .
overlay-bond issue.
Hydrophilic/foaming Wet or water- Expansion control;
polyurethane Stop active leakage; bearing Fast water reaction; variable wet bond;
flexible filling nonstructural deformation capacity limited structural
cracks evidence.
Acrylic gel / flexible Leakage control and Fine wet cracks . . Washout, durability
. Low viscosity;
polymer movement with recurrent . . and product
. flexible gel behavior S
accommodation movement variability.
Cementitious/microfine . . Wider cracks/voids Fire resistance: Filtration, blf?edlng,
grout Mineral filling and washout, shrinkage

partial continuity

where particles can
enter

mineral
compatibility; cost

and low movement
tolerance.

Routing and

No structural

. . ccommodate . . eplaceable; L
A dat Replaceabl
elastomeric sealing active surface Accessible active comeiry can be continuity;
cracks/joints & Yy workmanship-
movement designed o
sensitive.

Surface
impregnation/coating

Does not prove
through-crack
filling; wear and
reapplication.

Rapid coverage;
chloride/water
protection potential

Shallow cracking
and porous deck
surface

Reduce surface
absorption/ingress

Exogenous bio/mineral Slow kinetics,

Research-scale, Transport recovery

treatment Precipitate crack- . . environmental
. . water-accessible demonstrated in .
filling solids . control, limited field
cracks selected studies .
maturity.

3.3 Injectability, moisture and cold-weather constructability

Injection success is governed by a coupled transport-reaction window. Lower viscosity
improves access to fine cracks, but dilution or heating used to reduce viscosity may alter cure,
shrinkage and final properties. Higher pressure increases flow until equipment losses, crack tortuosity
and surface-seal capacity become controlling. Pot life must exceed the time needed to fill the network,
yet rapid reopening favors short cure. Cold weather lengthens cure and increases viscosity; preheating
material or substrate can improve flow but may shorten working time. A defensible specification
therefore states viscosity at application temperature, gel-time evolution, minimum substrate
temperature, crack moisture class and equipment pressure at the port rather than relying on a room-
temperature datasheet [27, 28, 38].

Moisture is not a binary variable. Moodi et al. separated dry, damp, wet and water-filled
simulated cracks and found the dry state most reliable; the presence and location of water altered
bond, and repaired panels outside the dry condition failed the applied 24-cycle freeze—thaw sequence
[38]. Low-viscosity epoxy produced 25% greater slant-shear response than the high-viscosity resin
within that study, but this is a formulation-specific comparison rather than a universal viscosity law.
In hydraulic repair, controlled low-temperature pre-curing of an epoxy reduced the subsequent
exothermic temperature rise, lowered cured-material shrinkage by 12.0%, increased wet bond by up
to 34.3%, and shifted failure from the crack plane toward the substrate [39]. The mechanism was
attributed to improved cure development; transferability requires the same resin chemistry and pre-
reaction control.

Surface preparation, specified in accordance with the intended repair system, remains the most
controllable source of reliability [40]. Dust, laitance, oil, standing water and existing salts prevent
intimate contact. Compressed air can redistribute oil or moisture if not filtered; pressure washing
requires a verified drying interval unless the material is qualified for damp concrete. For gravity-fed
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deck sealers, sanding or broadcasting aggregate may be needed to restore skid resistance and preserve
bond to a future overlay. HMWM treatment reduced subsequent overlay bond, whereas light
sandblasting or broadcast sand restored approximately 80% and 85%, respectively, of the unsealed-
surface bond in one study [37]. A successful first intervention can thus create a compatibility problem
for the next maintenance action.

3.4 Mechanical restoration, stiffness and fatigue

Mechanical repair should be assessed against three baselines: intact capacity, damaged capacity
before repair and post-repair capacity. Comparing only repaired and damaged specimens can
exaggerate recovery, while comparison only with intact specimens hides the benefit obtained. In
gravity-filled cracked cubes, cracking reduced compressive strength by as much as 40.93%; proper
epoxy filling reduced the remaining deficit to 8.23% relative to intact concrete [41]. This is substantial
restoration under a simplified compression test, but it does not demonstrate member-level fatigue,
bond retention or behavior of an active crack.

