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ABSTRACT:  Rapid-repair of concrete pavements is crucial for minimizing traffic disruptions and restor-
ing serviceability in time-crucial situations. While Portland-based and alternative rapid-hardening 
binders are frequently used, these materials often trade off between cost, durability, and environmen-
tal concerns. This systematic review explores the potential of AAMs as a sustainable alternative for 
rapid pavement repair, with particular emphasis on early-age performance and the reliability of matu-
rity methods for non-destructive strength monitoring. Adhering to PRISMA guidelines, this study 
screened the published literature from 2000 to 2025 using PICO(S) criteria, focusing on AAM inter-
ventions for rapid pavement repair and comparing them with conventional and alternative binders 
where applicable. The review correlates precursor-activator systems with early mechanical perfor-
mance and assesses the applicability of maturity-based approaches for predicting in-situ strength 
development. The findings indicate that optimized slag-containing AAMs achieved compressive 
strengths of about 16–28 MPa within 6–8 h, offering superior bonding and durability. Additionally, 
maturity methods demonstrate strong potential for real-time strength prediction; however, their dis-
tinct and complex non-linear reaction kinetics necessitate the rigorous, system-specific recalibration 
of key thermodynamic parameters. Despite these advantages, persistent challenges remain, including 
high sensitivity to activator chemistry and curing conditions, poor volumetric stability, supply chain 
and economic uncertainties, and a critical lack of standardized testing and long-term field data. This 
review affirms that integrating optimized AAM formulations with maturity-based prediction tools 
provides a high-performance, low-carbon pathway for accelerating repair operations. To support 
reliable performance-based decisions for early traffic reopening, future research should adopt a multi-
scale, lifecycle-oriented framework that connects materials design, structural performance, and long-
term field validation.

KEYWORDS:  Alkali-activated material; concrete pavement repair; early-age strength; maturity method; 
sustainable repair material

1 Introduction

Concrete pavements form the structural backbone 
of modern transportation networks, playing an 
indispensable role in supporting economic pro-
ductivity and ensuring the efficient movement 
of goods and people. Their superior load-bearing 
capacity, long service life, and resilience under 
repetitive traffic loading and harsh environmen-
tal conditions make them a preferred choice for 
critical infrastructure such as highways, airports, 
and industrial facilities [1]. However, despite their 
robust design, concrete pavements are not immune 
to deterioration. Repeated mechanical stresses, 
freeze-thaw cycles, and exposure to aggressive 

agents such as chlorides and de-icing salts pro-
gressively lead to distresses including cracking, 
spalling, scaling, and joint failures, all of which 
compromise pavement performance and increase 
maintenance demands [1–4]. These cumulative 
degradations not only reduce structural integ-
rity but also impose major economic burdens [5], 
as reflected by the USD 1.6 trillion projected for 
pavement and bridge repair in the United States 
between 2020 and 2025 [4], and similarly in the 
United Kingdom where deferred highway main-
tenance is estimated to cost £90 billion by 2026 
[6]. Furthermore, the associated service interrup-
tions, traffic delays, and energy losses translate 
into elevated user costs and productivity losses, 
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emphasizing the critical need for repair materi-
als and strategies that deliver rapid strength gain, 
durability, and sustainability.

In selecting suitable repair materials, engineers 
must carefully consider the correlation between 
the type of distress, pavement structure, and the 
expected performance characteristics of the repair 
material. For instance, partial-depth repairs may 
suffice for surface cracking on scaling, whereas 
full-depth restoration is required for severe joint 
or structural damage [1]. The selected material 
must achieve sufficient bond strength with exist-
ing substrate, maintain dimensional stability, 
and exhibit adequate resistance to thermal and 
mechanical stresses [3, 7, 8]. However, conven-
tional repair materials often fall short of expecta-
tions, particularly under high-traffic and variable 
climate conditions.

Portland-based binders remain the dominant 
choice for pavement repair due to their avail-
ability and familiarity in construction practice. 
Yet, they are hindered by several intrinsic limita-
tions. First, conventional Portland-based mixtures 
exhibit relatively slow hydration kinetics, delay-
ing early strength development and prolonging 
roadway closures [9]. This limitation significantly 
affects high-volume roads where even short-term 
closures can cause substantial economic disruption 
[3, 10]. Second, Ordinary Portland Cement (OPC) 
is a major contributor to global carbon emissions, 
responsible for approximately 7–8% of total CO2 
output due to the calcination of limestone and the 
energy-intensive nature of clinker production [11, 
12]. Third, Portland-based repair mortars can dis-
play poor durability when exposed to freeze-thaw 
cycles, chloride ingress, and sulfate attack, leading 
to premature failure [13]. Furthermore, shrinkage 
remains a critical issue in conventional binders; 
while shrinkage of Portland-based is primar-
ily driven by water evaporation and hydration, 
it often requires extensive mitigation strategies 
to prevent cracking that compromises long-term 
structural reliability [12].

Alternative rapid-hardening binders, including 
Calcium Aluminate Cement (CAC), Calcium Sul-
foaluminate (CSA), and Magnesium Phosphate 
Cement (MPC), have been developed to address the 
issue of delayed strength gain [1, 14]. While these 
materials offer accelerated setting and high early 
strength, they are not without drawbacks. Their 
production remains energy-intensive, their raw 
materials are often costly or regionally limited, 
and they may experience durability challenges or 
incompatibility with OPC-based substrates under 
aggressive environments. Additionally, commer-
cial polymer-modified mortars, while effective, 
can be prohibitively expensive [15]. These short-
comings create a pressing demand for sustainable, 
high-performance alternatives that balance early 
strength, long-term durability, and environmen-
tal responsibility.

The evolution of pavement maintenance 
increasingly emphasizes rapid-repair technologies 

that minimize downtime and reduce user delays. 
Rapid-hardening materials are engineered to 
develop sufficient early-age strength, often 
within 4 to 24 h, to allow traffic to reopen sooner 
than conventional systems [5, 10]. To fully lever-
age these materials, predictive tools such as the 
maturity method have been adopted. This non- 
destructive technique estimates in-situ strength 
development by monitoring the material’s spe-
cific temperature-time history. The rationale for 
incorporating the maturity method in pavement 
repair is two-fold: it ensures structural safety by 
preventing premature opening to traffic, while 
simultaneously eliminating unnecessary lane clo-
sures caused by conservative, fixed-time waiting 
periods [5, 16, 17]. Consequently, this method 
transforms maintenance from a prescriptive pro-
cess into a performance-based one.

Despite such progress, the sustainability and 
environmental performance of rapid-repair mate-
rials remains a concern. OPC-based binders and 
many alternative formulations still exhibit high 
embodied carbon and limited recyclability. Hence, 
the next frontier in pavement repair lies in devel-
oping binders that are not only rapid-hardening 
but also low-carbon and resource-efficient.

To address these challenges, Alkali-Activated 
Materials (AAMs), including the sub-class of lower- 
calcium systems which are also known as “geo-
polymers” [18, 19], have emerged as promising 
alternatives to conventional cementitious bind-
ers. AAMs are synthesized by activating alumi-
nosilicate precursors such as Ground Granulated 
Blast Furnace Slag (GGBFS, herein after referred 
to as slag), fly ash, or metakaolin using alkaline 
solutions. Depending on the precursors and acti-
vators used, the reaction forms a dense binder 
of Sodium-, Potassium-, or Calcium-Alumino- 
Silicate Hydrate (N/K/C-A-S-H), establishing a 
complex structural framework that ensures excel-
lent mechanical and durability properties [19–23]. 
Some of these systems are capable of achieving 
rapid setting and high-early strength [8, 24, 25], 
making them particularly suitable for pavement 
repair applications where minimal cover time is 
critical. Notable advancements in regulatory rec-
ognition, such as the publication of the ASTM 
C1948 standard for Alkali-Activated Cementi-
tious Materials, have further paved the way for 
broader industrial adoption and standardized 
testing of these systems [12].

A growing body of research has confirmed that 
the suitability of AAMs for structural and repair 
applications, with Pavel et al. [8] demonstrating 
early compressive strengths exceeding 35 MPa 
within 24 h in slag-based AAM concretes, and 
Addellatief et al. [22] reporting up to 134 MPa 
in Ultra-High Performance Geopolymer Concrete 
(UHPGC) under heat curing; even under ambi-
ent conditions, ultra-fine slag-based AAM mor-
tars have been shown to achieve approximately 
60% of their strength for 28 days in 1 day [26], 
supporting rapid-repair potential. Structural 
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rehabilitation studies further confirmed supe-
rior performance, as reinforced beam repaired 
with slag-based AAM mortars exhibited higher 
load-carrying capacity and bond strength than 
OPC-based [7], in line with findings by Magee et 
al. [6] and Chen et al. [27] that metakaolin-slag 
AAM mortars provide excellent wear resistance, 
skid durability, and adhesion to aged concrete 
surfaces. Beyond mechanical advantages, AAMs 
also provides substantial environmental benefits, 
with CO2 emissions up to four times lower than 
OPC, ranging between 41 and 261 kg CO2-eq/m3 
[11], as reflected in practice through projects such 
as Brisbane West Wellcamp Airport, where hybrid 
AAM concrete achieved an 80% reduction in CO2 
emissions [28]. Cost efficiency is also improved, 
as the use of waste-derived precursors such as 
fly ash and slag lowers productions costs while 
promoting circular resource utilization [9,15], and 
recent innovations in hybrid systems incorporat-
ing limited OPC and polymer modification have 
further enhanced adhesion at the repair inter-
face and resistance to acid and sulfate exposure, 
thereby extending service life in pavement appli-
cations [15].

Despite growing evidence of the mechanical, 
durability, and environmental benefits of AAMs, 
their adoption in pavement repair remains lim-
ited. The current body of research is fragmented, 
with studies varying widely in precursor compo-
sition, activator concentration, curing conditions, 
and testing methodologies [29]. Additionally, spe-
cific challenges such as shrinkage behavior, which 
can be more pronounced in AAMs compared to 
OPC due to high mesopore volume and capillary 
stress, require careful mitigation through precise 
mix design and curing protocols [12]. In particu-
lar, maturity-based strength prediction methods 
require rigorous reassessment; the distinct reac-
tion kinetics and thermal sensitivity of AAMs 
relative to OPC, together with the absence of stan-
dardized non-destructive field monitoring tech-
niques, significantly undermine the reliability of 
real-time strength estimation and delay the tran-
sition from laboratory research to safe pavement 
reopening in practice. As such, there is a lack of 

systematic synthesis that integrates these findings 
to assess the comprehensive potential of AAMs as 
sustainable and rapid-hardening repair materials.

Therefore, this systematic review addresses 
the fragmented understanding of AAMs in rapid 
pavement repair by integrating early-age perfor-
mance, durability behavior, and predictive mod-
eling within a unified analytical perspective. As 
illustrated in Figure 1, the review is structured 
through a conceptual framework that links lit-
erature mapping and evidence synthesis with 
implementation-oriented analysis. Specifically, 
the study seeks to examine material systems, 
including precursor-activator combinations and 
associated performance parameters; evaluate the 
applicability of predictive tools such as the matu-
rity method for field-based strength monitoring; 
identify key technical challenges and limitations 
that may hinder practical adoption; and outline 
implications for engineering practice while high-
lighting directions for future research.

2 Methodology

The study employs a systematic review approach 
to comprehensively identify, evaluate, and syn-
thesize existing research on the use of AAMs and/
or geopolymers for the rapid repair of concrete 
pavements. The methodology adheres to Pre-
ferred Reporting Items for Systematic Review and 
Meta-Analyses (PRISMA) 2020 Statement [30] 
to ensure transparency, rigor, and reproducibil-
ity, consistent with earlier recommendations for 
minimizing bias in evidence synthesis [31]. The 
review process encompasses a detailed search 
strategy, predefined inclusion and exclusion crite-
ria based on the PI-CO(S) framework, a structured 
multi-stage screening procedure, and systematic 
data extraction [32].

A rigorous and transparent search strategy 
was developed in accordance with established 
guidelines for evidence-based review [33, 34]. A 
search tool was used to systematically group and 
organize keywords based on the core concepts of 
the research aim [32]. The search targeted peer- 
reviewed literature indexed in Scopus and Google 

Figure 1  Conceptual framework illustrating the analytical structure of the review, linking systematic literature mapping 
and evidence synthesis to implementation-oriented insights 
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Scholar, with Publish or Perish (PoP) software 
utilized to facilitate structured retrieval and ref-
erence management. A comprehensive Boolean 
query was formulated to integrate three concep-
tual domains: Material (“alkali-activated mate-
rial” or “geopolymer”), Performance (“rapid-set” 
or “rapid-hardening” or “high-early strength”), 
and Application (“repair” or “pavement repair” or 
“maturity method”), combined using the opera-
tors “AND” and “OR” to ensure that only relevant 
studies addressing rapid-hardening AAMs for 
pavement repair were capture.

