
Journal of Sustainable Construction Materials and Technologies Journal of Sustainable Construction Materials and Technologies 

Volume 10 Issue 4 Article 10 

2025 

Curing Duration Optimization to Reduce Shrinkage Cracking in Curing Duration Optimization to Reduce Shrinkage Cracking in 

One-Part Alkali-Activated Slag Concrete One-Part Alkali-Activated Slag Concrete 

A. Sadrmomtazi 
Professor, Department of Civil Engineering, Faculty of Engineering, University of Guilan, Rasht, Iran 

H. Zanganeh 
Ph.D. Candidate, Department of Civil Engineering, Faculty of Engineering, University of Guilan, Rasht, Iran, 
Hamedzanganeh@gmail.com 

Follow this and additional works at: https://commons.yildiz.edu.tr/jscmt 

 Part of the Biomaterials Commons, Chemical Engineering Commons, Civil and Environmental 

Engineering Commons, Engineering Science and Materials Commons, Materials Science and Engineering 

Commons, Mechanical Engineering Commons, and the Molecular, Cellular, and Tissue Engineering 

Commons 

Recommended Citation Recommended Citation 
Sadrmomtazi, A. and Zanganeh, H. (2025) "Curing Duration Optimization to Reduce Shrinkage Cracking in 
One-Part Alkali-Activated Slag Concrete," Journal of Sustainable Construction Materials and 
Technologies: Vol. 10: Iss. 4, Article 10. 
https://doi.org/10.29187/2458-973X.1207 
Available at: https://commons.yildiz.edu.tr/jscmt/vol10/iss4/10 

This Research Article is brought to you for free and open access by YTU Press. It has been accepted for inclusion 
in Journal of Sustainable Construction Materials and Technologies by an authorized editor of YTU Press. 

https://commons.yildiz.edu.tr/jscmt
https://commons.yildiz.edu.tr/jscmt/vol10
https://commons.yildiz.edu.tr/jscmt/vol10/iss4
https://commons.yildiz.edu.tr/jscmt/vol10/iss4/10
https://commons.yildiz.edu.tr/jscmt?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss4%2F10&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/233?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss4%2F10&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/240?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss4%2F10&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/251?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss4%2F10&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/251?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss4%2F10&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/279?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss4%2F10&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/285?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss4%2F10&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/285?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss4%2F10&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/293?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss4%2F10&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/236?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss4%2F10&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/236?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss4%2F10&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.29187/2458-973X.1207
https://commons.yildiz.edu.tr/jscmt/vol10/iss4/10?utm_source=commons.yildiz.edu.tr%2Fjscmt%2Fvol10%2Fiss4%2F10&utm_medium=PDF&utm_campaign=PDFCoverPages


JOURNAL OF SUSTAINABLE CONSTRUCTION MATERIALS AND TECHNOLOGIES 2025;10:584–601 Scan the QR to view
the full-text article on
the journal website

RESEARCH ARTICLE

Curing Duration Optimization to Reduce
Shrinkage Cracking in One-Part Alkali-Activated
Slag Concrete

A. Sadrmomtazi a, H. Zanganeh b,*

a Professor, Department of Civil Engineering, Faculty of Engineering, University of Guilan, Rasht, Iran
b Ph.D. Candidate, Department of Civil Engineering, Faculty of Engineering, University of Guilan, Rasht, Iran

ABSTRACT

The consequences of inadequate curing on one-part alkali-activated slag concrete (O-AAS) performance relative to
ordinary Portland cement concrete (OPCC) have been investigated in this research. Prior to exposure to unsaturated
conditions, samples underwent initial moist curing for durations ranging from 24 hours to one year. The testing program
included compressive strength evaluation, chloride ion transport analysis, and measurement of free and restrained
shrinkage. In addition, cylindrical cores were extracted from concrete columns to assess internal strength and chloride
penetration resistance. Under unsaturated exposure, O-AAS exhibited a strength-aging phenomenon, with up to a 37%
decrease in compressive strength over 360 days, whereas OPCC maintained stable strength. Reduced curing durations
at ambient temperature resulted in lower compressive strength and increased chloride migration coefficients. With
adequate curing, long-term performance was comparable to that under continuous saturated conditions. Extending initial
curing from 24 hours to one week decreased 28-day free shrinkage by 18.1% and restrained crack width by 56.0%. Core
analysis revealed that inadequate curing led to microcrack development in O-AAS, while sufficient curing duration
resulted in performance matching that of continuously saturated specimens. For OPCC, core performance did not differ
significantly in varying curing regimes. Early-age curing is critical for mitigating shrinkage damage and preserving
long-term durability in O-AAS concretes, especially under unsaturated environmental conditions.

Keywords: One-Part Alkali-Activated Slag Concrete, Rapid Chloride migration Test, Curing Duration, Shrinkage microc-
rack, Long-term performance

1. Introduction

The construction industry’s imperative to reduce
carbon emissions has positioned alkali-activated ma-
terials (AAMs) as promising sustainable alternatives
to conventional Portland cement systems, as ce-
ment production accounts for approximately 8% of
global carbon emissions while AAMs can potentially
reduce this figure by up to 80% [1–3]. Among
AAM formulations, one-part systems characterized by
their "just-add-water" activation mechanism offer sig-
nificant practical advantages for field applications,

eliminating the need to handle liquid activators that
pose health hazards to workers [4–8].

Within the category of one-part systems, one-part
alkali-activated slag concrete (O-AAS) demonstrates
appropriate strength development and competitive
mechanical performance with ordinary Portland
cement concrete (OPCC) [3, 4, 7], along with lower
permeability when cured at ambient temperature
[7, 9], making it a suitable choice for cast-in-place
applications [3, 4]. The primary challenge in imple-
menting one-part alkali-activated systems based on
slag is the fundamental mismatch between strength
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development and shrinkage behaviour [4]. While
these systems can achieve acceptable compressive
strengths at ambient temperature, their high shrink-
age can lead to extensive microcracking, which
creates pathways for destructive environmental fac-
tors, seriously threatening the long-term durability of
concrete [3, 4, 10, 11]. This issue is particularly sig-
nificant in cast-in-place concrete applications where
curing duration presents implementation challenges.
This challenge stems from fundamental differences in
hydration mechanisms between alkali-activated sys-
tems and Portland cement.