Member tests provide a more relevant load path. Epoxy injection, cement grout and section
enlargement increased the first-cracking load of previously cracked one-way slabs by about 35%
relative to the reported control condition, while repaired strength and ductility approached those of
the control slabs [34]. Ultra-low-viscosity epoxy beam studies and polymer-modified mortar tests on
full-scale cracked reinforced-concrete beams support structural plausibility, while a 2026 arch-bridge
study evaluated injection-based strengthening numerically; none alone constitutes field durability
validation [14, 23, 42, 43]. Metakaolin-polymer concrete and recycled-polyethylene mortars provide
additional repair-material evidence, but their distinct formulations and test programs preclude direct
ranking against injection resins [22, 24].

Stiffness compatibility complicates a strength-only interpretation. HMWM-repaired concrete
modeling and experiments show that capacity recovery depends on crack filling and cohesive transfer,
yet a very stiff repair can redirect cracking into adjacent concrete [32]. A 2024 epoxy-concrete study
for rapid bridge-deck pavement repair added rubber powder and carbon black; at two hours the
modified system showed 20% higher compressive strength and 25% lower elastic modulus than the
unmodified epoxy concrete [44]. Those changes are favorable for early reopening and compliance
within that formulation, although its asphalt-deck context prevents direct transfer to exposed portland-
cement concrete.

Fatigue is where apparently strong repairs become vulnerable. Temperature and movement-
amplitude experiments on epoxy-injected mortar and concrete showed declining fatigue resistance as
both variables increased, with failure shifting from concrete to mixed resin/interface modes at higher
temperature [45]. After freeze-thaw conditioning and fatigue loading, epoxies and HMWM products
generally outperformed cementitious alternatives in a six-product bridge-oriented study, but
performance varied significantly between products and the cementitious system resisted very little
fatigue loading [46]. These studies are important precisely because they contradict the assumption
that a static bond or compressive test is sufficient. Figure 4 visualizes selected within-study
quantitative signals without pooling unlike outcomes, and Table 4 preserves their test conditions and
interpretive boundaries.
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Selected within-study quantitative signals
(different outcomes are not pooled)

A Relative changes from the stated comparator

Low- vs high-viscosity epoxy: slant shear [38]

Low-temperature epoxy pre-curing: wet bond [39]

L ow-temperature epoxy prC-curing

Low-temperature epoxy pre-curing

: splitting response [39]

: cured-resin shrinkage [39]

Rubber/carbon-black epoxy concrete: 2 h compression [44]

Rubber/carbon-black epoxy concrete: 2 h modulus [44]

B Retained/restored level relative to the study baseline

Epoxy gravity fill: compression vs intact [41]

HMWM + light sandblast: overlay bond vs unsealed [37]

HMWM + broadcast sand: overlay bond vs unsealed [37]

0] 8% 1s post-repair strength relative to int

@ 250%

@ 120%

.+25.0%

@ +34.3%

@ +46.9%

) +20.0%

Relative change (%)

t a +91 8% gain

91.8% @

80% @

5% @

Figure 4 — Selected within-study quantitative signals shown using separate baselines: (a) relative changes from a stated
comparator and (b) retained or restored performance as a percentage of the study baseline. Prepared by the author using
data reported in sources [38], [37], [39], [41], [44].