Study selection was conducted using a rigorous 
PICO(S) framework focused on concrete pavement 
repair (Population), using AAM (Intervention) as 
an alternative to conventional cementitious bind-
ers (Comparison). The screening prioritized stud-
ies reporting key performance metrics, including 
early-age strength, volumetric stability, and inter-
facial bond integrity (Outcome), and was limited 
to peer-reviewed experimental studies, reviews, 
and conference proceedings in English published 
from 2000 onward (Study type). As illustrated in 
Figure 2, the PRISMA flow diagram shows that 
496 records were initially identified through 
database searches; after removing 226 dupli-
cates, 270 records were screened based on titles 
and abstracts, resulting in the detailed eligibility 
assessment of 116 full-text articles. Ultimately, 94 
studies met all inclusion criteria and were incor-
porated into the qualitative synthesis, forming the 
empirical basis of this systematic review.

Subsequent to the selection process, eligible 
studies were systematically compiled and reviewed 
for qualitative synthesis. Key information related 

to material system parameters, fresh- and  
hardened-state properties, durability, maturity 
methods, and field applications was extracted and 
critically analyzed to identify the main factors 
controlling the performance of rapid-hardening 
AAMs for repair applications.

3 Factors controlling the performance of rapid-
hardening AAMs

The performance of rapid-hardening AAMs is 
governed by the interaction between precursor 
chemistry and activator configuration. This sec-
tion discusses the key factors controlling fresh 
properties, early-age strength, and durability 
performance, with particular emphasis on their 
influence on dissolution kinetics, gel formation, 
and engineering behavior. The applicability of 
maturity-based prediction methods is also evalu-
ated as a tool for field-based strength monitoring 
and supporting repair strategies.

3.1 Material system parameters
3.1.1 Precursors
Precursor chemistry is the primary factor con-
trolling reaction kinetics, gel stoichiometry, and 
the resulting engineering performance of AAM 
systems. In rapid pavement repair applications, 
the balance between the CaO/SiO2 and SiO2/Al2O3 
ratios determines the dominant reaction pathway 
by regulating the availability of reactive calcium, 
silicate, and aluminate species. These oxide ratios 
represent the overall precursor composition, while 
molar ratios such as Ca/Si and Si/Al describe the 
stoichiometry of the resulting gel phases. Class 

Figure 2  PRISMA 2020 flow diagram illustrating the study identification, screening, 
eligibility, and inclusion process 
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F fly ash and metakaolin typically exhibit CaO/
SiO2 ratios below 0.3 and higher SiO2/Al2O3 ratios 
(2–3), favoring the gradual formation of N-A-S-H 
(or K-A-S-H) gels. In contrast, slag and Class C fly 
ash generally show CaO/SiO2 ratios above 0.8 and 
lower SiO2/Al2O3 ratios (1–2), promoting rapid 
precipitation of C-(A)-S-H gels. Hybrid systems 
combining slag with Class F fly ash or metakaolin 
typically fall within intermediate CaO/SiO2 ratios 
(0.4–0.8) and moderate SiO2/Al2O3 ratios (2–3), 
enabling the formation of cross-linked (N,C)-A-
S-H networks. As summarized in Table 1, these 
different chemical regimes lead to distinct micro-
structural evolution pathways and engineering 
performance across different AAM systems.

In low-calcium systems, alkaline activation of  
Class F fly ash follows a destruction-polycondensation 
mechanism in which the high bond energy of 
Si-O-Si and Si-O-Al linkages limits dissolution 
at ambient temperature [23]. Once dissolved, sil-
icate and aluminate monomers are released and 
subsequently polycondense, with Na+ (or K+) ions 
from the activator balancing the negative charge 
of [AlO4]− tetrahedra within the framework to 
form a stable N-A-S-H (or K-A-S-H) gel net-
work [21, 23, 35]. However, early precipitation of 
aluminum species can create a passivation layer 
on Class F fly ash particles, inducing a dormant 
period that delays gel densification and results 
in a porous capillary structure at early ages [23, 
35]. Mechanically, this leads to prolong setting 
times and insufficient early-age strength, mak-
ing pure low-calcium systems unsuitable for rapid 
pavement repair where reopening is required 
within hours. Additionally, because N-A-S-H (or 
K-A-S-H) gels bind water less effectively than 
high-calcium systems, excess free water remains 
in capillary pores, increasing susceptibility to dry-
ing shrinkage upon evaporation [12, 36]. Metaka-
olin serves as an alternative high-purity, low-CaO 
precursor, a calcined and highly amorphous alu-
minosilicate, offers higher and more uniform 
reactivity at ambient temperature and can rapidly 
form stable N-A-S-H (or K-A-S-H) networks [37, 
38], but its plate-like morphology increases water 
demand and may reduce workability or promote 
brittleness if not properly optimized.

Conversely, CaO-rich precursors such as slag 
(30–45% CaO) exhibit exceptional early-age 
strength due to their rapid alkaline activation. The 
reaction involves fast dissolution of the Ca-O-Si 
and Mg-O-Si network, accompanied by a sharp 
exothermic peak and the release of Ca2+ and sil-
icate species, followed by rapid precipitation of 
disordered C-S-H, which subsequently incorpo-
rates aluminate species and charge-balancing Na+ 
to form cross-linked C-(A)-S-H gels [23, 39, 40]. 
These C-(A)-S-H gels possess high space-filling 
capacity, rapidly refining the pore structure into a 
dense mesoporous network, which underpins the 
superior early mechanical performance of slag-
based AAMs [26, 41]. However, this advantage is 
offset by a pronounced durability risk: rapid gel 

formation induces severe self-desiccation within 
the refined mesopores, generating high capillary 
stresses that lead to significant autogenous and 
plastic shrinkage [42–44]. In thin pavement repair 
layers, these stresses often exceed the immature 
tensile strength, promoting microcracking and 
premature debonding at the interfacial transition 
zone (ITZ). Class C fly ash, with higher inherent 
CaO content (typically >18%) than Class F fly ash, 
represents another option, enabling the coexis-
tence of C-(A)-S-H and N-A-S-H gels. While  
elevated-temperature curing can yield very rapid 
strength development (e.g., >90% of 28 days  
strength within 24 h at 70°C) [45], variations 
in calcium content strongly affect rheology and 
mechanical response, necessitating strict mate-
rial characterization. Under ambient curing con-
ditions typical of rapid pavement repair, Class C 
fly ash-based AAMs often still require additional 
calcium sources or highly concentrated activators 
to achieve sufficiently early-age strength.

To reconcile the trade-off between early 
strength and volumetric stability, hybrid precur-
sor systems utilize the synergistic coexistence of 
C-(A)-S-H and N-A-S-H gels, where the incor-
poration of Class F fly ash or metakaolin into 
slag-based matrices modifies microstructural 
evolution. Such hybrid systems are widely recog-
nized as an effective strategy for rapid pavement 
repair because precursor chemistry governs both 
reaction kinetics and field performance, requir-
ing a balanced combination of CaO-rich and 
aluminosilicate source precursors. Unlike purely 
high-calcium systems, which may exhibit rapid 
reactions and significant autogenous shrinkage, 
the inclusion of low-CaO precursors rich in amor-
phous SiO2 and Al2O3 moderate dissolution kinet-
ics and stabilizes gel development. In particular, 
slag-Class F fly ash blends activated with NaOH 
and Na2SiO3 follow a staggered, multi-stage reac-
tion pathway that enables early-age strength gain 
for traffic reopening while maintaining long-term 
durability.

The reaction is initiated by the alkaline disso-
lution of amorphous phases, releasing Si4+, Al3+, 
and Ca2+ ions into the pore solution [23]. Slag dis-
solves more rapidly than Class F fly ash because 
breaking Ca-O-Si, Mg-O-Si, and Al-O-Al bonds 
requires less energy than disrupting the more sta-
ble Al-O-Si bonds in Class F fly ash-based systems 
[23, 46]. The high availability of Ca2+ promotes 
the rapid precipitation of disordered C-(A)-S-H 
gels, which form the primary structural skele-
ton responsible for early-age strength and enable 
early traffic reopening [23, 47]. During this stage, 
partially reacted or unreacted Class F fly ash par-
ticles act as nucleation sites that further accelerate 
C-(A)-S-H formation [23, 48]. As curing pro-
gresses, the delayed dissolution of Class F fly ash 
activates polycondensation reactions that gen-
erate a three-dimensional N-A-S-H framework, 
progressively filling capillary pores and densify-
ing the matrix [13, 23]. Importantly, C-(A)-S-H 
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and N-A-S-H do not evolve independently; chem-
ical restructuring occurs as Ca2+ partially substi-
tutes Na+ within the aluminosilicate network to 
form cross-linked (N,C)-A-S-H phases, while 
additional aluminum incorporation into C-(A)-
S-H bridging sites enhances structural connec-
tivity [13, 23]. The macroscopic performance of 
the repair system therefore reflects the balance 
between these reaction pathways: slag-rich pro-
cesses favor rapid-hardening but increase shrink-
age risk, whereas Class F fly ash incorporation 
refines the pore structure, improves gel-aggregate 
bonding, and promotes a more homogeneous and 
thermodynamically stable microstructure.

Beyond binary blends, several studies have 
extended precursor design toward ternary systems 
[22, 49–51], aiming to further tailor reaction kinet-
ics and microstructural evolution specifically for 
pavement applications. The incorporation of silica 
fume into slag-Class F fly ash matrices has been 
reported to improve particle packing and early- 
age strength more effectively than metakaolin 
in certain ternary configurations [49]. Its ultra-
fine particles supply highly reactive amorphous 
silica that refines capillary pores, reduces perme-
ability, and enhances resistance to de-icing salts 
and freeze thaw cycles [22]. Other investigations 
introduced supplementary materials such as red 
mud [52], flue gas desulfurization gypsum [52], 
and municipal solid waste incineration fly ash 
[53] to promote co-precipitation of cross linked 
gels and accelerate setting, in some cases achiev-
ing very rapid strength development suitable for 
emergency repair scenarios. However, these per-
formance gains are highly formulation dependent. 
As evidenced by the strength reduction observed 

when CaO-rich parawood ash was incorporated 
into low-silicate activator systems [54] and by the 
sensitivity of gel stability to activator composi-
tion [55], chemical compatibility between precur-
sors and alkaline activators remains a decisive yet 
insufficiently systematized factor.

3.1.2 Alkaline activators
The alkali activation mechanism is a critical deter-
minant of reaction kinetics, gel chemistry, and 
constructability of AAM systems. Alkaline activa-
tors typically consist of alkali anions (OH-, SiO3

2-

, CO3
2-) combined with alkali or alkaline-earth 

cations (Na+, K+, Ca2+) [23], and variations in 
activator chemistry directly influence reaction 
pathways and resulting mechanical performance. 
Among available options, sodium (Na-based) sys-
tems dominate pavement repair applications due 
to superior cost-effectiveness and commercial 
availability compared with potassium (K-based) 
alternatives, despite the latter’s potential advan-
tages in reduced viscosity and efflorescence [4, 22, 
23, 56]. Accordingly, most studies employ con-
ventional two-part systems composed of NaOH, 
either alone or combined with Na2SiO3 [27, 37, 
40, 50, 57–62]. Na-based activation also demon-
strates compatibility with calcium-rich mixtures 
that promote the formation of cross-linked (N,C)-
A-S-H phases, as mentioned in Section 3.2.1, 
which is favorable for rapid strength development 
as well as long-term durability.

NaOH primarily establishes the high-pH envi-
ronment required for the dissolution of alumino-
silicate precursors, whereas Na2SiO3 contributes 
both alkalinity and soluble silica species; their 
combined use is more effective in enhancing 

Table 1  Comparison of gel formation mechanisms and associated engineering performance in different AAM systems [23, 35, 37, 38, 45–48, 50]

Feature Low-calcium systems High-calcium systems Hybrid (binary) systems

Primary precursors Class F fly ash, metakaolin Slag, Class C fly ash Slag + Class F fly ash/metakaolin
Dominant gel phase K/N-A-S-H (Potassium- or 

Sodium-alumino-silicate hydrate)
C-(A)-S-H (Calcium- 
(alumino)-silicate hydrate)

(N,C)-A-S-H (Hybrid cross-linked 
network)

Primary bond breaking High energy required to break 
stable Si-O-Si and Al-O-Si bonds.

Dissolution of the disordered 
Ca-Si-O and Mg-O-Si  
network.

Multi-stage: Rapid dissolution of 
Ca-bonds followed by Al-Si oligomer 
release.

Structural Role of Cations Na+ (or K+) acts as a charge 
balancer within the [AlO4]− 
tetrahedral network.