In structural elements such as pavements, bridge
decks, and concrete surfaces directly exposed to air,
drying conditions typically dominate as ambient rel-
ative humidity is below saturation. According to
established standard [12], relative humidity of 50% is
considered the standard condition for simulating typ-
ical shrinkage behaviour in structural concrete [10,
13]. Under these conditions, moisture evaporation
causes drying shrinkage and volumetric changes that
can lead to microcrack formation and gradual dura-
bility reduction. Although OPCC and alkali-activated
concrete (AAS) are affected by drying shrinkage un-
der standard conditions, their responses differ signifi-
cantly due to variations in hydration chemistry. OPCC
primarily produces C-S-H gel, while AAS systems gen-
erate C-A-S-H gel with a denser pore network and
higher capillary tension. Consequently, AAS mixtures
may exhibit drying shrinkage up to six times greater
than OPCC, making them more susceptible to microc-
racking and subsequent performance reduction [10].

In OPCC, microcracks resulting from shrinkage are
primarily concentrated in the surface region, with
their penetration depth in OPCC concrete limited
to a few millimetres [14]; therefore, their effect is
only observed on the permeability results of the
exposed surface [13] and has no impact on the com-
pressive strength of OPCC specimens [14, 15]. In
contrast, AAS concretes, due to higher shrinkage,
may have greater microcrack penetration depth, with
their effects visible not only on increased permeabil-
ity [16] but also on long-term compressive strength
[17, 18]. Thus, this significant tendency of AAS to-
ward shrinkage-related cracking can create serious
challenges for concrete durability and strength.

Numerous studies have reported that AAS experi-
ences significant reductions in compressive strength
under unsaturated exposure conditions [17–19]. This
strength reduction can vary widely, ranging from
approximately 7% to 70%. These studies have uti-
lized different curing durations, indicating that the
degree of strength reduction is influenced by varying
curing regimes. In this research, the activator-to-
slag ratio was determined in such a way that, while

maintaining constant water-to-binder ratio, compara-
ble compressive strength was achieved under initial
curing conditions in alkaline solution. This method-
ological approach enables the isolation of curing
duration effects from compressive strength variables.
Given the lack of systematic studies on the re-
lationship between curing duration and shrinkage
behaviour in one-part alkali-activated systems, this
research investigates this relationship in O-AAS con-
crete.

In this study, compressive strength tests, free and
restrained shrinkage measurements, and rapid chlo-
ride migration tests (RCMT) were conducted, with
all tests monitored for up to 360 days. This research
aims to enhance the mechanical properties and long-
term durability of O-AAS by reducing the effects of
shrinkage microcracking. These findings contribute
to improving the durability of O-AAS concrete struc-
tures and can be considered a step toward achieving
sustainable development goals in the construction in-
dustry.

2. Materials and methods

2.1. Materials

This research utilized a combination of locally
sourced and imported materials, and all components
were characterized in accordance with applicable
ASTM standards. The binder system was composed
of three main components:

• OPC (ordinary Portland cement): Type II Portland
cement, sourced from Nahavand Cement Com-
pany, met the requirements of ASTM C150 [20].

• GGBFS (Ground Granulated Blast Furnace Slag):
Slag was provided by Isfahan Iron Smelting Indus-
tries, in accordance with ASTM C989 [21].

• Na2SiO3: This anhydrous powder, which served
as the solid alkaline activator, was imported from
Qingdao Darun Chemical Industries.

Further details regarding the chemical makeup of
the binders are provided in Table 1, with their phys-
ical attributes outlined in Table 2.

Aggregates were sourced from quarries situated in
the south-western region of Tehran. The concrete
blend incorporated coarse particles limited to a max-
imum dimension of 12.5 mm alongside naturally
sourced sand serving as the fine component. Both of
these aggregates conformed to ASTM C33 [22].

2.2. Mix design and testing procedures

The total binder content was maintained at 450
kg/m3, and the water-to-binder ratio was set at 0.52
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Table 1. Compositional characteristics of binders.

Binders SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O L.O.I.

OPC 20.80 4.80 4.00 63.70 2.10 2.40 0.37 0.85 0.96
GGBFS 35.92 11.91 0.62 38.38 8.89 0.59 0.57 0.96 1.08
Na2SiO3 46.21 – – – – – 50.83 – –

Table 2. Key physical characteristics of binder components.

Specific
Gravity
(gr/cm3)

Fineness,
Blaine
(cm2/gr)

Setting time
(min)

Compressive
strength (kg/cm2) Residue on

45 µm Sieve (%)

Activity Index
(%) Water Insoluble

materials (%)Binders Initial Final 7 day 28 day 7 day 28 day

OPC 3.14 3350 195 270 360 428 – – – –
GGBFS 2.82 4010 – – – – 8.0 88 108 –
Na2SiO3 1.20 – – – – – – – – 0.12

Table 3. Mix design components.

Cement Slag Na2SiO3 Fine SSD Coarse SSD Concrete temperature
Mix ID (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) W/B (°C)

OPCC 450.0 – – 1001.0 539.0 0.52 23.1
O-AAS – 405.0 45.0 975.0 525.0 0.52 26.1

for all mixtures. Given the relatively lower water
demand of slag compared to Portland cement, the
workability of O-AAS differs from that of OPCC
under identical water-to-binder (w/b) and binder
content. However, since the primary objective of
this study was the effect of curing duration on the
hardened-state properties, rather than to optimize
mixture proportions or assess fresh-state behaviours,
the workability of the mixtures was not evaluated.
The mix proportions are presented in Table 3.

A laboratory-scale paddle mixer was used to carry
out the mixing process. Following the mixing process,
the temperature of the freshly prepared concrete was
documented, after which the material was poured
into casting forms. These forms were then transferred
to a moisture-saturated chamber (RH ≥90%) for an
initial 24-hour curing phase.

2.2.1. Curing conditions
After the demoulding process, the specimens were

then stored according to five distinct curing regimes,
which are detailed in Table 4. Cubic, cylindrical,
and prismatic specimens were stored in saturated al-
kaline solution for the periods specified in Table 4
after demolding. Moist curing for standard specimens
was performed via immersion in alkaline solutions.
Saturated calcium hydroxide solution for OPCC per
ASTM C157 [12], and 10% sodium metasilicate so-
lution for O-AAS were selected. This curing protocol
for O-AAS was specifically chosen to prevent leach-
ing of critical alkaline activator ions and maintain
reaction continuity. Immersion in neutral pH water
would establish a concentration gradient, driving out-
ward diffusion of these ions from the concrete matrix

Table 4. Curing conditions of specimens from demoulding until the
time of testing.