Table 4 — Traceable quantitative signals used in the synthesis [developed by the author]

Source System and Condition/test Reported response Interpretive boundary
comparator
Strength loss relative
Issa & Debs Cracked cubes; to intact concrete: up Simplified artificial
[41] gravity-filled epoxy; Compression to 40.93% before cracks; not a bond-
intact cubes repair and 8.23% after retention test.
repair.
Low-viscosity resin
Slant shear; gave 25% greater .
. . . . ] Product-specific and
Moodietal.  Low- vs high-viscosity  dry/damp/wet/water- shear response; only o
. . short conditioning
[38] epoxy filled; 24 freeze—thaw  dry repairs remained sequence
cycles stable through the 4 ’
reported cycles.
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System and

Source comparator Condition/test Reported response Interpretive boundary
Wet bond +34.3%;
splitting response Chinese hydraulic-
Low-temperature pre- A . . .
Chang et al. . +46.9%; resin repair study; pre-curing
cured vs reference Wet-crack repair . o). . .
[39] enox shrinkage —12.0%; protocol is chemistry-
poxy compressive recovery specific.
reached 100%.
Rubber/carbon-black . At 2 h: compression Material rather than
Sun et al. - . Early-age bridge-deck o . . - : .
[44] modified vs ordinary pavement material +20%; elastic injected interface;
epoxy concrete modulus —25%. asphalt-deck context.
Previously cracked Each repair route Control definition and
Thanoon et one-way RC slabs; Member first-cracking  increased the reported repair mechanisms
al. [34] grout, epoxy injection load first-cracking load by differ; not a product-
or enlargement about 35%. ranking test.
Epoxy and HMWM
systems generally .
Tsiatas & ' ' Cracks 0f 0.51, 6.35 retained the strongest No pooleq percentage is
. Six commercial crack- and 12.70 mm; defensible across
Robinson . response; the .
repair systems freeze—thaw followed o products, widths and
[46] by fatieue cementitious system failure modes
y tatig showed very little ’
fatigue resistance.
S Injected polyurethane .
Safan et al. Polyurethane injection Water pressure up to 3 substantially stopped .Hydrauhc cut-off
vs waterproofing-only . evidence; no structural-
[26] bar for 3 days leakage in both tank .
tank models load recovery claim.
models.
Compression 36.6 Bulk repair material
Wang et al. Asphalt-modified Freeze—thaw and MPa; tensile shear 5.9 not a 16 gire 410 rtlanéi-
[47] epoxy repair material ~ chemical conditioning =~ MPa; reported mass P P

change <1%.

cement crack interface.

Shahrooz et

Overlay on HMWM-

Light sandblasting and
broadcast sand

Addresses compatibility

al. [37] sealed vs unsealed Overlay bond restored about 80% with later overlay, not
’ deck surface and 85% of unsealed- crack-face bond.
surface bond.
Penetration 1.46—
11.75 mm, mean 5.14
Xiao et al. Silane-treated concrete Field cores after i, more t.h an half = Surface/j oint treatment;
. . still showed improved  field variability limits
[48] pavement joints service .
contact causality.
angle/absorption after
8.2 years.
Perrin et al. II%J ected. exogenous Two cracks, 430 + 60 Water flow reduced Water-control outcome;
biorepair in a large o slow research-scale
[49] pm 99% after 11 weeks.
cracked slab process.
Delaminated bridge Allowable-stress T
. . . . . . . Delamination interface,
Briggs et al. deck repaired with Service-level interface ratios: delaminated not isolated narrow
[50] anchors and/or epoxy shear evaluation 0.71; epoxy 1.40;

injection

anchors + epoxy 1.67.

crack.

3.5 Water tightness, transport protection and movement response

Water control must be verified under pressure and movement. A material may initially fill a
crack yet lose hydraulic function when the crack opens, when adhesion peels from a wet wall, or
when thermal cycling creates a bypass path. The artificial-crack apparatus used by Kim et al. applied
repeated crack movement and water pressure to five material families. Results varied within every
family, and several acrylic and urethane products failed the specified movement sequence or
subsequently leaked [25]. This demonstrates why elongation of the cured bulk polymer cannot
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substitute for a repaired-crack test: adhesion, confinement and local defects govern the actual
response.