Ca2+ acts as a network former/
modifier, creating a chain-like 
structure.

Ca2+ ions progressively substitute into 
the N-A-S-H framework, increasing 
cross-linking.

Reaction kinetics Slow/Insufficient: Limited re-
activity at ambient temp; often 
requires heat curing.

Rapid/Aggressive: Intense 
early-age reactivity and fast 
setting times.

Regulated: Staggered dissolution  
provides a “controlled” reaction  
window.

Microstructural evolution Coarser pore structure with higher 
levels of free water.

Highly refined mesoporous 
network; very high capillary 
tension.

Bimodal distribution: Early C-(A)-S-H 
skeleton refined by later N-A-S-H 
“filling.”

Early-age strength Low; unsuitable for rapid traffic 
reopening.

Exceptional: Achieves high 
structural capacity within 
hours.

Optimal: Balanced early strength  
development with continued gain.

Dimensional stability Low risk of autogenous shrinkage 
but high drying shrinkage risk.

Poor: Intense self-desiccation 
leads to high autogenous  
shrinkage and ITZ debonding.

Excellent: “Dilution” of calcium content 
reduces capillary tension and mitigates 
cracking.
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compressive strength than either component 
alone because NaOH adjusts the SiO2/Na2O ratio 
[50], which is defined as the silicate modulus 
(Ms) of the activator solution, thereby creating 
a chemically favorable reaction environment. 
Commercial Na2SiO3 solutions typically exhibit 
Ms values between 1.6 and 3.85; however, exces-
sively high Ms can impair silicate solubility, trig-
ger premature polymerization, increase viscosity, 
and hinder uniform mixing, while excessively low 
Ms accelerates dissolution and setting but may 
compromise dimensional stability [63]. At the 
molecular level, Ms governs silicate speciation: 
lower Ms (higher alkalinity) favors highly reac-
tive monomeric silicates that can generate a more 
porous gel network, whereas higher Ms intro-
duces pre-polymerized silicate oligomers that 
function as nucleation “seeds” for polycondensa-
tion, promoting the development of a more cross-
linked aluminosilicate framework associated with 
reduced permeability and higher ultimate strength 
[47, 64]. Consequently, this relationship follows 
an optimal threshold, typically lying within Ms 
1–1.5, contingent upon the precursor type, to bal-
ance rapid dissolution kinetics with the structural 
integrity of the resulting gel matrix [24, 37, 47], 
making the Na2SiO3/NaOH ratio a primary con-
trol parameter governing the hardening profile of 
AAM systems [57].

Alkali concentration further dictates AAM per-
formance and is commonly expressed as NaOH 
molarity or total Na2O equivalent relative to the 
binder mass in percent. Higher molarity lev-
els (10–14 M) increase pore solution alkalinity, 
thereby accelerating dissolution of the precursor’s 
glassy framework through enhanced rupture of 
Si-O-Si and Si-O-Al bonds, which promotes rapid 
release of Si4+ and Al3+ species, shortens setting 
time, and enhances early-age strength [26, 62, 
65, 66], an advantage for emergency pavement 
repair. However, this accelerated gelation can sig-
nificantly reduce flowability and may compromise 
constructability [60, 67]. Lower molarity ranges 
(6–10 M) improve workability but slow reaction 
kinetics and strength development [26, 62, 67]. 
Similarly, Na2O dosage, typically within the range 
of 2 to 12%, dictates the pH of the pore solution 
by providing the necessary H− ions, which serves 
as the primary driver for dissolution kinetics [40, 
47]. Increasing alkali content accelerates precur-
sor dissolution and early gel formation; however, 
excessive dosages above approximately 8% may 
induce “alkali-overloading”, characterized by 
rapid super-saturation and premature gel precip-
itation that encapsulates unreacted particles and 
restricts later stage reaction progress [40, 47]. 
Although higher Na2O levels from 8 to 12% sig-
nificantly refine the microstructure by reducing 
average pore size and total porosity, this densi-
fication is accompanied by elevated autogenous 
and drying shrinkage, thereby increasing the 
risk of interfacial delamination in overlay repair 
systems [12, 25, 39]. Conversely, lower dosages 

below 6% improve dimensional stability and eco-
nomic efficiency by reducing shrinkage, but often 
fail to meet rapid pavement repair requirements 
due to insufficient dissolution, prolonged setting 
times, limited early age strength development, 
and compromised interfacial bonding [25].

While optimization strategies have been pre-
dominantly developed for conventional two-part 
AAM systems, their translation to field-scale 
pavement repair introduces practical constraints 
related to safety and constructability. In two-part 
systems, concentrated alkaline solutions must be 
pre-mixed and handled carefully to control exo-
thermic heat release, and the transportation of 
corrosive liquids presents logistical and occupa-
tional hazards [60, 68]. These challenges have 
driven the development of one-part (“just add 
water”) systems, in which solid activators are 
dry-blended with the precursor and activated 
solely through water addition. Common Na-based 
activators include powdered sodium silicate (e.g., 
sodium metasilicate pentahydrate) and sodium 
hydroxide flakes, whereas potassium carbonate 
and potassium hydroxide are typically employed 
in K-based formulations [22, 55, 56, 69, 70]. As 
illustrated in Figure 3, the fundamental distinction 
between two-part and one-part AAM systems lies 
in the mixing and delivery of the activator, with 
the latter offering improved handling and safety 
during field application.

In contrast to two-part systems, one-part AAMs 
rely on the in-situ dissolution of solid activators 
before polycondensation can proceed, resulting in 
a buffered and progressively increasing alkalin-
ity. Dong et al. [70] showed that this mechanism 
delays and attenuates the main exothermic peak, 
extending the dormant period without compro-
mising ultimate strength. However, the kinetics 
remain highly sensitive to activator characteris-
tics, particularly particle size distribution, which 
governs the dissolution rate and subsequent pH 
rise. While finer particles accelerate early-age 
strength gain, they may intensify plastic shrink-
age due to rapid chemical transitions [56, 69]. 
Thus, shifting from two-part to one-part systems 
does not eliminate the need for precise control of 
Ms and alkali dosage; rather, it redefines these 
parameters within a dissolution-controlled acti-
vation framework suited for safer field handling.

The chemical composition of the activator 
in one-part AAM dictates a critical trade-off 
between rapid-hardening and fresh-state work-
ability. For example, potassium hydroxide with 
molarity levels of 12–16 M significantly accel-
erates polycondensation reactions in one-part 
UHGPC concrete, resulting in rapid-hardening 
but reduced flowability due to increased paste 
viscosity and a lower H2O/alkali ratio [22]. This 
inverse relationship was also revealed by Dong et 
al. [70], who found that while higher dosages of 
solid sodium silicate increase early-age strength, 
they simultaneously increase paste viscosity, 
complicating handling. In contrast, activators 
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with slower dissolution kinetics, such as sodium 
carbonate, generally produce longer setting 
times and slower early-age strength gain [56]. 
To address the rheological limitations associated 
with highly alkaline systems, modifiers such as 
surfactants and salts of strong acids have been 
introduced to delay initial setting while main-
taining high-early strength, particularly when 
combined with nanosilica [55]. Moreover, acti-
vator effects are strongly coupled with precursor 
chemistry: CaO-rich precursors promote rapid 
C-(A)-S-H gel formation and accelerate early- 
age strength, while supplementary silica-rich 
additives increase the Si/Al ratio and refine the 
gel network, and Class F fly ash tends to reduce 
early-age strength due to its slower dissolution 
[22, 55, 56].

3.2 Fresh and hardened properties in rapid 
pavement repair
3.2.1 Setting and flow characteristics
The success of rapid pavement repair hinges on 
balancing a sufficient “working window” for 
placement with a fast “setting time” to minimize 
lane closure duration, a balance fundamentally 
governed by the synergistic gel evolution dis-
cussed in Sections 3.1.1 and 3.1.2. According to 
ASTM C928, “Type R3” very rapid-hardening 
repair materials are often categorized by their 
ability to reach significant mechanical milestones 
within three hours, making the initial chemical 
induction period critical for meeting performance 
indicators. The reviewed AAM systems demon-
strated considerable variability in these char-
acteristics, largely controlled by the precursor’s 
calcium availability and the activator’s alkalinity.

Reported setting times span a wide range, with 
initial setting occurring as rapidly as 5 min [24, 
25] and final setting extending beyond 200 min  
in some formulations [63]. While ultra-fast set-
ting reduces traffic disruption, Yeo et al. [1] 

categorize such materials as “ultra-rapid” or 
“rapid” strength gain, noting that they pose a 
risk of “flash setting” during mixing; conversely, 
extended setting times delay the return to service 
beyond the thresholds specified for high-early 
strength concrete [5].

The setting behavior of AAM systems is funda-
mentally governed by Ca2+-driven reaction kinet-
ics, which control the rate of gel precipitation and 
structural stiffening. High-calcium precursors 
such as slag and Class C fly ash exhibit intense 
early reactivity due to their elevated CaO content, 
promoting rapid C-(A)-S-H gel formation and 
hardening within approximately one hour [25, 40,  
45, 50]. For instance, ultra-fine slag activated 
with a NaOH/Na2SiO3 combination exhibits rapid- 
setting, with initial and final times of 11–13 and 
22–24 min, respectively [41]. Alternatively, slag 
blended with portlandite and dihydrate gypsum, 
as well as slag-based AAMs activated with NaOH 
alone or combined with Na2SiO3 (4–12% Na2O), 
exhibit broader setting time ranges, with initial 
and final setting occurring within 5–56 and 10– 
70 min, respectively [25, 40]. Within this range, 
an 8% Na2O dosage serves as a threshold; increas-
ing the dosage up to this point accelerates ini-
tial setting from 56 to 23 min, whereas further 
increases to 12% result in prolonged initial set-
ting from 23 to 36 min [40], consistent with the 
mechanisms described in Section 3.2.2. Such rapid 
stiffening aligns with emergency repair require-
ments that require reopening to traffic within 4 to 
8 h [5, 10]. However, excessive reaction rates sig-
nificantly shorten the working window and may 
fail to satisfy the minimum 15-min consistency 
requirement for field placement [3], often neces-
sitating the use of retarders or precursor blend-
ing to comply with BS EN 1504-3 provisions on 
adhesion and pot life for structural repair.

In contrast, low-calcium precursors such as 
Class F fly ash and metakaolin rely primarily on 

Figure 3  Schematic 
comparison of mixing 
procedures and 
activator delivery in 
two-part and one-part 
AAM systems 
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slower N-A-S-H polycondensation mechanisms 
[21, 35, 37], frequently requiring heat curing to 
achieve practical setting times, which limits their 
suitability for in-situ pavement repair. To reconcile 
workability with rapid-hardening, hybrid systems 
regulate CaO availability through staggered ion 
dissolution pathways. Incorporation of Class F fly 
ash into a slag matrix has been shown to prolong 
setting times; specifically, each 10% increment in 
slag replacement potentially extends the setting 
process by approximately 5–10 min across vari-
ous activator configurations [25, 41, 67, 71, 72]. 
Despite this delay, the setting times remain well 
within the three-hour limit specified by ASTM 
C928. Similarly, a comparable moderation of 
the hardening profile is observed in metakaolin- 
slag systems. Replacing slag with up to 15% 
metakaolin slightly prolongs setting [24], which 
facilitates enhanced reactivity at ambient tem-
peratures while effectively mitigating flash setting 
[27]. This trend is further supported by studies on 
metakaolin blended with para wood or oil palm 
ash, which achieve high-early strength while 
maintaining adequate working time [54]. Collec-
tively, these findings suggest that regulating CaO 
availability through precursor blending serves as 
a critical design variable for tailoring the setting 
time in rapid pavement repair applications.

Following the demonstrated influence of CaO 
availability on setting kinetics, workability 
emerges as an equally critical parameter in rapid 
pavement repair applications. The repair mate-
rial must exhibit sufficient flowability to self-
level and fill irregular pothole geometries without 
segregation, thereby meeting the bond strength 
and impermeability requirements for “Class R4” 
structural repairs under BS EN 1504-3. Activator 
composition plays a decisive role in governing the 
flow to setting transition. Specifically, mixtures 
with an elevated Ms or higher alkalinity tend to 
exhibit increased viscosity and diminished fluid-
ity. Beyond the optimal thresholds discussed in 
Section 3.1.2, these parameters trigger accelerated 
silicate polymerization and rapid network forma-
tion pathway [40, 67, 73], which significantly 
impair workability. Such rheological stiffening 
poses a critical challenge for deep placement 
applications, as it hinders the uniform flow and 
compaction necessary for structural integrity. 
Particle geometry further modulates rheologi-
cal behavior. The spherical morphology of fly 
ash particles promotes a ball bearing lubrication 
effect that enhances flow, whereas the irregular 
plate like structure of metakaolin increases water 
demand, internal friction, and reduces the effec-
tive working window [50]. To maintain the high 
fluidity required for self-compacting AAM mor-
tars while preserving early-age strength develop-
ment, chemical admixtures such polyvinyl alcohol 
latex powder and polypropylene fiber have been 
employed to prolonged the initial setting time of 
rapid-hardening binders, without compromising 

the 24-h strength targets specified in ASTM C928 
[39, 74].