Code W360 W0A W6A W27A W55A

Immersed in saturated Up to 0 6 27 55
alkaline solution (days) 360
Unsaturated environment 0 Up to Up to Up to Up to
(50 % RH at 23 ◦C) (days) 360 360 360 360

and depleting internal alkalinity, thereby disrupt-
ing the kinetics of slag geopolymerization. Crucially,
matching the sodium metasilicate concentration in
the curing solution to that within the concrete matrix
eliminates this chemical potential gradient, prevent-
ing ion migration from the bulk paste. This precise
chemical equilibrium sustains the elevated pH and
ionic environment required for continuous slag reac-
tion progression throughout the curing period [23].

The unsaturated environmental conditions,
consisting of 50 ± 4% relative humidity and 23
± 2 °C temperature, were set in accordance with the
air storage conditions for specimens specified in the
ASTM C157 [12].

Due to the impracticality of fully immersing the
restrained shrinkage specimens and concrete columns
in alkaline solution, an alternative wet-covering
method was employed. It should be noted that wet-
covering methods are also commonly employed in
real-world construction practices for curing concrete
structures. The specimens were wrapped with linen
cloths thoroughly saturated with either saturated cal-
cium hydroxide solution (for OPCC) or 10% sodium
metasilicate solution (for O-AAS), and subsequently
sealed with polyethylene sheeting to minimize evap-
oration. To maintain consistent alkaline conditions,
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the cloths were re-wetted with the respective alkaline
solutions at least four times per 24-hour period. After
the designated curing duration, the wet coverings
were removed, and the specimens were exposed to
unsaturated environmental conditions (50 ± 4% RH,
23 ± 2 °C) for subsequent drying and monitoring.

2.2.2. Testing procedures
The compressive strength test was carried out

in accordance with BS EN 12390-3 [24] on three
100×100 ×100 mm cubic specimens at ages of 7,
28, 56, 90, 180 and 360 days. The test was carried
out on specimens stored at five curing conditions as
specified in Table 4.

The rapid chloride migration test (RCMT) was car-
ried out in accordance with NT Build 492 [25]. The
test was conducted on three disc-shaped specimens,
each 50 mm thick and 100 mm in diameter, which
were cut from 100 × 200 mm cylindrical specimens.
The test was carried out at ages of 28, 56, 90, 180
and 360 days. The test was carried out on specimens
stored at 5 curing conditions as specified in Table 4.

For specimens that were in saturated conditions
until the test age, according to the standard, a 25 mm
disk was first removed from the trowelled surface of
the cylinder and set aside. Then, a 50 mm thick disk
was prepared from the remaining portion for testing.
The disks were saturated and the test was performed
according to the standard procedure.

However, for specimens that were in unsaturated
conditions before reaching the test age, some changes
were made to the cutting method. After the initial
curing was completed and the cylindrical specimen
was removed from the alkaline solution, a 25 mm
thick disc was immediately cut from the trowelled
surface of the 100×200 mm cylinder and set aside.
The remaining part of the cylinder was kept in the un-
saturated environment until the test was performed.
At the time of the test, a 50 mm thick disc was cut
from the remaining part of the cylinder from the
previously cut surface. The prepared discs were then
saturated according to the NT Build 492 [25] and
subjected to the RCMT test.

According to NT Build 492, a 25-mm surface layer
is typically removed to minimize the influence of
finishing- or bleeding-induced segregation, thereby
ensuring that permeability reflects the internal
concrete quality. However, one of the objectives
of this study is to assess how an unsaturated
environment affects concrete permeability,
specifically through surface microcracks induced
by drying shrinkage. For specimens exposed in an
unsaturated environment, if the surface layer were
removed at the standard time (i.e., just before the
RCMT test), some of these environmentally induced
microcracks might be eliminated. To preserve and

evaluate these cracks, the cutting protocol was
modified, and the first 25-mm layer was removed
immediately after alkaline curing, before exposure to
the unsaturated environment. As a result, the newly
exposed surface underwent drying shrinkage under
unsaturated conditions, allowing shrinkage-induced
microcracks to develop — and subsequently influence
chloride ingress during the RCMT.

Free shrinkage due to drying was measured ac-
cording to ASTM C157 [12], using three prismatic
specimens (75× 75× 285 mm) per mix. To assess the
influence of curing duration on free shrinkage devel-
opment, the standard 28-day saturated moist curing
period (per ASTM C157 [12]) was modified. Instead,
four distinct curing regimes were applied: W0A, W6A,
W27A, and W55A (see Table 4). After the respective
moist curing periods, specimens were transferred to
an unsaturated environment (50 ± 4% RH, 23 ±
2 °C) at ages of 1, 7, 28, and 56 days. Shrinkage
measurements were recorded from the onset of dry-
ing exposure, following the guidance in ASTM C596
[26], to enable direct comparison of free shrinkage
response under unsaturated conditions.

The confined shrinkage test of concrete was per-
formed according to ASTM C1581 [27] on two
circular specimens of each mixture with an outer di-
ameter of 405 mm, an inner diameter of 325 mm, and
a thickness of 150 mm. Fig. 1 shows the schematic
dimensions of the specimen and the image of the
concrete specimen during the confined shrinkage test.
This test was performed on specimens stored under
two curing conditions, W0A and W6A (Table 4). In
this test, the period of exposure of the specimens in
unsaturated conditions was limited to a maximum
age of 28 days according to the standard. Based on the
time of initial crack appearance, the concretes were
classified in terms of cracking potential. It should be
noted that the storage conditions in W0A were fully
in accordance with the requirements of ASTM C1581
[27]; while in W6A, the curing time in a saturated
environment was increased compared to the stan-
dard. This change was made in order to investigate
the effect of increasing the curing time on the crack
initiation time and crack width of the concrete.