For bridge decks, ingress reduction and structural rebonding should be treated as separate
outcomes. HMWM and MMA generally offer deep penetration and surface sealing, whereas epoxies
often produce higher bond; neither characteristic alone predicts chloride protection after traffic and
winter exposure [7, 31, 33]. Sealing an old chloride-contaminated crack may also trap contaminants
near reinforcement. Surface impregnation can reduce absorption around the crack but does not prove
that the crack is filled. A combined epoxy-injection and impregnation treatment performed strongly
in short-term carbonation, chloride and freeze-thaw indicators in one laboratory comparison [51], but
the study does not provide long-term field evidence or isolate the life-cycle contribution of each step.

Emerging mineral and biological treatments demonstrate a different trade-off. Microbial
mineralization reduced chloride migration and improved splitting response in load-induced cracks in
one controlled study [52]. A field-oriented bio-cementitious grout improved flexural response and
water tightness across different crack orientations [53], and a large-slab exogenous biorepair reduced
water flow by 99% after eleven weeks [49]. Air-coupled ultrasonic mapping found manual
polyurethane injection more uniform across a cracked section than stimulated autogenous healing
[54]. These results establish measurement possibilities and selected transport recovery, but long
treatment times, biological sensitivity and sparse cold-climate data preclude parity with mature
injection systems.

3.6 Severe continental exposure: interacting damage chains

Cold-climate qualification should reproduce the sequence through which failure develops.
Moisture first enters or remains in the crack; freezing generates hydraulic and crystallization stresses;
deicing solution modifies saturation and chemical exposure; temperature changes impose differential
strain; traffic cycles open the crack or abrade surface treatment. A repair can survive a bulk freeze-
thaw test while the interface debonds, or retain adhesion while the surrounding concrete scales. Figure
5 makes this causal chain explicit. Jointed-concrete testing under freeze—thaw and compressive load
provides supporting-not repair-interface-evidence for the role of discontinuities [55].

Coupled deterioration chain in severe continental service

EXPOSURE PROCESS INTERFACE FUNCTION LOSS

Cold mnstallation ce pressure Incomplete cure Leakage

saturation - salts chemica 0 debonding - microcracking bond/fracture loss
thermal range - traffic rai stiffness mismatch recracking

Transferability rule

DIRECT CLIMATE-REPAIR EVIDENCE

conditioned repair interface or component

Supporting bulk-material or regional evidence may explain mechanisms, but cannot by itself validate a crack-repair system

Figure 5 — Coupled exposure—process—interface—failure chain and evidence-transfer boundary for severe continental
service. Author-developed mechanistic synthesis.

Direct interface studies support this concern. Wedge-splitting tests on an epoxy/concrete
interface showed exponential losses in bond strength and fracture energy with freeze—thaw cycling in
water and sulfate solution, accompanied by a shift from concrete failure toward adhesive interface
failure [56]. Cement-based repairs assessed through flexural bond, interface cracking, mass loss and
non-destructive indicators likewise showed progressive bond deterioration under freeze—thaw

241
https://doi.org/10.51488/1680-080X/2026.3-13


https://doi.org/10.51488/1680-080X/2026.3-13

Bulletin of the Kazakh Leading Academy of Architecture and Civil Engineering. Ne3 (101), 2026. Architecture & Construction

exposure [15]. A separate repair-interface study reported severe adhesion loss when abrasion and
freeze-thaw were coupled, demonstrating that sequential damage cannot be inferred from either bulk
freeze-thaw or abrasion alone [13]. These tests are more transferable to repair decisions than bulk-
material conditioning, although their products, substrates and exposure histories remain study-
specific.

Polymer modification can improve cold resistance but may introduce thermal or stiffness
mismatch. Asphalt-modified epoxy with 10 parts per hundred resin achieved 56.6 MPa compressive
strength and 5.9 MPa tensile-shear strength in one material study, with mass change below 1% after
the reported freeze—thaw and chloride exposures [47]. Salty freeze-thaw research on polyester-resin-
modified bridge-deck pavement concrete adds microstructural context [ 18], while alternating freeze—
thaw—abrasion, freeze—thaw—load and plateau-concrete studies clarify coupled damage in bulk
concrete [19, 20, 21]. Because these studies did not test a repaired crack interface, they are supporting
mechanism evidence rather than direct proof of repair durability.