To consolidate the influence of key mixture 
variables on fresh-state behavior, Table 2 sum-
marizes the combined effects of slag ratio, Ms, 
and Na2O content on setting time and flowability 
across varying temperatures. In this dataset, slag 
content is defined as the mass fraction of total pre-
cursors (slag, Class F fly ash, and silica fume), Ms 
represents the SiO2/Na2O molar ratio of the acti-
vator, and Na2O content is calculated relative to 
the activator solution, which differs from the Na2O 
equivalent defined in Section 3.1.2; other param-
eters, including supplementary materials and  
liquid-to-solid ratio, are held constant. The results 
demonstrate a strong coupling between activa-
tor chemistry and temperature, where increasing 
temperature accelerates reaction kinetics, reducing 
setting time and flowability. Temperature acts as 
a key driver of the transition from workability to 
structural build-up through enhanced dissolution 
and condensation. Higher slag content intensifies 
this effect via rapid C-(A)-S-H formation, while 
Ms and Na2O content control the balance between 
fluidity and early structuration. Mixtures with low 
Ms and high alkali concentration show delayed 
setting at low temperatures but become highly 
sensitive to thermal activation, indicating a shift 
in rate-controlling mechanisms. Three thermal 
regimes can be distinguished: at 20°C, reactions 
are dissolution-controlled, leading to extended 
workability but slow strength development; at 
40°C, a catalytic threshold is reached, promoting 
concurrent C-(A)-S-H and N-A-S-H formation 
and providing an optimal balance between work-
ability and early hardening; and at 60°C, reac-
tions become diffusion-limited, resulting in rapid, 
flash-like setting that enhances early strength 
but increases the risk of autogenous shrinkage 
and interfacial microcracking due to accelerated 
heat release and moisture depletion [75]. This 
thermally driven structural evolution is further 
associated with increased yield stress and accel-
erated build-up in silicate-rich, high-alkali, slag- 
dominant systems [76].

3.2.2 Early-age strength
For rapid pavement repair materials, the key per-
formance indicator is the ability to achieve a min-
imum opening strength, typically 20 MPa within 
a few hours to allow for same-day reopening to 
traffic. In terms of classification, ASTM C928 cat-
egorizes materials achieving ≥21 MPa in 3 h as 
“Type R3” very rapid-hardening repair materials, 
while BS EN 1504-3 sets a “Class R4” requirement 
for structural repairs at ≥45 MPa (28 days) with 
high early-age strength gain. Based on the review 
conducted, the AAM systems demonstrated supe-
rior early-age strength compared with Portland- 
based repair materials, primarily due to the 
rapid dissolution and polycondensation kinet-
ics discussed in Sections 3.1.1 and 3.1.2, which 
mirror the characteristic of high-performance 
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cementitious systems used in “Sprint” fast-setting 
technologies [10].

As established in Section 3.1.1, slag-based 
and hybrid slag-containing systems con-
sistently demonstrate exceptional early-age 
strength under ambient curing conditions, ful-
filling the practical requirement for “cold” field 
applications where external heating is imprac-
tical. Slag-based AAM, for instance, achieved 
approximately 30 MPa within one day [26, 40, 
41], without additional heat treatment, in con-
trast to Class C fly ash, which requires heat-
ing at 70°C to achieve equivalent compressive 
strength in the same time, even though both are 
categorized as CaO-rich precursors. For rapid 
pavement repair, this advantage becomes more 
pronounced: optimized slag-containing mix-
tures have been reported to reach 16–28 MPa 
within 6–8 h [22, 27, 70, 77] and exceed 45 MPa  
at 24 h through appropriate adjustment of pre-
cursor and activator formulations [36, 70–72, 
78]. These strength levels are sufficient to 

enable overnight or same-day traffic reopening 
and satisfy the minimum 45 MPa requirement 
for “Class R4” structural repair materials speci-
fied in BS EN 1504-3.

As illustrated in Figure 4, a positive correla-
tion was observed between the slag content in 
the hybrid AAM systems and the 24-h compres-
sive strength. Within the studied range, a higher 
slag proportion generally improved the early 
mechanical performance, likely due to increased 
CaO availability and accelerated C-(A)-S-H gel 
formation. Mixtures containing more than 60% 
slag achieved compressive strengths exceeding  
40 MPa at 24-h, thus exceeding the ≥20 MPa 
threshold generally adopted for early traffic 
reopening. Although early-age strength is not 
uniformly reported, the typical nonlinear strength 
gain of slag-rich AAMs suggests that the 20 MPa  
criterion can be achieved in approximately 6– 
12 h under favorable conditions. However, these 
projections remain sensitive to temperature and 
mix design, necessitating verification through 

Table 2  Combined effects of slag ratio, Ms, Na2O content, and temperature on the fresh-state behavior of AAM systems, 
adapted from Qian et al. [75]

Temperature 
(°C)

Slag ratio Ms Na2O (%) Setting time (min) Flowability 
(cm)

Initial set Final set

20 0.25 1.8 9 29 35 19.5
0.50 26 30 19.4
0.75 23 27 19.1
1.00 19 24 17.7
0.5 0.6 212 232 18.1

1.2 22 27 20.9
2.3 696 1171 14.5
1.8 5 72 76 18.4

7 35 40 18.8
11 20 27 21.6
13 25 35 20.5

40 0.25 9 22 28 19.1
0.50 18 24 18.7
0.75 17 23 18.3
1.00 15 20 17.1
0.5 0.6 187 231 16.8

1.2 15 23 19.9
2.3 494 649 13.4
1.8 5 58 65 17.7

7 23 31 18.1
11 16 22 20.4
13 18 24 20.2

60 0.25 9 20 27 18.7
0.50 15 21 18.5
0.75 13 19 18.1
1.00 13 16 16.1
0.5 0.6 165 214 14.5

1.2 13 19 19.7
2.3 287 592 12.5
1.8 5 43 53 17.6

7 21 25 17.9
11 14 20 20.1
13 16 21 20.0
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early-age strength monitoring or maturity- 
based controls to avoid overestimating in-situ 
performance.

The efficacy of these systems is further enhanced 
through ultra-high-early strength AAM formula-
tions. Hybridization strategies such as the partial 
substitution of metakaolin with biomass ashes, 
including para wood or oil palm ash, accelerate 
initial hardening and facilitate early reopen-
ing to traffic [54]. This acceleration is primarily 
attributed to the additional reactive silica and 
alkali content within the biomass ash, which inten-
sifies the dissolution-condensation process. While 
thermal curing is known to catalyze strength gain, 
its large-scale application in pavement repair 
remains logistically challenging. As noted by Yeo 
et al. [1], repair materials are classified by their 
strength-gain rates from ultra-rapid to normal; 
for AAMs to achieve “ultra-rapid” status under 
ambient conditions, the chemical synergy between 
the precursor and activator is paramount. None-
theless, emerging techniques like electrothermal 
curing offer a compromise for localized repairs; 
Balapanov et al. [51] demonstrated that applying 
40 V yielded 31.34 MPa in only 4 h. In the absence 
of such interventions, ambient curing of Class F 
fly ash-based AAMs, which lack sufficient reactive 
Ca2+ as detailed in Section 3.1.1, typically leads 
to sluggish reaction kinetics and delayed strength 
development [35], underscoring the need to incor-
porate a substantial slag fraction to stimulate 
hardening at an early age.

As detailed in Section 3.1.2, activator chem-
istry must be precisely calibrated. Ji et al. [40] 
reported that while optimal alkalinity (Na2O eq. ≈ 
8.0%) produced high strength, excessive alkalin-
ity hindered polymerization and caused embrit-
tlement and cracking, a failure mode that would 
be catastrophic under repetitive traffic loads. This 
aligns with findings that excessively high NaOH 
Molarities (e.g., 16 M) can promote premature 
calcium precipitation, leading to a porous, weaker 
matrix [65]. These findings underscore that early 
strength is not governed solely by reaction rate, 
but by achieving a controlled balance between 
dissolution and stable polycondensation through 
appropriate Ms and alkali dosage.

Temperature further governs reaction kinetics 
and directly influences the feasibility of early 
traffic reopening. Rather than merely shifting 
reaction stages, temperature alters the reaction 
degree. At 20°C, which represents typical night-
time or early-morning field conditions, Class F fly 
ash remains largely unreacted (inert filler), lim-
iting early strength. In contrast, at 40 to 60°C, 
commonly encountered during daytime con-
struction in warm climates or at midday under 
intense solar radiation and elevated pavement 
temperatures, Class F fly ash becomes activated 
and contributes synergistically with slag to form a 
denser matrix, significantly enhancing early-age 
performance. From a calorimetric perspective, this 
transition is reflected in the acceleration stage 
of heat evolution, which governs the formation 
rate of the primary load-bearing gel network 
[75, 76]. Systems with earlier and steeper heat 
release peaks generally achieve faster strength 
gain, which is essential for rapid pavement repair. 
However, excessive acceleration can lead to het-
erogeneous gel formation and shrinkage-induced 
microcracking, thereby compromising the repair’s 
long-term durability.

3.2.3 Bonding to existing concrete substrate
The structural integrity and service life of a pave-
ment patch are fundamentally dependent on the 
quality of the bond between the repair material 
and the existing concrete substrate. In rapid pave-
ment repair, bond failure typically manifests as 
delamination or “pop-out” caused by high shear 
and impact stresses from rolling wheel loads. For 
a repair to be deemed effective, it must satisfy 
specific performance indicators; for instance, BS 
EN 1504-3 mandates a bond strength of ≥2 MPa 
for “Class R4” structural repairs, while ASTM 
C928 sets a more rigorous one-day benchmark 
of ≥7 MPa for “Type R3” very rapid-hardening 
repair materials.

The reviewed AAMs consistently meet or 
exceed relevant regulatory requirements, high-
lighting the importance of optimizing both pre-
cursor blend and activator chemistry to maximize 
interfacial adhesion. In hybrid slag-Class F fly 
ash systems, interfacial bond strength shows 

Figure 4  Influence of slag 
content on the 24-h 
compressive strength of 
hybrid AAM systems [36, 
50, 70–72] 
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a non-linear dependence on slag content, with 
optimum performance typically around 50% 
slag. Fan et al. [20] reported bond improvements 
exceeding 62% relative to OPC at this composi-
tion, while Zhang et al. [79] observed peak split-
ting tensile strength of about 2.4 MPa at 50% slag 
compared with 1.4–1.8 MPa at lower or higher 
replacement levels. This trend indicates that 
intermediate slag contents provide balanced gel 
chemistry and shrinkage compatibility, improv-
ing chemical adhesion and mechanical interlock-
ing at the repair interface. Using modified slant 
shear and pull-off tests, early-age bond strengths 
of approximately 7–10 MPa at three days have 
been reported for slag-Class F fly ash AAM sys-
tems [26], whereas slag-metakaolin-Class F fly 
ash blends show lower interfacial flexural tensile 
strength of around 2.1 MPa at the same age [50], 
illustrating the influence of precursor chemistry 
and test configuration. Nevertheless, optimized 
metakaolin-based AAM mixtures containing 30% 
slag can still achieve adequate early-age bonding 
strength, reaching about 3.7 MPa at 1 day and 
6.42 MPa at 28 days [27]. Complementing pre-
cursor optimization, studies indicate that a com-
posite activator combining Na2SiO3 and NaOH 
resulted in a denser interfacial microstructure, 
underscoring the critical role of activator chem-
istry in ensuring the durability of AAM-based 
repairs [61, 68].

The superior interfacial performance of AAM 
repairs originates from a chemically integrated 
ITZ rather than a mechanically dependent contact 
zone. As discussed in Sections 3.1.1 and 3.1.2, 
the precursor-activator synergy enables a reac-
tive interface in which the highly alkaline pore 
solution penetrates the OPC substrate, dissolv-
ing portlandite and residual C-S-H phases [20, 
59, 61]. This dissolution induces bi-directional 
ionic migration, with Ca2+ diffusing into the AAM 
matrix and Si4+, Al3+, and alkali cations migrat-
ing toward the existing OPC substrate [20, 50, 56, 
59, 68]. The resulting ionic exchange promotes in 
situ precipitation of C-(A)-S-H and cross-linked 
aluminosilicate frameworks across the interface, 
effectively creates a continuous “chemical bridge” 
that chemically binds the two distinct matrices 
together [79, 80]. In contrast to conventional OPC 
repairs, where the “wall effect” often produces a 
porous and mechanically weak ITZ, AAM systems 
generate a densified interphase with refined pore 
structure [50, 81, 82]. Microhardness gradients 
demonstrate a gradual strength transition rather 
than a distinct weak plane, in some cases exceed-
ing the adjacent OPC matrix [79–81]. Importantly, 
this interfacial densification reduces permeability 
and limits the ingress of water and de-icing salts, 
thereby mitigating freeze-thaw deterioration and 
enhancing long-term pavement durability [20, 
59, 68].