To evaluate microcracks penetrating the inner con-
crete layers—and how curing duration affects the
durability and strength of the inner concrete—two
concrete columns (250 × 250 × 500 mm) were
cast per mix and subjected to three curing regimes:
W0A, W6A, and W360 (Table 4). It should be
noted that the cross-sectional dimensions of these
columns largely reflect those found in real structural
applications, suggesting that the development and
propagation of shrinkage-induced microcracks would
closely approximate field conditions. However, since
core sampling exclusively evaluated the internal
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Fig. 1. a) Schematic view of specimen dimensions b) Concrete ring tested under unsaturated conditions in accordance with ASTM C1581 [27].

concrete regions, the surface layer condition remains
unassessed, thereby limiting the analysis to the inter-
nal concrete performance only. Coring was performed
at 360 days. From each column, an initial core of
approximately 100 mm in diameter and 80 mm in
height was extracted from the trowelled surface and
discarded, thereby removing the near-surface zone.
Two additional cores (approximately 110 mm and
200 mm in length) were then obtained from deeper
regions. Since these inner cores originated well below
the surface—i.e., free from finishing- or drying-
induced surface effects—the standard 25-mm surface-
layer removal prescribed in NT Build 492 [25] was
not applied. Instead, 50 mm-thick disc specimens
were cut directly from the extracted cores for chloride
migration testing. A total of four cores were obtained
per mix per curing condition. From these, three cylin-
drical specimens (for compressive strength, per ASTM
C42 [28]) and three disc specimens (for chloride
diffusion, per NT Build 492 [25]) were prepared.
The coring layout and the moist-curing setup for the
columns are illustrated in Fig. 2. An overview of spec-
imen counts, test standards, and method deviations
from standard is provided in Table 5.

Microstructural examination was performed quali-
tatively to illustrate—not quantify— microcracks. A
20 mm-thick disk was cut from 90 mm below the
trowelled surface of cylindrical specimens (Ø100 ×
200 mm) cured under W27A conditions. An Ogawa
Seiki stereo optical microscope at 18× magnifica-
tion (reflected light) captured representative images.
Critically, these images serve solely to provide vi-
sual context; no quantitative analysis of crack length,
width, or spatial distribution was conducted.

3. Results and discussions

3.1. Compressive strength

O-AAS formulation targeted 28-day compressive
strength values matching those of alkaline-cured

Fig. 2. a) Core sampling operation from a concrete column, b) wet
curing of specimens.

Fig. 3. Compressive strength development of OPCC and O-AAS
under five curing regimes (W0A, W6A, W27A, W55A, W360) from
7 to 360 days. Data are means of n = 3 cubic specimens (100 ×
100 × 100 mm), tested per BS EN 12390-3 [24].

OPCC (Fig. 3). This design allows for a direct compar-
ison of their long-term performance under equivalent
exposure conditions.

When subjected to W360, the compressive strength
of OPCC developed from 30.1 MPa after one week
to 54.8 MPa following a full year of curing, with
most strength gains occurring within the first 28 days.
The increment between 180 and 360 days was less
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Table 5. Summary of tests performed.

Number of specimens Modification to Curing
Test at each age Standard Method Standard Procedure Regime

Compressive
Strength

3 BS EN 12390-3 [24] - W0A-
W6A-
W27A-
W55A-
w360

Chloride Ion
Diffusion
Coefficient

3 NT Build 492 [25] Early removal of 25 mm surface
layer to preserve drying-induced
microcracks for realistic chloride
ingress assessment under
unsaturated conditions.

Free Shrinkage 3 ASTM C157 [12] Shorter or extended saturated
curing duration from the curing
of this standard to assess the
effect of curing time on free
shrinkage.

W0A-
W6A-
W27A-
W55A

Restrained
Shrinkage

2 ASTM C1581 [27] Prolonged saturated curing
duration to assess the influence of
curing duration on cracking time
and width.

W0A-
W6A

Compressive
Strength of core
specimens

3 ASTM C42 [28] - W0A-
W6A-
w360

Chloride Ion
Diffusion
Coefficient of
specimens

3 NT Build 492 [25] Core extraction from internal
zones to assess microcracking in
subsurface layers resulting from
variations in curing duration.

than 2%, indicating stabilization. Similarly, mixtures
cured under W27A and W55A showed strength stabi-
lization beyond 180 days, attributed to near complete
hydration and reduced reactivity [29]. Conversely,
early exposure to unsaturated conditions (W0A and
W6A) led to notably lower strength levels and mini-
mal gains after 90 days, likely due to limited internal
moisture hindering hydration [15, 29]. Crucially,
no long-term strength degradation was observed for
OPCC under any curing condition.

In contrast, O-AAS demonstrated a marked sensi-
tivity to curing duration, with strength development
diverging significantly from OPCC when moist curing
was insufficient.

Under continuous moist curing (W360), O-AAS
exhibited compressive strength development anal-
ogous to OPCC—increasing from 34.8 MPa at 7
days to 53.5 MPa at 56 days before stabilizing—
confirming that saturated conditions enable complete
reaction kinetics and long-term structural stability
in both systems. Critically, premature drying trig-
gers a distinct degradation mode absent in OPCC:
"compressive strength aging," characterized by an ir-
reversible decline in strength after peak. The most
severe case (W0A; 0 days initial moist curing) exem-
plifies this mechanism: strength peaked at 39.6 MPa
(56 days) but plummeted by 37.4% (to 24.8 MPa)
by 360 days—a deterioration directly attributable
to shrinkage-induced microcracking [17–19]. Early-
age strength gains initially mask this vulnerability;

rapid hydration and geopolymerization temporarily
suppresses the propagation of the crack. However,
as reaction kinetics decelerate and internal rela-
tive humidity drops, capillary tensile stresses exceed
the immature binder’s tensile strength, propagating
microcracks that progressively impair load transfer
[7]. Degradation ceases only when hygral equilib-
rium is reached with the environment. Analyses
confirm that the C-A-S-H binder in slag-based sys-
tems remains chemically stable during drying [30].
This indicates that the observed strength loss is
purely physical—a critical distinction from some
alkali-activated systems using other precursors like
metakaolin. Importantly, this progressive compres-
sive strength reduction (strength-aging) has been
exclusively reported in alkali-activated systems uti-
lizing slag as the precursor material; no comparable
loss in strength has been documented to date in sys-
tems based on alternative precursors (e.g., natural
pozzolans) [8, 30, 31].

The severity of aging is curing-duration-dependent:
extending initial moist curing from 0 days (W0A:
37.4% loss) to 6 days (W6A: 25.4% loss) and 27 days
(W27A: 13.0% loss) progressively suppresses degra-
dation, while curing for 55 days (W55A) eliminates
it. This demonstrates that strength aging is not an
intrinsic limitation of O-AAS but a preventable con-
sequence of insufficient early-age moisture retention.
Consequently, field implementation requires redefin-
ing curing protocols—not material rejection—with a
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Table 6. Summary of one-way ANOVA and post hoc (Duncan) results for 360-day compressive strength.