Pavement and bridge practice adds abrasion and future-maintenance constraints. Joint sealant
failure under excessive opening and freezing is controlled by permissible elongation, installation
geometry and adhesion [57]. Concrete pavement guidance treats crack sealing, joint resealing, partial-
depth repair and load-transfer restoration as distinct preservation actions selected from distress
mechanism and structural condition [4]. Field validation must use an outcome aligned with the repair
objective.

3.7 Regional evidence and transferability to Kazakhstan

Kazakhstan-specific evidence is emerging but remains mostly supporting rather than direct
crack-repair validation. Fine-grained concrete with complex modifiers was developed for repair and
restoration with reduced cement content [17]. Silica-fume self-compacting concrete reinforced with
polypropylene fibres reached the reported F350 frost-resistance class and lower absorption than its
control, and ferroalloy-waste concrete was examined for railway sleepers [12, 16]. These studies are
regionally relevant to material availability, railway infrastructure and cold exposure, but neither
verifies a repaired crack or long-term repair—substrate retention. A Kazakhstan hydraulic-restoration
study compared candidate materials using adhesion, chloride and freeze—thaw indicators [58]; it
addresses repair selection more directly, yet still lacks a monitored repaired-interface field
comparator. Consequently, regional material performance should be used to design local qualification
tests, not to certify a technology by analogy.

Transfer from other cold or plateau regions was accepted only when the exposure chain and
measured function matched the decision question. Direct repaired-interface studies under freeze—
thaw or coupled abrasion [13, 15] inform retained adhesion. Bulk hydraulic, plateau and bridge-deck
materials [11, 18, 19, 20, 21] inform damage mechanisms and conditioning design. This tiered
transfer rule prevents climatic similarity from being treated as equivalent to field validation in
Kazakhstan.

3.8 Transportation asset-requirement matrix

Application changes the priority order. A bridge-deck crack exposed to deicing salts prioritizes
penetration, chloride exclusion, skid resistance and rapid reopening; structural cracks additionally
require load transfer and fatigue. Concrete pavements demand movement capacity, routing geometry
and abrasion resistance. Tunnel and culvert repairs are often governed by wet adhesion and water
pressure. Hydraulic structures require resistance to washout, erosion and recurrent saturation. Thin
overlays introduce another interface whose bond may be compromised by a previous sealer [37].
Table 5 connects these asset-specific demands to verified quantitative signals and unresolved
validation needs.
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Table 5 — Asset—exposure-function matrix for severe continental climates [developed by the author]

Evidence
Asset Dominant exposure Requlreq repair Preferred verification signal /
function unresolved
risk
Silane field
cores: 1.46—
11.75 mm
Penetration/fill penetration
Bridge deck—stable Deicing salts, freeze— Penctrate and e.xcl.ude mapping, (mean 5.14
water/chloride; absorption/chloride mm) after 8.2
fine crack thaw, traffic wear . . . ) . S
preserve skid resistance indicator; abrasion; y [48]; this is
seasonal inspection surface/joint
evidence, not
crack-fill
proof.
Allowable-
stress ratios
0.71
delaminated,
. Member load test; 1.40 epoxy
Bridge deck- Traffic fatigue, thermal ~ Restore shear/tension interface fracture; and 1.67
structural . . ..
. strain, salt transfer and seal fatigue; conditioned anchors +
crack/delamination
leakage epoxy [50];

geometry is a
deck interface,
not an isolated

crack.

Concrete pavement
crack/joint

Accommodate
movement and keep
incompressibles/water
out

Large opening range,
wheel abrasion,
freeze—thaw

Low-temperature
extension; cyclic
movement; adhesion;
abrasion

Long-term
movement and
water-control
performance
remains
poorly linked
to network-
level
pavement-
condition
indices.