While AAMs are capable of forming a chem-
ically integrated ITZ, the extent of this interfa-
cial densification remains highly dependent on 

substrate preparation and field execution. To 
effectively translate the intrinsic chemical advan-
tages of AAM binders into durable pavement 
repairs, careful management of substrate condi-
tions is essential. Mechanical surface treatments 
such as sandblasting or grooving enhance surface 
roughness and increase effective contact area, 
supporting both chemical bonding and mechan-
ical interlocking. Moisture control is particularly 
critical for AAM repairs: unlike OPC where a sat-
urated surface dry condition is standard, exces-
sive moisture may dilute the alkaline activator 
and reduce local pH at the interface, whereas an 
overly dry substrate can absorb the activator and 
hinder polymerization reactions. Current evidence 
suggests that a slightly dry condition provides a 
more favorable balance, allowing adequate acti-
vator penetration without significant dilution [50, 
83, 84]. Repair geometry further influences stress 
transfer efficiency, as interlocking rectangular or 
mortise-tenon cuts improve tensile performance 
relative to conventional rectilinear forms [59]. 
The incorporation of modifiers such as polyvinyl 
alcohol latex, polypropylene fibers, or epoxy resin 
can additionally enhance crack-bridging capac-
ity and interfacial toughness under cyclic traffic 
loading [74, 85, 86].

3.3 Durability-related properties
3.3.1 Shrinkage and creep behaviors
The long-term suitability of AAMs for rapid pave-
ment repair is strongly governed by volumetric 
stability, as excessive deformation directly com-
promises interface bond durability between the 
repair layer and the existing concrete substrate. 
Performance specifications such as ASTM C928 
therefore impose strict limits on length change, 
typically below 0.15% at 28 days, to prevent 
debonding and premature failure. Existing lit-
erature consistently highlights a fundamental 
distinction in shrinkage and creep mechanisms 
between high- and low-calcium systems [12, 87], 
arising from differences in gel chemistry and pore 
structure evolution, as discussed in Sections 3.1.1 
and 3.1.2.

In high-calcium systems, particularly slag-
based, volumetric instability is predominantly 
governed by autogenous mechanisms rather than 
external drying. Rapid hydration consumes pore 
solution, generating self-desiccation and capil-
lary stresses within an increasingly refined pore 
network. The dense microstructure and high sur-
face tension of the alkaline pore solution amplify 
internal capillary pressures, while the viscoelastic 
nature of C-(A)-S-H gels renders the solid skele-
ton susceptible to deformation under tensile stress 
[12, 42, 44]. Additional contraction arises from 
chemical polycondensation and reduced steric- 
hydration repulsion as ionic concentrations 
evolve. Collectively, these mechanisms promote 
micro-cracking even before service loading, pos-
ing a risk to dimensional stability requirements 
such as those defined in BS EN 1504-3. Reported 
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drying shrinkage values of 600–1200 microstrain 
at 90 days typically exceed those of OPC systems, 
underscoring the intrinsic shrinkage sensitivity of 
slag-based matrices [12].

In contrast, shrinkage in low-calcium systems 
dominated by Class F fly ash is primarily gov-
erned by moisture transport rather than intense 
self-desiccation. Slower reaction kinetics and 
a coarser pore structure result in lower early 
stiffness, reducing resistance to tensile stresses 
induced by drying. The N-A-S-H gel network 
retains a greater proportion of physically bound 
water, making evaporation-driven contraction the 
principal shrinkage mechanism [12, 36]. While 
this open pore network may lead to elevated  
early-age drying shrinkage, stabilization gener-
ally occurs more rapidly than in slag-rich matri-
ces due to the formation of a comparatively rigid 
cross-linked C-(A)-S-H network.

Time-dependent deformation further com-
pounds durability concerns in high-calcium sys-
tems. Slag-rich binders typically exhibit higher 
Ca/Si ratios within the C-(A)-S-H gel, produc-
ing a less polymerized silicate network than the 
N-A-S-H framework in low-calcium systems. 
This structure reduces gel packing density and 
increases interlayer and physically bound water, 
facilitating viscous sliding and nanoscale rear-
rangement under sustained load. Consistent with 
this mechanism, Hojati et al. [87] reported creep 
coefficients of 3.6–4 after 20 months at 40% of 
compressive strength for slag-based binders, sub-
stantially higher than 1.9–2.6 for Class F fly ash-
rich systems and 1.1 predicted for OPC by ACI 209 
models. Similar trends were observed by Caron et 
al. [88] for slag-based AAM concrete, where basic 
creep after 100 days was approximately twice 
that of OPC and continued increasing at later 
ages, which indicates that conventional prediction 
models, including fib Model Code formulations, 
significantly underestimate creep in slag-rich sys-
tems unless basic creep compliance is increased by 
roughly 2 to 3 times [88]. This divergence from 
OPC-based predictions highlights the prolonged 
viscoelastic relaxation in C-(A)-S-H gels with 
higher Ca/Si ratios, whereas low-calcium systems, 
characterized by more cross-linked N-A-S-H net-
works and lower Ca/Si ratios, tend to approach 
deformation equilibrium earlier [87, 88]. From 
a pavement repair perspective, such rheological 
incompatibility between an AAM repair layer and 
an OPC substrate may lead to differential strain 
accumulation, stress redistribution, joint open-
ing, slab curling, and progressive surface distress 
under cyclic traffic loading.

These contrasting mechanisms indicate that 
shrinkage in high-calcium systems is predom-
inantly chemically driven and governed by 
self-desiccation, whereas in low-calcium sys-
tems it is largely moisture-transport controlled, 
underscoring the need for composition-specific 
mitigation strategies in durability-critical appli-
cations. To control shrinkage and creep-related 

instabilities in high-calcium systems, microme-
chanically informed hybridization is required. 
Incorporating low-CaO precursors into slag-
based matrices reduces the effective Ca/Si ratio 
and moderates rapid C-(A)-S-H precipitation, 
thereby alleviating abrupt pore refinement and 
excessive capillary stress development. Aiken et 
al. [36] showed that Class F fly ash delays slag 
reactivity, promoting more gradual gel formation 
and controlled microstructural densification. This 
moderated reaction pathway limits self-desiccation- 
induced tensile stress while maintaining suf-
ficient gel connectivity to preserve mechanical 
performance, ultimately reducing both autoge-
nous shrinkage and long-term viscoelastic 
deformation.

While precursor hybridization stabilizes 
high-calcium systems, internal stability remains 
sensitive to activator chemistry. Generally, 
increasing Ms enhances shrinkage in both sys-
tems via pore refinement, whereas higher alka-
linity accelerates shrinkage in high-calcium 
systems but reduces it in low-calcium systems by 
increasing structural stiffness. Further dimen-
sional stabilization can be achieved through 
targeted chemical and moisture-control strate-
gies that rebalance internal stress development. 
CaO-rich shrinkage-reducing agents hydrate at 
early ages to induce controlled chemical expan-
sion, counteracting autogenous shrinkage strains 
[89]. When properly dosed, these Ca-bearing 
phases may also refine pore structure; however, 
excessive expansion can introduce microcrack-
ing, highlighting the need for dosage optimi-
zation. In parallel, Class F fly ash blended with  
sulfate-containing additives and Ca(OH)2 pro-
motes the formation of mildly expansive alumi-
nosilicate hydrates under saturated conditions, 
partially compensating for slag-induced shrink-
age through microstructural stress redistribution 
rather than external restraint [4, 90]. Comple-
menting chemical expansion, internal curing 
via Superabsorbent Polymers (SAPs) provides  
moisture-regulated shrinkage control. By act-
ing as distributed water reservoirs, SAPs sustain 
internal relative humidity and moderate capillary 
pressure development during self-desiccation 
[43]. This controlled moisture supply reduces 
early-age shrinkage and limits capillary-driven 
gel densification, which is closely related to the 
creep evolution in C-(A)-S-H gels with high Ca/
Si ratios.

3.3.2 Resistance to environmental factors
The long-term performance of rapid pavement 
repairs depends not only on early-age strength 
but on resistance to aggressive exposure condi-
tions, as reflected in durability requirements such 
as BS EN 1504-3 and ASTM C928. Compared with 
OPC systems, AAMs generally exhibit enhanced 
environmental resilience [13, 29, 62, 91, 92], 
primarily due to their refined pore structure and 
chemically stable aluminosilicate networks, which 
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restrict the transport of deleterious ions. Rather 
than uniformly superior performance, however, 
durability depends strongly on precursor chemis-
try and gel composition.

Chloride and Water Penetration: AAM systems 
generally exhibit lower chloride permeability and 
water absorption than OPC systems due to their 
refined pore structure, reduced capillary pore 
connectivity, and the formation of a dense, cross-
linked aluminosilicate network [22, 91, 93, 94]. 
Slag-based and hybrid slag-containing systems 
consistently demonstrate reduced chloride migra-
tion coefficients and sorptivity values compared 
to OPC systems [20, 62, 92, 95, 96], primarily 
as a result of enhanced matrix densification and 
chemical chloride binding within aluminosilicate 
frameworks. However, for specific rapid pave-
ment repair applications, chloride resistance must 
be interpreted beyond intrinsic permeability met-
rics [20, 59]. Repair overlays are typically thin 
and bonded to chloride-contaminated substrates, 
creating a risk of interfacial chloride accumula-
tion and differential transport. Moreover, ear-
ly-age exposure to moisture and de-icing salts 
before complete gel maturation may increase 
transient permeability, particularly in systems 
with high alkali dosage. While the long-term 
transport resistance of slag-rich AAMs is prom-
ising [96], their performance under early traffic 
reopening, restrained geometry, and cyclic wet-
ting-drying typical of pavement environments 
remains insufficiently quantified, indicating that 
transport properties should be evaluated under 
field-simulated boundary conditions rather than 
standard bulk diffusion tests alone.

Sulfate and Acid Resistance: AAMs demonstrate 
superior resistance to sulfate and acid attack 
compared to OPC, largely due to their distinct gel 
chemistry and absence of portlandite-rich phases 
[15]. After immersion in Na2SO4, both one-part 
and two-part AAM systems exhibit significantly 
lower strength loss compared to OPC controls [15, 
92]. Unlike OPC, where sulfate exposure induces 
expansive ettringite and gypsum formation, 
Na2SO4 interaction in AAM matrices is generally 
non-expansive and may sustain pore solution 
alkalinity, particularly in low-calcium systems 
that lack reactive Ca phases [13, 19]. Nevertheless, 
remains aggressive due to Mg2+-induced decalci-
fication of C-(A)-S-H gels, forming brucite and 
non-cementitious M-S-H phases that compromise 
structural integrity [13, 15, 19]. Regarding acid 
resistance, low-calcium AAM systems experience 
substantially less strength loss in sulfuric acid 
compared to the severe degradation observed in 
OPC [15, 65, 92], with research indicating min-
imal damage to the AAM matrix relative to the 
extensive paste dissolution found in OPC samples 
[28]. While these findings confirm the chemically 
driven durability advantages, rapid pavement 
repair applications introduce additional com-
plexities, including thin bonded sections, shrink-
age constraints, and exposure to sulfate-bearing 

groundwater, which, combined with traffic- 
induced cracking at the repair-substrate interface, 
can accelerate ion ingress despite stable matrix 
chemistry.

Freeze-Thaw Resistance: Freeze-thaw resistance 
in AAMs exhibits considerable variability, gov-
erned by pore structure, gel chemistry, and air 
void characteristics. Slag-rich AAMs generally 
demonstrate high durability with minimal mass 
loss [13, 29], whereas metakaolin-based AAMs 
can show significant weight and relative dynamic 
modulus loss when lacking air entrainment [37]. 
Higher alkali concentrations and increased slag 
content promote dense C-(A)-S-H-rich matrices 
with reduced freezable water and lower permeable 
porosity, thereby mitigating hydraulic expansion 
during freezing [22, 60, 68]. Moderate slag incor-
poration appears to optimize durability in hybrid 
slag-Class F fly ash systems [68], as higher slag 
content is associated with improved residual com-
pressive strength [71]. Damage typically follows 
a two-stage pattern characterized by rapid early 
Ultrasonic Pulse Velocity (UPV) loss and subse-
quent gradual degradation [68]. However, for spe-
cific rapid pavement repair, the critical concern is 
early-age freeze exposure before complete reac-
tion and pore refinement. Thin repair layers may 
reach critical saturation more rapidly than bulk 
specimens, and differential thermal movement 
between repair and substrate can induce inter-
facial debonding under cyclic freezing. Addition-
ally, freeze-thaw performance under de-icing salt 
scaling and simultaneous traffic loading remains 
underexplored for AAM-based repair materials.