Parameter OPCC O-AAS

Levene’s test (homogeneity) F = 2.202, p = 0.117 F = 0.849, p = 0.525
ANOVA (between-group effect) F(4,10) = 283.4, p < 0.001, η2

= 0.991 F(4,10) = 261.0, p < 0.001, η2
= 0.991

Curing regimes significantly < W360 W0A, W6A W0A, W6A, W27A
Curing regimes not significantly
different from W360

W27A, W55A (p = 0.061) W55A (p = 0.371)

minimum moist curing threshold to ensure that the
matrix requirement strength is achieved before un-
saturated environmental exposure.

One-way ANOVA confirmed a highly significant
effect of curing duration on 360-day compressive
strength for both OPCC (F(4,10) = 283.4, p (P-value
or Sig.) < 0.001, η2

= 0.991) and O-AAS (F(4,10)
= 261.0, p < 0.001, η2

= 0.991), with homogene-
ity of variances verified by Levene’s test (p = 0.117
for OPCC; p = 0.525 for O-AAS, both > 0.05). A
summary of the ANOVA outcomes is provided in
Table 6, and the full statistical outputs—including
Levene’s test, ANOVA tables, and Duncan’s post hoc
groupings—for OPCC and O-AAS are reported in
Appendix A (Tables A1 and A2), respectively.

Duncan’s post hoc test (α = 0.05, n = 3) showed
that, for both binder systems, W0A and W6A differed
significantly from W360 (p < 0.001), whereas W27A
and W55A did not differ significantly from W360 (p
= 0.061 for OPCC; p = 0.371 for O-AAS). In OPCC,
W360 (54.8 MPa), W27A (53.1 MPa), and W55A
(54.2 MPa) formed a homogeneous subset (Subset 3).
In O-AAS, W360 (54.1 MPa) and W55A (53.1 MPa)
were statistically equivalent (Subset 4).

The optimal curing durations for long-term strength
retention were determined through statistical com-
parison to the continuously moist-cured benchmark
(W360). For OPCC, the W27A regime preserved
mechanical stability, yielding compressive strength
statistically equivalent to W360 (53.1 vs. 54.8 MPa,
p=0.061). For O-AAS, the W55A regime (55 days)
achieved equivalent performance (53.1 vs. 54.1
MPa, p=0.371), eliminating the strength-aging phe-
nomenon.

The ratio of optimal curing durations (O-AAS to
OPCC) of approximately 2:1 (55 days vs. 27 days)
observed in standardized 100-mm cubic specimens
provides a practical scaling factor for field applica-
tions. Although specimen geometry may influence
absolute curing requirements, decades of structural
validation confirm reliable correlation between labo-
ratory specimens and in-situ OPCC performance [29].
Given the concurrent evaluation of both systems un-
der identical conditions, this ratio can serve as an
initial guideline for O-AAS by doubling existing OPCC
curing durations specified in standards.

Fig. 4. Non-steady-state chloride diffusion coefficient (Dnssm ×

10−12 m2/s) of OPCC and O-AAS under five curing regimes (W0A,
W6A, W27A, W55A, W360) at 28–360 days. Data are means of n
= 3 disc specimens (Ø100 × 50 mm), tested per NT Build 492 [25].

However, this study does not quantify scale effects
for complex structural elements (e.g., beams, slabs)
where thermal gradients and restraint conditions dif-
fer significantly from cubic specimens. Consequently,
site-specific validation through pilot testing on rep-
resentative elements is essential before full-scale
implementation, particularly for critical infrastruc-
ture in aggressive environments where premature
drying could trigger strength-aging in O-AAS.

For field curing of O-AAS elements, preliminary
studies suggest that activator-matched solutions may
better preserve interfacial chemistry compared to
plain water [23]. However, comprehensive validation
under field conditions requires further investigation.
Until such data are available, doubling established
OPCC curing durations provides a conservative initial
approach for non-critical elements.

3.2. Chloride ion diffusion coefficient

Results show a gradual decrease in diffusion co-
efficients with increasing specimen age, up to 360
days, across all curing regimes (Fig. 4). Exposure
to unsaturated environments led to elevated diffu-
sion coefficients for both OPCC and O-AAS mixtures;
however, this increase was pronounced in O-AAS.
This highlights the greater sensitivity of O-AAS to
curing duration concerning its resistance to chloride
ingress.
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In OPCC specimens cured continuously under satu-
rated alkaline conditions (W360), the chloride migra-
tion coefficient reduced from 22.4× 10−12 m2/s at 28
days to 12.8× 10−12 m2/s at 360 days. A comparable
trend was noted for O-AAS, where the coefficient
declined from 7.5× 10−12

×m2/s at 28 days to 2.6×
10−12 m2/s at 360 days. Notably, at both 28 and 360
days, O-AAS exhibited 67% and 80% lower diffusion
coefficients, respectively, compared to OPCC, under-
scoring its superior long-term impermeability under
optimal curing. The lower non-steady-state chloride
diffusion coefficient (Dnssm) of O-AAS compared to
OPCC is primarily attributable to its refined and dis-
continuous capillary pore structure, which impedes
chloride ion transport pathways [6, 7]. These find-
ings align with prior research. Bondar et al. [32]
found that AAS samples with equivalent 28-day com-
pressive strength to OPCC showed chloride diffusion
coefficients reduced by approximately 67%. Simi-
larly, Fan et al. [33] documented a 73% reduction in
chloride diffusion for AAS systems compared to OPCC
at equivalent water-to-binder ratios.

The non-steady-state chloride diffusion coefficient
(Dnssm) of O-AAS shows extreme curing sensitivity.
With extended moist curing, its performance trans-
forms from inferior to superior compared to OPCC.
OPCC showed a steady reduction in permeability
from its saturated state (W360) between 28– 360
days: 23.3% (W0A), 36.7% (W6A), 38.0% (W27A),
and 42.8% (W55A). O-AAS exhibited a dramatic in-
version. Under poor curing (W0A), the reduction
reached only 13.9% which is worse than that of
OPCC. With adequate curing (W55A), it achieved a
64.7% reduction in Dnssm, which is 51% lower than
that of OPCC. This nonlinear response is attributed
to O-AAS’s higher shrinkage [10]. Without sufficient
early moisture, this shrinkage generates extensive mi-
crocracks [18, 19].

Two mechanisms govern this behaviour. Prolonged
moist curing develops matrix tensile strength. This
strength resists drying-induced tensile stresses. Aging
progressively segments microcrack networks through
ongoing geopolymerization. Permeability depends on
crack connectivity—not simply on whether cracks are
present [7, 16, 19, 34]. Thus, Dnssm improves with age
even in poorly cured samples. Between 28–360 days,
W0A and W6A show 18% and 32% reduction, respec-

tively, despite existing microcracks. Unlike compres-
sive strength—which exhibits precursor-dependent
aging behavior (significant degradation only in slag
systems), chloride permeability reduction follows
similar kinetics across alkali-activated systems with
different precursors, as evidenced by comparable
trends in slag-based [16] and natural pozzolan-based
[31] concretes under identical unsaturated exposure
conditions.