Tunnel/underground
structure

Active seepage, wet
substrate, hydrostatic
pressure

Stop water while
tolerating recurrent
movement

Wet adhesion; pressure
leakage; movement
cycling

PU injection
substantially
stopped
leakage at up
to 3 bar over 3
days [26];
structural and
long-term
retention were
not
established.

Culvert/retaining
structure

Wet—dry, salts, limited
access

Seal leakage and resist
debonding

Pressure/permeability;
pull-off after
conditioning

Surface
preparation
under
constrained
access.
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Required repair

Asset Dominant exposure .
function

Preferred verification

Evidence
signal /
unresolved
risk

Saturation, low- Water cut-off,
temperature work, mineral/chemical
erosion compatibility

Hydraulic concrete

Washout; wet bond;
erosion; thermal

cycling

One low-
temperature
pre-cure
protocol gave
wet bond
+34.3% and
cured-resin
shrinkage
—12.0% [39];
formulation-
specific.

Thin overlay after . Differential Maintain overlay bond
shrinkage/temperature,
crack treatment traffic across treated surface

Method-specific
overlay bond;
restrained cycling

After
HMWM, light
sandblasting
and broadcast
sand restored
about 80%
and 85% of
unsealed-
surface
overlay bond
[37].

3.9 Evidence density and the danger of product-family rankings

The reviewed literature is asymmetric. Epoxy injection has direct evidence for strength
restoration, member flexure, moisture sensitivity, temperature-dependent fatigue and freeze—thaw
response. HMWM and MMA systems have stronger field and deck-penetration evidence but less
structural continuity data. Polyurethane has direct leakage-control evidence and some railway-
grouting application evidence, yet limited structural and long-term freeze—thaw interface data.
Cementitious grout has member-scale and compatibility evidence but inconsistent injectability and
movement resistance. Emerging mineral/biological systems show impressive water-flow or transport
recovery in selected studies, but field maturity is low. Figure 6 maps evidence density rather than

intrinsic quality.
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Evidence map for climate-relevant repair functions

Structural Water Crack Freeze— Chloride Fatigue / Field
recovery control movement thaw control traffic validation

- - ) S

Epoxy mnjection

HMWM/MMA gravity fill

Flexible PU/acrylic sealing

Cementitious/microfine grout

Surface impregnation

S
Bio/mineral repair S

Q = direct quantitative evidence; S = supporting/qualitative evidence; major evidence gap.

Cells indicate evidence type, not comparative product ranking or field validation.

Figure 6 — Evidence map by repair function and exposure. Q denotes direct quantitative evidence, S supporting or
qualitative evidence, and — a major gap. Cells indicate evidence type, not prevalence, product superiority or field
validation.

Within-family variability is itself a principal result. Ten crack sealers in a bridge-oriented
laboratory program showed substantially different bond retention after freeze-thaw despite shared
generic labels [31, 46]. Fifteen leakage-repair products displayed divergent movement and
permeability responses [25]. Eight commercial rapid-repair materials tested across more than 450
specimens differed in early strength, modulus, shrinkage, restrained cracking, resistivity and slant-
shear bond; one-year patch inspection further showed that laboratory ranking must be checked against
field cracking [59]. Specifications should therefore define measurable performance thresholds for the
intended condition rather than approve a chemical family by name. Table 6 calibrates confidence for
the principal technology—performance questions.

Table 6 — Evidence confidence by technology—performance question [developed by the author]

Question Evidence status Confidence Reason for rating
Compression deficit

Can stable cracks regain reduced from up to Multiple direct studies, but proprietary

structural continuity after 40.93% to 8.23% [41]; Moderate formulations and crack geometries

epoxy injection? slab first-cracking load differ.

rose about 35% [34].

One low-viscosity

0,

Does lower viscosity improve epoxy produced 25% Viscosity covaries with chemistry,
L greater slant shear than Moderate
injection? . . . temperature and cure.

the high-viscosity

comparator [38].