Abrasion Resistance: AAMs generally demonstrate  
strong abrasion resistance relative to OPC sys-
tems, largely attributed to their dense gel structure, 
refined pore network, and strong matrix-aggregate 
interfacial bonding, which enhance surface hard-
ness and reduce aggregate pull-out during mechan-
ical wear. The early formation of cross-linked 
aluminosilicate networks contributes to improved 
cohesion within the ITZ, supporting greater resis-
tance to surface degradation in comparison with 
OPC concrete [28, 62]. Abrasion resistance in AAM 
systems is also closely linked to mechanical per-
formance and microstructural characteristics, par-
ticularly compressive and split tensile strength as 
well as overall porosity [60]. Improvements in wear 
resistance have been associated with optimized pre-
cursor compositions, especially through increased 
slag content in hybrid systems that promote matrix 
densification and stronger interfacial bonding [27, 
71]. Additionally, the inclusion of fibers in Class F 
fly ash-based AAM repair materials can enhance 
crack control and improve resistance to abra-
sion-related deterioration, further supporting their 
suitability for pavement repair applications sub-
jected to repeated mechanical loading [85]. Never-
theless, rapid pavement repairs experience intense 
early traffic loading and stress concentrations at 
patch boundaries, meaning standard long-term test 
values may not accurately represent performance 
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during the critical first 24–72 h when early traffic 
reopening is required.

3.4 Applicability of the maturity method for 
AAMs field control
To translate the rapid and complex reaction kinet-
ics of AAM systems identified in Section 3.1 into 
actionable field decisions, the maturity method 
has been validated as a reliable non-destructive 
technique. This method correlates the cumulative 
curing temperature-time history (maturity index) 
with the mechanical strength gain, providing a 
practical mechanism to verify whether the critical 
opening strengths defined in Section 3.2.2 have 
been achieved under variable field conditions 
[97–100]. Its robust applicability extends across 
the spectrum of precursors previously identified, 
including Class F fly ash, slag, and hybrid (binary) 
blends, offering essential strength-maturity rela-
tionships for both mortars and concrete [97–99].

The different reaction kinetics of the precur-
sors identified in Section 3.1.1 directly dictate 
the selection of an appropriate maturity func-
tion. However, traditional models often fall short 
for certain AAM systems. For low-calcium sys-
tems dominated by polymerization (e.g., Class F 
fly ash), conventional Arrhenius models can fail 
to capture the disproportionately large impact of 
early-stage maximum curing temperatures. To 
address this, Shin et al. [99] demonstrated that a 
novel “Weighted Maturity” function is required to 
accurately model these thermally activated, non-
linear dissolution processes (R2 > 0.94), directly 
challenging the commutative assumptions of stan-
dard maturity indices. In contrast, high-calcium 
systems rich in slag, which Section 3.2.1 noted 
as having rapid-setting times, exhibit a more 
predictable strength-temperature interaction. In 
slag-OPC mixtures, the optimal effective datum 
temperature (T0) for the Nurse-Saul function was 
found to be −3°C [100], a notably higher thresh-
old than the common value of −10°C, reflecting 
the suppression of the latent hydraulic reactions 
of slag near the freezing point.

Accurate maturity-based predictions for rapid 
pavement repair depend on the precise determina-
tion of T0, which represents the theoretical thresh-
old below which strength development ceases, 
and the apparent activation energy (Ea), which 
quantifies the energy required to initiate and 
accelerate chemical reactions. Unlike OPC, AAM 
systems exhibit wider variability in these param-
eters due to diverse precursor chemistries and 
reaction pathways. Class F fly ash-based AAMs 
typically require very high T0 (e.g., >40.6°C) and 
exhibit Ea ranging from about 51.1–92.4 kJ/mol, 
indicating strong temperature dependence and 
limited reactivity at ambient conditions without 
external heating [97,98]. In contrast, slag-rich 
AAMs shift the T0 down to manageable ambient 
ranges (around 2.7°C), enabling effective reac-
tion at typical field temperatures [98]. Their Ea, 
commonly near 40 kJ/mol, is comparable to that 

of OPC [99], suggesting similar energy require-
ments for initiating reactions while still enabling 
high-early strength through rapid C-(A)-S-H for-
mation. These differences highlight that maturity 
parameters for AAM systems cannot be directly 
adopted from OPC and must be calibrated accord-
ing to precursor chemistry.

Despite the chemical complexities of these varied 
precursors, the temperature-dependent early-age 
strength gain (in the 5–10 MPa range) remains rea-
sonably predictable using S-shaped curve models 
(Plowman, Logistic, Gompertz), yielding prediction 
errors within approximately 10% [100]. However, 
the method has historically faced limitations rele-
vant to the early “working window” discussed in 
Section 3.2.1. While prediction errors using tradi-
tional logarithmic models (like Plowman) increase 
substantially in the very early 3–5 MPa range 
due to initial chemical variability, the Gompertz 
mathematical model has proven superior, accu-
rately predicting this critical 3–5 MPa threshold 
essential for early formwork removal and prelim-
inary traffic opening [100]. For determining later, 
full “traffic reopening” thresholds (e.g., ≥20 MPa), 
reliability improves significantly across all models, 
with errors for mortar and concrete AAMs typ-
ically dropping below 10% as curing progresses 
and the matrix stabilizes.

Table 3 summarizes maturity formulations from 
the literature, highlighting their specific roles in 
predicting the early-age strength development 
required for rapid pavement repairs.

3.5 Field applications and case studies
Only a limited number of investigations have 
reported pilot- or full-scale field applications 
of AAMs in pavement and structural repair, yet 
these trials have consistently demonstrated the 
feasibility of such systems for patching and reha-
bilitation. The principal objective in these stud-
ies was to achieve a rate of strength development 
sufficient to permit reopening to traffic within the 
same day, a performance target originally out-
lined in pioneering field repair trials on optimized 
metakaolin-based AAM mortars [54].

Laboratory-scale studies confirm the feasibility 
of this approach, showing that optimized AAM for-
mulations can achieve target compressive strength 
within hours under ambient curing. Field deploy-
ments further support these material-performance 
relationships, although their success depends on 
maintaining consistency between laboratory opti-
mization and site-specific boundary conditions. 
As discussed in Sections 3.2.1 and 3.2.2, careful 
adjustment of precursor-activator formulations, 
particularly through blending slag with metaka-
olin or Class F fly ash, enables a balance between 
flowability and fast setting, facilitating high-early 
strength without external heat curing [27, 50, 
73]. However, accelerating reaction kinetics may 
narrow the workable time window and increase 
early shrinkage susceptibility, necessitating care-
ful mix design control. Beyond rapid-hardening, 
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the structural reliability of repair patches critically 
depends on interfacial bond performance (Sec-
tion 3.2.3), especially under restrained conditions 
where differential shrinkage and thermal gradi-
ents may induce debonding stresses. Although the 
transition toward safer one-part (“just add water”) 
systems has revealed adhesion limitations in some 
single-precursor formulations, hybrid precur-
sor strategies have been shown to substantially 
enhance chemical and volumetric compatibility 
with aged OPC substrates [56, 69, 101]. Ultimately, 
sustained field performance is governed not only 
by early-age strength gain but also by dimensional 
stability (Section 3.3.1) and resistance to aggres-
sive environmental (Section 3.3.2), underscoring 
that successful rapid pavement repair requires an 
integrated balance between reaction kinetics, bond 
integrity, and long-term durability.

Complementary full-scale implementations fur-
ther substantiate the technical feasibility of AAMs 
under demanding service conditions while also 
revealing scale-dependent challenges. A promi-
nent example is the construction of heavy-duty 
pavements at Brisbane West Wellcamp Airport, 
where approximately 40,000 m3 of slag-based 
AAM concrete incorporating Class F fly ash and 
silica fume was successfully produced and placed 
[28]. Beyond demonstrating logistical scalabil-
ity, this project confirmed that AAM systems can 

satisfy stringent flexural strength specifications 
while reportedly achieving substantial reductions 
in embodied carbon relative to OPC concrete. 
Similarly, Chen et al. [27] documented a campus 
road repair in which metakaolin-slag AAM mor-
tar enabled traffic reopening within 6 h without 
observable cracking or debonding after one-year, 
illustrating the compatibility between early-age 
strength gain and interfacial stability. Additional 
pilot- or full-scale studies consistently report 
rapid-setting times and satisfactory one-day 
compressive strengths, indicating that laboratory- 
optimized kinetics can be translated to practice 
when mixture control is maintained [72, 73].

Despite promising outcomes, field-based stud-
ies highlight several implementation challenges, 
including achieving uniform mixing and activator 
distribution during large-scale batching as well 
as balancing workability with fast setting behav-
ior. Although high-modulus soluble silicates can 
extend workable time while maintaining early- 
age strength [8], temperature sensitivity, early- 
age shrinkage under restrained conditions, and 
reliable curing control under fluctuating ambient 
environments remain critical concerns, partic-
ularly for early-opening decisions. In this con-
text, maturity-based prediction provides a useful 
decision-support framework for managing thermal 
variability in complex AAM systems. As discussed 

Table 3  Summary of maturity formulations and synthesized analytical insights from the literature for AAMs field control

Reference Maturity Formulations Synthesized Insights

Ferreira et al. [97]
Nurse-Saul: 
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Class F fly ash-based AAMs exhibit 
very high datum temperatures  
(T0 ≈ 42.7°C), indicating strong thermal 
activation. Conventional maturity 
models therefore perform poorly under 
ambient curing, limiting their suitabil-
ity for rapid pavement repair without 
external heating.

Shin et al. [99] Weighted Maturity: 
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N
= ( )⋅ −( )⋅

=∑ , 01
∆

(Where W is a specific weight function capturing 
the coupled effects of maximum early-age  
temperature and duration.)

Incorporating temperature-weighting 
functions improves prediction accuracy 
by capturing the combined effects of 
peak temperature magnitude and du-
ration. This approach better represents 
nonlinear early-age reaction kinetics 
than linear Nurse-Saul assumptions.

Kim & Lee [100]
Nurse-Saul:
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Plowman: 
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Gompertz:
 
S F exp a M

b
= ⋅ − ( )









∞

1

Slag-blends exhibit synergistic reactivi-
ty, enabling early strength development 
at ambient temperatures. The Gompertz 
model shows strong predictive capa-
bility for the critical 3–5 MPa strength 
range required for opening to traffic. 
However, the optimal datum tempera-
ture (T0 ≈ −3°C) differs from the ASTM 
default of −10°C, highlighting the need 
for system-specific calibration.

Abdulmajid et al. [98]
Nurse-Saul: 
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Strong precursor dependency is observed: 
Class F fly ash-based AAMs require 
40°C curing, whereas slag-based AAMs 
gain strength at 5–40°C. Large variabil-
ity in T0 values highlights the need for 
mix-specific maturity calibration.
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in Section 3.4, mixture-specific advanced maturity 
models, such as the “Weighted Maturity” function, 
can improve confidence in real-time strength esti-
mation and reduce the risk of premature loading.

4 Discussion

4.1 Synthesis of evidence on the potential of 
AAMs for rapid pavement repair
The viability of rapid pavement repair materials 
is governed by three key performance criteria 
essential for early traffic reopening and long-
term structural reliability. First, speed of strength 
gain is critical to achieving adequate load-bearing 
capacity; specifically, reaching ≥20 MPa within 
a few hours to align with ASTM C928 “Type 
R3” standards (≥21 MPa at three hours), while 
maintaining a minimum workability window of 
approximately 15 min for field placement [1–3, 
5, 10]. Second, interfacial bond integrity ensures 
effective stress transfer with the existing sub-
strate. This typically necessitates a tensile bond 
strength of ≥2 MPa as specified in BS EN 1504-3 
for “Class R4” and a one-day slant-shear strength 
of ≥7 MPa as specified in ASTM C928 “Type R3” 
(or Type R2/R1 depending on the specific stan-
dard). Third, long-term durability involves resis-
tance to environmental stressors such as chloride 
ingress, freeze-thaw cycles, and de-icing chemi-
cals to prevent premature failure [1]. To this end, 
BS EN 1504-3 mandates a chloride content limit 
of ≤0.05%, while ASTM C928 restricts 28-day 
drying shrinkage to ≤0.15% to mitigate cracking. 
Beyond these mechanical requirements, sustain-
able infrastructure initiatives highlight secondary 
factors such as constructability, carbon footprint 
reduction, and cost-effectiveness [1,2].