Statistical analysis defined the minimum curing
threshold; a summary of the results is shown in
Table 7, and the full statistical outputs—including
Levene’s test, ANOVA tables, and Duncan’s post
hoc groupings—for OPCC and O-AAS are reported
in Appendix B (Tables B.1 and B.2), respectively.
One-way ANOVA with Duncan’s test (α = 0.05)
confirmed only W55A matched W360 for O-AAS (p =
0.951). W0A, W6A, and W27A differed significantly
(p < 0.001). Their Dnssm values were 3.58, 2.55,
and 1.46 times W360 (2.61 × 10−12 m2/s). OPCC
followed similar trends: W55A matched W360 (p =
0.948), but W0A (+49%), W6A (+22%), and W27A
(+9%) were higher.

O-AAS requires 55 days of initial moist curing
for optimal durability. This threshold is twice
the conventional standard for OPCC. Below this
duration, microcrack networks dominate transport
properties. They override the intrinsically refined
pore structure of slag binder. Field applications must
adopt extended curing protocols to unlock O-AAS’s
permeability advantage.

3.3. Free shrinkage

Across all curing regimes, O-AAS exhibited sub-
stantially higher free shrinkage compared to OPCC
(Fig. 5). At 360 days, the free shrinkage of O-AAS
under the W0A, W6A, W27A, and W55A regimes
was approximately 2.56, 2.38, 2.21, and 2.01 times
greater, respectively, than that of OPCC. These
findings align with previous studies reporting free
shrinkage values ranging from 1200 to 1900 µε at 90
days in O-AAS specimens subjected to only one day
of curing [35].

The pronounced shrinkage behaviour of O-AAS is
primarily attributed to the intrinsic characteristics
of its binder system—namely, the viscoelastic nature

Table 7. Summary of one-way ANOVA and post hoc (Duncan) results for 360-day Non-steady-state chloride diffusion coefficient.

Parameter OPCC O-AAS

Levene’s test (homogeneity) F = 0.942, p = 0.479 F = 2.241, p = 0.137
ANOVA (between-group effect) F(4,10) = 115.91, p < 0.001, η2

= 0.979 F(4,10) = 76.14, p < 0.001, η2
= 0.968

Curing regimes significantly < W360 W0A, W6A, W27A W0A, W6A, W27A
Curing regimes not significantly
different from W360

W55A (p = 0.948) W55A (p = 0.951)
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Fig. 5. Free shrinkage strain development (µε) of OPCC and O-AAS under four curing regimes (W0A, W6A, W27A, W55A) in unsaturated
conditions (50 ± 4% RH, 23 ± 2 °C) over 360 days. Shrinkage was measured from the onset of drying exposure. Data are means of n = 3
prisms (75 × 75 × 285 mm), tested per ASTM C157 [12].

of the C-A-S-H phase, a densely packed pore struc-
ture, and heightened capillary pressures resulting
from elevated surface tension in the alkaline pore
environment. These features are direct outcomes of
the accelerated reaction kinetics typical of slag-based
materials [36].

Extending the initial curing period prior to expo-
sure to 50% relative humidity significantly reduced
drying-induced shrinkage for both concrete types.
Specifically, for OPCC, the 360-day free shrinkage un-
der W0A, W6A, and W27A curing regimes increased
by approximately 57%, 39%, and 9%, respectively,
compared to specimens cured under W55A. These
empirical results show good agreement with pre-
dictions from the ACI 209 model, which estimates
increases of 60%, 33%, and 15% under analogous
curing durations [37].

However, findings from other studies differ. For
instance, Bagheri et al. [38] observed only an 11%
increase in free shrinkage of OPCC when curing du-
ration was extended from one to seven days. This
discrepancy may be attributed to variations in the
water-to-cement ratio or binder composition.

For O-AAS, the 360-day free shrinkage under
W0A, W6A, and W27A exceeded that of W55A by
72%, 58%, and 17%, respectively. Across all curing
regimes, O-AAS exhibited 2.0 to 2.6 times higher free
shrinkage than OPCC at 360 days (Fig. 5). Specifi-
cally, the ratio was 2.56, 2.38, 2.21, and 2.01 for
W0A, W6A, W27A, and W55A, respectively. The
present findings highlight the importance of early-age
curing in mitigating shrinkage in O-AAS. This aligns
with the work of Aiken et al. [39], who observed
a 48% decrease in free shrinkage for fly ash-based
alkali-activated concrete when curing duration was
extended from one to twenty-one days.

3.4. Restrained shrinkage

Only the W0A and W6A curing conditions were
assessed for both OPCC and O-AAS (Table 8). All
mixtures exhibited a pronounced tendency toward
early-age cracking, with O-AAS demonstrating con-
siderably greater susceptibility compared to OPCC.
Crack initiation was observed at notably earlier stages
in O-AAS, with visible cracks forming in the W0A
specimen within merely 20 minutes of exposure to a
50% relative humidity environment. This accelerated
crack development is primarily due to the synergistic
effects of autogenous shrinkage and drying-induced
tensile stresses.

Unlike OPCC, O-AAS experiences considerably
higher autogenous shrinkage. Li et al. [40] reported
visible cracking in alkali-activated slag paste as
early as 12.3 hours after casting under ring test
conditions, even in the absence of drying. These
findings illustrate the rapid build-up of internal
tensile stresses in alkali-activated slag systems due
to intense self-desiccation. When drying stresses
are superimposed on autogenous shrinkage, crack
initiation accelerates further.

Average crack width was calculated by measur-
ing ten equally spaced points along each visible
crack at 28 days. The divergent response of crack
width to curing duration in OPCC versus O-AAS
stems from fundamental differences in their time-
dependent mechanical properties. While O-AAS ex-
hibits wider cracks than OPCC (7.86 mm vs. 1.23
mm under W0A) due to its higher free shrinkage
(Section 3.3), the two systems respond oppositely to
extended curing—a phenomenon governed by their
elastic and viscoelastic characteristics at the cracking
age.
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Table 8. Results of the restrained shrinkage test for OPCC and O-AAS under two
curing regimes (W0A, W6A).