Two tank models
Can polyurethane stop active retained water cut-off Sparse long-term structural and cold-

Moderate .

leakage? at up to 3 bar for 3 climate data.

days [26].
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Question Evidence status Confidence Reason for rating

After HMWM
treatment, surface
Can HMWM treatment impair ~ preparation recovered

This quantifies a future-overlay trade-
Moderate off, not crack-face structural restoration

the bond of a later overlay? about 80-85% of . )
or retained fatigue.
unsealed-surface
overlay bond [37].

Which material family is best No universal ranking is . Protoc01§ » moisture states and products

. Supporting vary; interface and bulk outcomes
under freeze—thaw? defensible. .

differ.
One large-slab study

Do bio/mineral methods reduced water flow Slow kinetics, limited climate
provide durable transport 99% after 11 weeks in Supporting conditioning and almost no field
recovery? 430 + 60 pm cracks monitoring.

[49].

A program exceeding
450 specimens was

Can laboratory results predict followed by one-year Supportin Few controlled field comparators and
field life? patch inspection [59], PP & inconsistent inspection outcomes.
but only partial

correlations emerged.

3.10 Performance-based selection framework

A performance-based decision process defines project-specific acceptance thresholds before
ranking products. Step 1 establishes the defect and its cause. Step 2 states the required function in
measurable terms: load-transfer recovery, maximum permissible leakage, ingress reduction or
movement capacity. Step 3 rejects technologies outside the actual temperature, moisture, access and
closure window. Step 4 verifies mechanical and thermal compatibility at the repaired interface. Step
5 conditions the repair under the relevant coupled exposure and measures retained function. Step 6
records evidence confidence and a monitoring and reintervention plan. The numerical threshold must
come from the applicable standard, asset-owner specification or project risk assessment; this review
does not propose one universal value for unlike assets. Figure 7 formalizes these gates.

Threshold-based performance selection

1 DEFINE DEFECT
cause - activity

moisture - structural role

3 CONDITION
Treeze-thaw - salts
traffic - abrasion

!

P ot

record uncertainty

The framework is author-proposed and requires prospective validation

Figure 7 — Threshold-based performance-selection framework for crack repair. Author-proposed framework requiring
prospective validation.
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The framework deliberately avoids universal weights and acceptance values. For a leaking
tunnel crack, pressure tightness and movement response can outweigh structural stiffness. For a
bridge-deck flexural crack, fatigue load transfer and chloride exclusion are both essential. For an
interior stable crack, compatible load transfer may dominate. These pathways are hypotheses
organized from the reviewed evidence, not field-validated prescriptions. Project-specific thresholds
should be defined by the owner and verified with the same method before and after relevant
conditioning.

3.11 Research gaps and validation roadmap

The first gap is factorial evidence. Moisture, crack width, viscosity, temperature and pressure
are often varied in separate studies, so interactions cannot be identified. Future experiments should
combine representative crack widths, moisture states, application temperatures and delivery
conditions, report fill continuity and cure, and include untreated and method-matched controls. The
specific levels should follow the intended asset and applicable standard rather than a universal
schedule.

The second gap is retained interface function under coupled exposure. Direct studies show bond
deterioration under freeze-thaw and large losses under combined abrasion-freeze-thaw [13, 15],
whereas bulk concrete studies indicate additional interactions with salt, load and altitude [18, 19, 20,
21]. Repair qualification should therefore use application-specific, standard-compliant sequences and
report retained bond or fracture response, leakage, mass/transport indicators and failure mode. Bulk
strength alone is insufficient.

The third gap is scale transition. Laboratory cracks are planar, clean and deliberately opened;
field cracks are tortuous, contaminated and partly closed. Component-scale slabs and beams should
incorporate realistic precracking, reinforcement, chloride contamination and repair access. Non-
destructive methods-including air-coupled ultrasonics, impact echo, thermography and electrical
response-should be calibrated against destructive sectioning so that injection quality can be verified
without extensive coring [28, 54].