Speed of Strength Gain: Synthesized evidence 
indicates that CaO-rich mixtures, particularly 
slag-based and hybrid slag-containing binders, 
consistently meet this operational threshold. Under 
ambient curing conditions, slag-based AAMs com-
monly develop compressive strengths of around 
30 MPa within one day [26, 40, 41]. For prac-
tical repair scenarios, optimized slag-containing  
mixtures typically achieve about 16–28 MPa 
within 6–8 h and exceed 45 MPa at 24 h through 
appropriate precursor-activator formulations [22, 
27, 36, 70–72, 77, 78], enabling early reopen-
ing to traffic. This performance is comparable to 
or higher than that of alternative rapid-repair 
binders such as MPC, which generally develops 
approximately 16 MPa at 6 h [14]. In parallel, the 
initial and final setting times reported for slag-
based AAM systems typically range from approx-
imately 5–56 min and 10–70 min, respectively 
[25, 40], which can then be slightly prolonged 
by hybridization [25, 41, 67, 71, 72], in accor-
dance with the practical working time windows 
generally specified for rapid-repair materials [3]. 
Emerging accelerated curing approaches, includ-
ing electrothermal and pulsed microwave curing, 
further demonstrate the potential to ensure rapid 

strength development even under low-calcium or 
cold-weather conditions [21, 51].

Interfacial Bond Integrity: Synthesized evidence 
demonstrates that the enhanced interfacial ITZ 
characteristics described in Section 3.2.3 translate 
directly into reliable field performance, effectively 
mitigating the primary failure mode of pavement 
patch repairs, namely debonding. Field imple-
mentation reported by Chen et al. [27] showed no 
visible cracking or delamination after one year of 
service, supported by early tensile bond strengths 
of about 3.7 MPa at one day. Laboratory investi-
gations further report bond strengths of approx-
imately 7–10 MPa at three days for slag-Class F 
fly ash AAM systems using modified slant shear 
and pull-off tests [26], although measured val-
ues depend on precursor chemistry and test con-
figuration. In comparison, OPC repair materials 
often struggle to maintain bond strengths above 
approximately 1.5 MPa without specialized bond-
ing agents [82], whereas although MPC provides  
rapid-setting, its interface with existing concrete 
may deteriorate under wet-dry cycling due to disso-
lution of residual phosphate phases [14]. Additional 
improvements can be achieved through interface 
optimization strategies, including bonding agents 
that increase tensile bond strength and repair geom-
etries such as mortise-tenon configurations that 
enhance stress transfer efficiency [59, 79].

Long-Term Durability: Synthesized evidence 
indicates that AAM-based repair materials can 
enhance long-term pavement durability due to 
the formation of dense cross-linked aluminos-
ilicate networks that provide greater resistance 
to environmental stressors than OPC-based. 
Although slag-rich AAMs may initially exhibit 
elevated drying and autogenous shrinkage, this 
risk can be effectively mitigated through mix-
ture design and curing strategies. Hybridization 
with Class F fly ash has been shown to reduce 
autogenous shrinkage by up to 75% [63], while 
the incorporation of SAPs and polymer fibers can 
mitigate plastic and drying shrinkage cracking 
[43, 83]. Optimized curing regimes, such as heat 
curing around 40°C or extended curing duration, 
may further reduce drying shrinkage by up to 
40% [36]. In terms of chemical durability, AAMs 
demonstrate substantially lower transport prop-
erties than OPC, with slag-based mortars exhibit-
ing chloride migration coefficients up to 10 times 
lower and water penetration depths only about 
12.8% of OPC, largely due to their refined pore 
structure [42]. These systems also show enhanced 
resistance to aggressive environments, including 
sulfuric acid and sulfate exposure, with signifi-
cantly lower strength loss compared to OPC [92]. 
In addition, optimized slag-containing mixtures 
exhibit strong resistance to physical deteriora-
tion mechanisms, surviving approximately 300– 
1300 freeze-thaw cycles with minimal mass loss 
(<1%) and demonstrating improved abrasion 
resistance, with wear depths reported up to 61% 
lower than OPC [27–29, 60, 62].
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The transition to sustainable infrastructure 
initiatives strongly favors AAMs by address-
ing critical environmental and economic factors 
alongside superior mechanical and durability 
performance. Primarily, AAMs utilize industrial 
by-products such as slag and fly ash as precur-
sors, serving as a low-carbon alternative to OPC 
capable of achieving up to a fourfold reduction 
in CO2 emissions [11]. This approach supports 
circular economy principles by valorizing abun-
dant local waste streams [28], thereby reducing 
raw material expenditures. Economically, AAMs 
offer substantial advantages; recent analyses 
indicate that hybrid systems can be 5 to 9 times 
more cost-effective than conventional commercial 
polymer-modified repair mortars while meeting 
standard strength requirements [15].

4.2 Integrating the maturity method for AAM 
repair materials
The integration of maturity methods into AAM 
field practice serves as a critical bridge between 
laboratory mix design and on-site execu-
tion. In rapid pavement (or structural) repairs,  
decision-making regarding the reopening of 
pavements to traffic, the rapid removal of climb-
ing formwork in core walls, or the early lifting of 
precast elements within a few hours cannot rely 
on standard 28-day laboratory cure times [5, 17]. 
Instead, modern performance-based scheduling 
demands real-time, in-situ strength verification.

Following the evidence in Section 3.4 that 
the exponential Arrhenius model provides supe-
rior early-age predictive accuracy for AAM sys-
tems over the linear Nurse-Saul approach, field 
deployment reveals a significant operational 
hurdle: the “crossover effect.” This phenomenon 
is particularly prevalent in rapid-repair AAM 
mixtures where highly exothermic reactions pro-
mote the premature precipitation of dense reac-
tion products. Such products form a non-uniform 
microstructure that restricts subsequent diffu-
sion, ultimately truncating long-term strength 
development. For rapid pavement (or structural) 
repairs, this presents a critical dilemma between 
the mandate for immediate service against the 
requirement for long-term structural integrity. 
Maturity-based protocols, including ASTM C1074 
and AASHTO T 413, offer a framework for mon-
itoring strength under fluctuating temperatures; 
however, they often fail to account for the reduc-
tion in the ultimate strength threshold caused by 
excessive thermal acceleration. Effective manage-
ment of the kinetics of highly reactive precursors 
is therefore as vital as the maturity monitoring 
itself to ensure that early reopening does not 
compromise the patch’s service life.

To monitor these temperature-sensitive reac-
tions under field conditions, the Modified Nurse-
Saul (MNS) maturity function has been widely 
applied because it incorporates dynamic “accel-
eration” and “temperature-efficiency” factors, 
enabling more reliable strength estimation under 

non-isothermal curing histories [102, 103]. This 
aligns with emerging evidence that conventional 
formulations, particularly the linear Nurse-Saul 
approach, often fail to capture the synergistic 
effects of peak temperature, exposure duration, 
and subsequent cooling typical of AAM systems, 
as specimens with equivalent maturity indices can 
exhibit significantly different strength develop-
ments. To address this limitation, the “Weighted 
Maturity” concept assigns greater influence to 
early-age elevated temperatures, improving pre-
dictive accuracy by explicitly accounting for both 
peak temperature and exposure duration [99]. 
In addition, coupling maturity indices with sig-
moidal strength development models, such as the 
Gompertz function, provides a realistic represen-
tation of nonlinear reaction kinetics and early-age 
strength gain. This approach shows strong predic-
tive capability for slag-containing systems, par-
ticularly within the critical early strength range 
of 5–10 MPa required for rapid-repair operations 
[100].

Despite these mathematical advancements in 
maturity-based strength prediction, relying solely 
on embedded maturity sensors (e.g., thermo-
couples) introduces a spatial limitation in field 
applications. While maturity sensors provide 
continuous temporal monitoring of tempera-
ture history, their measurements remain strictly 
point-based and may therefore fail to capture 
strength variability across large pavement slabs 
or extensive repair patches [5]. To address this 
limitation, recent studies propose integrating the 
maturity method with spatial non-destructive 
testing techniques such as Ultrasonic Tomography 
(UST). As demonstrated by Kosar et al. [5], com-
bining localized maturity indices with the rapid 
and portable imaging capability of UST enables 
a more comprehensive three-dimensional assess-
ment of in-situ strength during the critical first  
24 h, reducing the risk that undetected “cold spots” 
or poorly mixed zones prematurely trigger early- 
opening decisions.

Ultimately, the reliable implementation of AAM 
materials in rapid-repair scenarios depends on 
mixture-specific calibration and robust field moni-
toring strategies. Integrating the “Weighted Matu-
rity” concept with sigmoidal strength-development  
models provides a promising framework to com-
plement or calibrate the MNS approach, enabling 
more accurate prediction of early-age strength 
under temperature-sensitive curing conditions. 
In practice, embedding maturity sensors to track 
the thermal history of the repair patch, com-
bined with periodic spatial verification using UST, 
allows engineers to determine when a repair ele-
ment safely reaches operational thresholds; for 
example, lifting strengths of about 15 MPa at 
approximately 16 h for precast elements [17] or 
load-bearing capacities of ≥20 MPa within hours 
for pavement reopening [5]. Such performance- 
based monitoring reduces the risk of prema-
ture structural loading while also avoiding the 
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unnecessary traffic delays associated with overly 
conservative fixed-time curing schedules.

4.3 Identifying challenges and limitations
Despite the promising potential of AAMs for rapid 
pavement repair, their broader field deployment 
is constrained by a series of interconnected tech-
nical, operational, and systemic challenges. These 
limitations arise from fundamental material sen-
sitivities, construction-related constraints, supply 
chain and economic uncertainties, and the limited 
availability of standardized testing frameworks 
and long-term field performance data.

Sensitivity to Activator Chemistry and Rheol-
ogy: A major limitation in the field adoption of 
AAM-based repair materials is their strong sensi-
tivity to activator chemistry, which directly gov-
erns reaction kinetics, rheological behavior, and 
setting characteristics. Small variations in alka-
linity and Ms can significantly alter dissolution 
and polymerization processes, producing abrupt 
changes in viscosity, gelation rate, and workabil-
ity. This narrow compositional tolerance is par-
ticularly challenging for slag-rich systems, which 
are typically required for rapid strength devel-
opment but frequently exhibit limited workable 
windows due to poor workability and flash setting 
[24, 25, 41]. Consequently, the performance of 
AAM repair mixtures remains highly dependent 
on precise activator control, and even minor devi-
ations during field batching can disrupt the bal-
ance between workability and early-age strength. 
Although one-part “just add water” systems 
improve handling safety and simplify logistics, 
they do not eliminate this intrinsic sensitivity. 
Instead, the critical parameters of alkali dosage 
and silicate availability are transferred into a 
dissolution-controlled activation framework that 
still requires careful calibration to maintain sta-
ble rheological behavior during practical repair 
operations.

Curing Sensitivity: Reliable strength develop-
ment in pavement repair is strongly influenced 
by curing conditions, which are difficult to control 
under field environments. AAM systems exhibit 
pronounced temperature sensitivity. While slag-
rich systems can generally develop strength at 
ambient conditions, Class F fly ash-based AAMs 
often experience delayed strength development 
without external heat, complicating early traf-
fic reopening schedules. Chemical accelerators 
are frequently used to mitigate this limitation, 
but their effectiveness is constrained by a nar-
row operational window because excessive dos-
ages may trigger rapid heat release, flash setting, 
and ultimately reduced long-term strength [58]. 
The strong coupling between temperature his-
tory and reaction progress also complicates the 
application of predictive tools such as the matu-
rity method, which is widely used to determine 
safe traffic-opening times in pavement repair but 
remains more difficult to calibrate for AAMs than 
for OPC-based materials. Although active curing 

techniques such as electro-curing can accelerate 
early reactions, they also introduce an activation 
threshold beyond which excessive energy input 
may cause rapid moisture loss, microcracking, 
and strength regression rather than improvement 
[51].

Volumetric Stability: Regarding volumetric sta-
bility, dimensional consistency represents another 
critical limitation for repair applications in which 
the new material is restrained by the surround-
ing pavement. Slag-rich formulations, favored 
for their rapid strength development, are partic-
ularly susceptible to autogenous shrinkage and 
time-dependent deformation. Slag-based AAM 
mortars often exhibit high shrinkage due to their 
refined pore structure and associated capillary 
stresses [42, 63], while creep coefficients have 
been reported to exceed those of OPC-based sys-
tems [87, 88]. In constrained repair patches, this 
combination of shrinkage and creep can gener-
ate internal stresses that lead to early cracking 
and edge debonding during the hardening phase. 
Hybridizing slag with low-CaO precursors such 
as Class F fly ash can partially mitigate shrink-
age [36, 63], but this strategy often introduces a 
trade-off with early-age strength gain, which is 
critical for rapid-repair strategies.