Cracking Age Net Cracking Cracking Average Crack Width
Mix ID (days) Age (days) Potential at 28 Days (mm)

OPCC-W0A 7.48 6.48 H 1.23
OPCC-W6A 12.26 5.26 H 2.15
O-AAS-W0A 1.01 0.01 H 7.86
O-AAS-W6A 7.06 0.06 H 3.46

Data reported mean values of n = 2 ring-shaped specimens (outer Ø405 mm, inner
Ø325 mm, thickness 150 mm) per mixture and regime, tested in accordance with
ASTM C1581 [27].

In OPCC, prolonged curing (W6A) increases the
crack width by 74.8% (from 1.23 mm to 2.15 mm),
despite delaying the onset of cracking (from 7.48 to
12.26 days). This behavior arises from two syner-
gistic mechanisms: (i) elastic modulus development
between 7–12 days, which amplifies tensile stresses at
the steel ring interface; and (ii) pore structure refine-
ment that intensifies capillary tension during drying.
Although extended curing enhances tensile strength,
the concurrent rise in stiffness and capillary stresses
dominates fracture behavior—concentrating energy
release into fewer, wider cracks upon failure [38].

Conversely, O-AAS exhibited a 56.0% reduction in
crack width with extended curing (from 7.86 to 3.46
mm), attributable to its superior stress-relief capacity.
Three factors govern this response: (i) limited elastic
modulus evolution between 1–7 days, reducing stress
amplification at the steel ring interface; (ii) higher
creep compliance, which enables continuous stress
relaxation during drying; and (iii) the reduced free
shrinkage magnitude of O-AAS under W6A compared
to W0A, which decreases the driving force for wider
crack propagation [39].

Despite benefits from extended curing, O-AAS re-
mains highly vulnerable to early-age cracking. Both
W0A and W6A curing regimes proved insufficient to
suppress microcracking effectively.

3.5. Core test results

To investigate the effect of curing duration on
compressive strength and chloride resistance, core
samples were extracted from the inner concrete
layers. This was done to evaluate the potential suscep-
tibility of the internal structural concrete (Table 9).

A comparative evaluation of the chloride diffusion
coefficients obtained from W360 cores and standard
cylindrical specimens (see Section 3.2) reveals a high
level of agreement, which suggests that the core ex-
traction procedure does not materially impact the ion
transport characteristics. Similarly, after adjusting for
specimen geometry, the compressive strength values
of W360 cores closely matched those of correspond-

Table 9. Core test results at 360 days for OPCC and O-AAS
under three curing regimes (W0A, W6A, W360).

Compressive Chloride ion diffusion
Mix ID strength (MPa) coefficient (×10−12m2/s)

OPCC-W360 44.7 13.05
OPCC-W0A 44.2 13.47
OPCC-W6A 44.5 13.24
O-AAS-W360 44.1 2.66
O-AAS-W0A 41.0 3.41
O-AAS-W6A 43.9 2.67

Compressive strength: Data reported mean values of n = 3
cylindrical cores tested per ASTM C42 [28]; and Chloride
diffusion coefficient (Dnssm ×10−12 m2/s): Data reported
mean values of n = 3 disk specimens tested per NT Build
492 [25].

ing standard specimens reported in Section 3.1. These
results validate core-based testing as a reliable and
practical method for assessing the in-situ mechani-
cal and durability performance within the internal
regions of real-scale structural elements.

The consistency between laboratory specimen
behavior and core test results from structural
columns (250×250×500 mm) confirms that the fun-
damental degradation mechanisms in O-AAS are
scale-independent phenomena. While absolute crack
widths and permeability values will vary with struc-
tural geometry and restraint conditions in field
applications, the relative vulnerability of O-AAS com-
pared to OPCC — and the proportionally longer
curing required to mitigate this vulnerability —
represents an intrinsic material characteristic that
transcends specimen size. This comparative approach
provides a reliable framework for engineers to an-
ticipate O-AAS performance in real structures, while
acknowledging that quantitative predictions require
project-specific validation.

A one-way ANOVA, with post hoc comparisons per-
formed using Duncan’s test at a 95% confidence level,
was conducted to evaluate the effect of early-age
curing (W0A, W6A, W360) on the core proper-
ties of OPCC and O-AAS at 360 days. Summary
statistics of the ANOVA for compressive strength
and chloride diffusion coefficient are presented in
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Table 10. Summary of one-way ANOVA and Duncan post hoc results for the 360-day compressive strength in concrete cores.

Parameter OPCC O-AAS

Levene’s test (homogeneity) F = 1.083, p = 0.397 F = 1.164, p = 0.374
ANOVA (between-group effect) F(2,6) = 0.239, p = 0.794, η2

= 0.074 F(2,6) = 7.551.0, p = 0.023, η2
= 0.716

Curing regimes significantly < W360 – W0A
Curing regimes not significantly
different from W360

W0A, W6A (p = 0.061) W6A (p = 0.371)

Table 11. Summary of one-way ANOVA and Duncan post hoc results for the 360-day Non-steady-state chloride diffusion
coefficient in concrete cores.

Parameter OPCC O-AAS

Levene’s test (homogeneity) F = 0. 0.223, p = 0.806 F = 0.256, p = 0.782
ANOVA (between-group effect) F(2,6) = 0.341, p = 0.724, η2

= 0.102 F(2,6) = 8.366, p = 0.018, η2
= 0.722

Curing regimes significantly < W360 – W0A
Curing regimes not significantly
different from W360

W0A, W6A (p = 0.061) W6A (p = 0.964)

Tables 10 and 11, respectively, while the full sta-
tistical outputs for OPCC and O-AAS are detailed
in Tables C.1 and C.3 and Tables C.2 and C.4 (Ap-
pendix C).

For OPCC, no significant differences were observed
in either 360-day core compressive strength (F(2,6)
= 0.239, p = 0.794) or chloride diffusion coefficient
(F(2,6) = 0.341, p = 0.724) across W0A, W6A, and
W360 curing regimes (Duncan’s p = 0.061 in both
cases). Mean compressive strengths ranged narrowly
from 44.2 to 44.7 MPa, while diffusion coefficients
varied only from 13.05 × 10−12 m2/s to 13.47
× 10−12 m2/s—all within a single homogeneous
subset. This indicates that microcracks induced by
early unsaturated exposure in OPCC remain predom-
inantly superficial and do not significantly penetrate
or degrade the internal matrix. Nevertheless, over-
looking such surface-level deterioration in durability
assessment may lead to overestimated service-life
predictions, as surface-connected cracks—though not
reflected in core tests—can accelerate the ingress
of aggressive species and reduce the effective cover
depth in real structural elements.