The fourth gap is field monitoring. The 8.2-year silane joint study [48], the ten-year joint-
resealing evaluation [60], and transportation-agency reports [4, 31] show the value of longitudinal
evidence, but comparable treated and untreated controls are rare. Pilot repairs should record crack
activity, preparation, batch and environmental conditions, then monitor leakage, bond proxies,
reopening and visible failure. The staged research roadmap is provided as Figure S1 in the
Supplementary Information; it is an author-proposed translation sequence, not a validated standard.
Table 7 converts these gaps into minimum, decision-oriented experiments.

Table 7 — Evidence gap and minimum recommended experiment [developed by the author]

Gap Why it matters Minimum experiment Decision contribution
. . : . PR N
Multi-factor Field variables interact Factorial crack.w1dt.h m01st}1re Defines a verified
. . and change fill/cure temperature X viscosity; quantify fill . o
application window . injectability envelope.
simultaneously. and cure.
. i Repaired-interf: li ith .
Coupled cold-climate Separatg t?StS miss epa}lred m'te'r ace cycling Wit Measures retained rather
S sequential interface saturation, deicing solution, thermal o .
durability . than initial function.
damage. range and mechanical movement.
. Static recovery may Precracked RC members; repair; Dlstlngulshes structural
Structural fatigue o . ) . ) rebonding from
. conceal brittle interface  variable-amplitude fatigue; residual .
after repair . . . temporary stiffness
failure. capacity and failure mode.
recovery.
Flexible bulk material Qualifies water-cutoff

Movement—leakage Cyclic opening under hydraulic

may debond in a systems for active

coupling confined crack. pressure with wet-substrate controls. cracks.
Verification of Surface closure is an NDT mapping calibrated with Enables installation
internal filling unreliable proxy. sectioning/micro-CT or dye tracing. quality assurance.
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Gap Why it matters Minimum experiment Decision contribution
Field life and Laboratory 1nd.1cat0rs do Controlled pilot sections with Supports service-life and
) . not define maintenance untreated comparator and seasonal .
reintervention . . life-cycle cost models.
interval. monitoring.
Future-treatment Sealers may impair later Sequentlalimamtenance specimens: Ayo1ds 10.<:k1ng the. asset
s sealer ageing, surface preparation, into an incompatible
compatibility overlay bond. . .
overlay and fatigue. repair path.
4 CONCLUSIONS

1. Selection must begin with crack cause, activity, moisture and structural role. Surface width
alone cannot distinguish structural injection from movement-tolerant sealing or cause mitigation.

2. Technology families serve different functions: epoxy injection can restore continuity in stable
cracks; HMWM/MMA can penetrate fine horizontal cracks; flexible polyurethane/acrylic systems
can control leakage or movement; and cementitious grout can fill compatible mineral voids. No
family is universally superior.

3. Injectability depends jointly on crack geometry, viscosity at application temperature,
pressure loss, pot life, moisture and surface preparation. Within-study results show large but
formulation-specific gains in compression, member response and bond, including improved wet-
interface response after controlled low-temperature pre-curing.

4. Initial strength is not a durability surrogate. Direct repaired-interface evidence shows
deterioration under freeze—thaw and coupled abrasion—freeze—thaw [13, 15]; bulk cold-climate
studies are mechanistically useful but cannot validate interface retention.

5. Severe continental exposure should be represented as an application-relevant sequence of
cold installation, saturation, freeze—thaw, deicing salts, thermal strain, traffic movement and abrasion.
Kazakhstan studies support regional material screening [12, 16, 17, 58], but direct repaired-crack
field comparisons and long-term monitoring remain scarce.

6. The threshold-based framework and research roadmap are author-proposed syntheses, not
validated standards. They should be tested prospectively through method-specific laboratory
qualification, component-scale trials and monitored field repairs.
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