Supply Chain Stability and Economic Feasibility: 
Despite their well-documented mechanical and 
environmental advantages, the large-scale adop-
tion of AAMs for rapid pavement repair remains 
constrained by economic feasibility and supply 
chain stability. Unlike OPC, which benefits from 
globally established production and distribution 
networks, AAMs rely on the consistent availabil-
ity of specific industrial by-products and alkaline 
activators, creating logistical challenges for large-
scale deployment [29, 78]. The supply of key 
precursors such as fly ash and slag is becoming 
increasingly uncertain due to structural changes 
in the coal power and steel industries, while vari-
ability in fineness, CaO content, and amorphous 
phase fraction can significantly influence reac-
tion kinetics and strength development, compli-
cating material qualification for field applications 
[9]. These challenges are further intensified by 
the geographic concentration of slag production 
near steel manufacturing hubs and the declin-
ing availability of high-quality fly ash in regions 
transitioning away from coal power. For rapid 
pavement repair operations that require reliable 
material availability and rapid mobilization, such 
supply uncertainties introduce transportation 
constraints and cost variability that can limit 
practical implementation. Moreover, although 
industrial by-products may reduce baseline mate-
rial costs relative to OPC, these potential savings 
are often offset by the relatively high cost and 
limited availability of alkaline activators, which 
remain a major economic barrier to widespread 
adoption [9, 29, 78].

Lack of Standardized Testing and Long-Term Field 
Data: Finally, the broader adoption of AAM-based 
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repair materials is constrained by the lack of stan-
dardized testing protocols and limited long-term 
field performance data. Many durability assess-
ment methods currently used in practice were 
originally developed for OPC-based materials and 
may yield inconsistent or misleading results when 
applied to AAMs due to differences in chemis-
try and pore structure. For example, conventional 
freeze-thaw testing protocols may not accurately 
represent the durability behavior of AAM sys-
tems [13], while field-scale validation of critical 
performance aspects such as fatigue under repet-
itive traffic loading remains extremely limited 
compared with the extensive datasets available 
for conventional concrete [62]. Surface-related 
issues such as efflorescence also remain practical 
concerns for exposed repair applications [28, 96]. 
Although short-term pilot projects, including the 
one-year campus road repair monitored by Chen 
et al. [27], have demonstrated encouraging per-
formance, these observations remain insufficient 
when compared with the multi-decade service 
history of OPC. As highlighted by van Deventer 
et al. [104], the absence of multi-decade field data 
and the limited suitability of certain OPC-derived 
test methods for AAMs underscore the need for 
performance-based evaluation frameworks tai-
lored to the unique chemistries and degradation 
mechanisms of AAM systems.

4.4 Implications for practice and future research
Building on the challenges identified in the pre-
vious section, the synthesis of current findings 
highlights several practical implications for the 
field deployment of AAMs in pavement repair, 
particularly in applications requiring rapid traffic 
reopening, operational efficiency, and improved 
sustainability. One of the most significant practi-
cal advancements enabling field implementation 
is the transition toward one-part formulations, 
which replace highly caustic liquid activators with 
safer solid activators such as sodium metasilicate 
pentahydrate and sodium hydroxide flakes. In 
these systems, the critical parameters of alkali 
dosage and silicate availability are governed by 
dissolution kinetics rather than liquid activator 
handling, improving safety and aligning AAM 
mixing procedures with conventional construc-
tion workflows [55, 70].

Successful implementation also depends on 
operational procedures tailored to specific repair 
techniques and supported by standardized frame-
works for evaluating workability, thixotropy, 
and open time across patching, grouting, and 
shotcrete applications. High-early strength AAM 
grouts, for example, must balance fluidity with 
rapid-setting to ensure effective infiltration of 
aggregate gaps and the formation of a uniform 
microstructure [105]. Rheological parameters such 
as viscosity, wetting behavior, and air entrapment 
therefore play a critical role in defect formation 
during placement [72]. Similarly, shotcrete-based 
repairs require strict control of flow rate, spray 

angle, and nozzle distance to minimize rebound 
and ensure adequate material build-up in vertical 
or overhead sections, reflecting the pronounced 
rheological sensitivity of AAM mixtures [67]. At 
the material scale, optimized AAM mixtures can 
form dense, chemically integrated ITZs with exist-
ing substrates. The absence of free portlandite and 
the formation of zeolite-like phases enhance bond 
durability and load transfer under cyclic load-
ing compared with OPC-based repair materials  
[4, 7, 101].

Beyond technical performance, the deployment 
of AAMs also provides significant sustainability 
benefits by valorizing industrial by-products such 
as slag and fly ash as reactive binders, thereby 
reducing clinker demand and lowering the car-
bon footprint of pavement rehabilitation. Addi-
tional residues, including red mud and flue gas 
desulfurization gypsum, have also been success-
fully incorporated into slag-based AAM systems, 
simultaneously reducing embodied carbon and 
immobilizing hazardous trace metals such as Pb, 
Cr, and As with high efficiency [52].

Looking forward, several research directions 
are essential to advance the field application 
of AAMs in rapid pavement repair. Key direc-
tions include refining one-part formulations 
to improve safety and constructability, estab-
lishing maturity-based monitoring frameworks 
tailored to ultra-early strength AAMs, and 
developing integrated strategies to mitigate the 
long-term durability risks associated with pre-
mature traffic loading.

Refinement of One-Part Formulations: Future 
research should prioritize optimized hybrid 
one-part AAM systems that combine CaO-rich 
precursors with aluminosilicate sources and are 
activated using moderately alkaline, silicate- 
bearing solid activators. Effective formulations 
are typically based on slag-dominant precur-
sor blends supplemented with Class F fly ash 
or metakaolin, with optional silica-rich addi-
tives to enhance polymerization and refine pore 
structure. Na-based activators such as sodium 
metasilicate pentahydrate and sodium hydrox-
ide flakes remain the most effective for CaO-
rich systems due to their strong compatibility 
with slag chemistry. However, the transition to 
one-part AAMs shifts reaction control toward  
dissolution-driven activation, where the avail-
ability of soluble alkalis and silicates depends 
on the solubility kinetics of solid activators. This 
introduces a critical design constraint: incom-
plete dissolution delays strength development, 
while excessive alkalinity may accelerate set-
ting and diminish workability. Consequently, 
practical mix design requires careful iterative 
adjustment of alkali dosage, silicate availability, 
and water-to-binder ratio to maintain a balance 
between early-age performance and adequate 
flowability during placement [106]. Since these 
parameters are intrinsically linked to the syn-
ergy between precursor and activator chemistry, 
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optimization increasingly relies on multi-factor 
statistical frameworks such as Response Surface 
Methodology (RSM), which can quantify their 
combined influence on key performance indi-
cators including one-day compressive, flexural, 
and bond strengths [81]. When integrated with 
regression-based predictive modeling [107], these 
approaches enable reliable forecasting of perfor-
mance and reaction kinetics, thereby reducing 
empirical trial-and-error and facilitating robust 
mix designs for rapid-repair applications.

Maturity Calibration for Ultra-Early Strength 
AAMs: Future studies should develop maturity- 
based monitoring frameworks specifically cali-
brated for AAM repair materials to support reliable 
“return-to-service” decisions in rapid pavement 
repair. Because AAMs exhibit different reaction 
mechanisms and temperature sensitivities com-
pared with OPC, conventional maturity relation-
ships must be reformulated using AAM-specific 
activation energies and strength-maturity cor-
relations. Temperature-dependent maturity func-
tions are particularly suitable, as they account for 
non-isothermal curing and the variable efficiency 
of temperature in driving reaction kinetics. Given 
the inherently non-linear and composition-depen-
dent nature of AAM reactions, OPC-based models 
require systematic adjustment to ensure accurate 
strength prediction. Within this framework, the 
rate and cumulative heat release during the accel-
eration stage can serve as mechanistic proxies 
for strength development, linking thermokinetic 
evolution to structural build-up. Predictive capa-
bility can be further enhanced by coupling matu-
rity indices with sigmoidal strength development 
models that capture the non-linear progression of 
strength gain. While maturity sensors track tem-
poral reaction kinetics, they are limited to point-
based data and may miss spatial inconsistencies. 
Integrating UPV and UST bridges this gap: UPV 
verifies material homogeneity through numer-
ical velocity benchmarks, while UST provides 
high-resolution spatial imaging to detect localized 
internal defects or bonding failures. This combi-
nation ensures that the maturity-based strength 
predictions are physically validated by structural 
integrity and spatial uniformity across the entire 
repair patch.

Strategies to Mitigate Long-Term Degradation 
under Early Traffic Loading: Future research must 
address the compounding effects of shrinkage and 
durability degradation associated with premature 
traffic loading by adopting integrated material 
and structural design strategies. The development 
of strain-tolerant matrices with internal curing 
capability is an essential first step, as internal 
curing agents can sustain secondary hydration 
and mitigate autogenous shrinkage while flexible 
micro-fibers help absorb strain energy induced by 
early dynamic loading. Building on this founda-
tion, mix designs may incorporate load-activated 
autonomous healing systems such as microencap-
sulated sodium silicate, which can release healing 

agents when triggered by traffic-induced vibra-
tion or shear stress [108]. These systems enable 
localized repair of micro-defects at early-ages 
when the aluminosilicate gel network remains 
vulnerable, thereby preventing crack propaga-
tion. To translate these material innovations into 
reliable field performance, it is also necessary to 
establish early-age chemo-mechanical fatigue 
modeling frameworks that simulate the combined 
effects of shrinkage and dynamic traffic loading. 
Standardized experimental protocols capable of 
simultaneously monitoring shrinkage and cyclic 
loading during ultra-early ages, typically within 
6 to 24 h after placement, would generate the 
empirical data needed to develop probabilistic 
service-life models.

5 Conclusion

This systematic review synthesized the findings of 
94 peer-reviewed studies to assess the suitability 
of AAM as a sustainable, rapid-hardening binder 
for concrete pavement repair. Additional support-
ing literature was incorporated to strengthen the 
methodological framework, clarify the material 
system, and examine the potential integration of 
AAMs with maturity-based strength prediction 
approaches.

Performance Evidence and Standard Compliance: 
The reviewed studies consistently demonstrate 
that optimized AAM mixtures outperform con-
ventional Portland-based and alternative rapid-
hardening repair materials, particularly in terms 
of early-age strength gain, bond performance, and 
durability. Optimized slag-containing mixtures 
frequently achieve compressive strengths exceed-
ing 16–28 MPa within the first 6–8 h, satisfy-
ing the early-age strength requirements of ASTM 
C928 and meeting the structural repair criteria 
of BS EN 1504-3 “Class R4” at significantly ear-
lier ages than conventional systems. AAM repair 
mortars also exhibit excellent interfacial bonding, 
with early tensile bond strengths well above the 
2 MPa benchmark required for structural repair 
materials. In addition to mechanical performance, 
AAMs demonstrate superior durability charac-
teristics, including substantially lower chloride 
transport, reduced water permeability, strong 
freeze-thaw resistance, and improved abra-
sion resistance compared with Portland-based 
materials.

Maturity-Based Practical Guidance: The inte-
gration of AAMs with maturity-based strength 
prediction offers a promising pathway for rapid- 
repair applications by linking temperature his-
tory to strength development and enabling more 
reliable “opening to traffic” decisions. However, 
the distinct and complex reaction kinetics of 
AAM binders require recalibration and valida-
tion of existing maturity functions. Furthermore, 
to address the point-based limitation of maturity 
sensors, integrating spatial non-destructive tech-
niques is essential: while maturity monitoring 
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captures temporal kinetics, UPV and UST ver-
ify structural integrity and spatial uniformity, 
ensuring that repair zones are free from defects 
that temperature-based predictions alone may 
overlook.

Research Framework for the Future: Advancing 
AAM commercialization requires a multi-scale, 
lifecycle-oriented approach. At the micro-scale, 
mix designs must balance early-age performance, 
rheological stability, and shrinkage mitigation 
using optimization tools like RSM. Incorporate 
kinetic-based maturity frameworks at this stage 
allows for the translation of these optimized 
chemical properties into predictable hardening 
schedules across varying climatic conditions. At 
the meso-scale, integrating load-triggered auton-
omous self-healing systems and synthetic fibers 
is essential to counteract brittleness and dynamic 
traffic stresses. Finally, macro-scale research 
must establish decade-long field exposure sites 
to develop probabilistic service-life models and 
adapt standard testing protocols specifically for 
AAMs.
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