In contrast, for O-AAS, curing duration signifi-
cantly influenced core performance. Although W6A
and W360 showed no significant differences in com-
pressive strength (p = 0.371) or chloride diffusion (p
= 0.964), the W0A regime induced statistically sig-
nificant degradation: compressive strength was 7.1%
lower (41.0 MPa vs. 44.1 MPa, p = 0.023), and
the chloride diffusion coefficient was 28.2% higher
(3.41 vs. 2.66 ×10−12 m2/s, p = 0.018) compared
to W360. These results confirm that insufficient ini-
tial moist curing in O-AAS promotes through-section
microcracking via early-age autogenous and drying
shrinkage, compromising both mechanical integrity
and transport properties. Moreover, extending the
initial water curing to 6 days (W6A) was sufficient

Fig. 6. Optical microscopy images (18×, reflected light) of polished
sections cut 90 mm below the trowelled surface of OPCC and O-
AAS (W27A regime). Representative images only; no quantitative
crack analysis performed.

to achieve performance statistically indistinguishable
from continuous 360-day curing, indicating that a
one-week initial moist curing period is adequate to
ensure stable microstructural development and miti-
gate crack propagation.

Overall, these findings underscore that, unlike
OPCC, O-AAS is highly sensitive to curing duration;
early microcracks penetrate deeper, reducing
internal strength and durability. The superior
performance of O-AAS under W360 curing arises
from its dense microstructure, which effectively
limits chloride ingress — achievable only with
sufficient curing. Otherwise, insufficient curing
results in internal cracking and unreacted phases,
significantly compromising durability.

3.6. Visual condition of concrete sections

Optical microscopy provided only qualitative and
illustrative evidence of microcracking, without offer-
ing quantitative crack metrics. Representative micro-
graphs (Fig. 6) reveal a stark contrast: the OPCC sec-
tion showed no observable microcracks throughout
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Fig. 7. Visual surface condition of OPCC and O-AAS specimens
(W27A, at 360 days). Images illustrate qualitative microcrack pat-
terns; crack dimensions not measured.

the bulk matrix, whereas the O-AAS section exhib-
ited multiple microcracks, especially near the surface.
These images serve solely to corroborate the degra-
dation mechanisms discussed in Sections 3.1, 3.2
and 3.5. No measurements of crack length or depth
were performed.

Surface examinations of cubic specimens revealed
numerous microcracks in W27A-cured O-AAS spec-
imens. This visible damage pattern aligns with the
reported strength loss and higher chloride diffusion
coefficient, as discussed in Sections 3.1, 3.2 and 3.5.
In contrast, OPCC specimens under identical curing
conditions showed only limited surface microcracks,
as documented in Fig. 7. Rigorous quantification
of microcrack characteristics—particularly width,
spatial distribution, and connectivity—requires ad-
vanced techniques such as scanning electron mi-
croscopy (SEM) or crack-depth measurements, as
conventional optical microscopy lacks the reso-
lution and depth-sectioning capability for such
analyses.

4. Conclusion

This study demonstrates that O-AAS requires signif-
icantly longer initial moist curing compared to OPCC
to achieve long-term stability under unsaturated con-
ditions. While OPCC maintained stable compressive
strength across all curing regimes, O-AAS under in-
sufficient curing conditions (W0A) experienced a
phenomenon termed "strength aging"; specifically,
under these conditions, the compressive strength de-
creased by 37% from its maximum value at 56
days (39.6 MPa) to 360 days (24.8 MPa). This phe-
nomenon was directly attributed to microcracking
induced by early-age shrinkage.

Insufficient curing (W0A relative to W360) at 360
days resulted in a 3.6-fold increase in chloride dif-
fusion coefficient for O-AAS and a 1.5-fold increase
for OPCC; the ratio of these increases indicates that

O-AAS is 2.4 times more sensitive to inadequate
curing than OPCC in terms of chloride ingress sus-
ceptibility. Whereas under optimal curing conditions
(W360), the diffusion coefficient of O-AAS at 360
days was 80% lower than that of ordinary Portland
cement concrete. Under 360 days of drying condi-
tions, the ratio of free shrinkage in O-AAS under in-
sufficient curing (W0A) to optimal curing (W360) was
2.0, while this ratio for OPCC was 1.5; additionally,
the ratio of free shrinkage of O-AAS to OPCC under
optimal curing (W360) was calculated as 2.0. In the
restrained shrinkage test, extending initial moist cur-
ing from W0A to W7A conditions reduced crack width
significantly by 56% (from 7.86 mm to 3.46 mm).

Laboratory testing revealed that O-AAS requires 56
days of initial moist curing to completely eliminate
strength aging and achieve optimal durability—
approximately twice the duration required for OPCC
(28 days). This 2:1 curing duration ratio provides
a scientific foundation for adapting existing OPCC
curing standards to O-AAS. However, field valida-
tion under actual service conditions remains essential
prior to widespread implementation, particularly for
critical infrastructure. Future research should inves-
tigate the influence of mixture variables (such as
different W/B ratios, varying activator types and
varying activator ratios) and environmental factors
(such as curing temperatures) on optimal curing pro-
tocols for diverse alkali-activated systems.
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Appendix

A. Summary of statistical analysis results: A one-way ANOVA was conducted, and means
were compared using Duncan’s test to evaluate the effect of curing type on 360-day
compressive strength.

Table A1. Comparison of 360-day compressive strength of OPCC
under different curing durations.

Table A2. Comparison of 360-day compressive strength of O-AAS
under different curing durations.
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B. Summary of statistical analysis results: A one-way ANOVA was conducted, and means
were compared using Duncan’s test to evaluate the Effect of Curing Type on 360-Day Chloride
Diffusion Coefficient

Table B.1. Effect of curing type on 360-day chloride diffusion coefficient
of OPCC.

Table B.2. Effect of curing type on 360-day chloride diffusion coefficient
of O-AAS.
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C. Summary of statistical analysis results: A one-way ANOVA was conducted, and means
were compared using Duncan’s test for Comparing the 360-Day Compressive Strength and
Chloride Ion Diffusion Coefficient of Cores Under Different Curing Conditions

Table C.1. Comparison of 360-day compressive strength of OPCC cores.

Table C.2. Comparison of 360-day compressive strength of O-AAS
cores.
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Table C.3. Comparison of 360-day chloride ion diffusion coefficient of
OPCC cores.

Table C.4. Comparison of 360-day chloride ion diffusion coefficient of
O-AAS cores.
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