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Abstract:

In this study, the effect of unsaturated conditions and curing time before exposure to an
unsaturated environment on the properties of one-part alkali-activated slag concrete (O-AAS)
and Ordinary Portland cement concrete (OPCC) was investigated. The samples were cured in
water saturated with alkaline materials for 7, 28, 56, and 360 days. However, the specimens
cured for 7, 28, and 56 days were stored in an unsaturated environment with 50% relative
humidity until they reached 360 days of age. Compressive strength and rapid chloride migration
tests (RCMT) were conducted at various ages up to 360 days, and corrosion initiation time was
estimated by solving Fick's second law using the finite difference approach and results from
RCMT.

Results show that reducing the curing time before unsaturated exposure significantly decreased
0O-AAS's compressive strength and increased its chloride ion diffusion coefficient more
significantly than OPCC. Chloride penetration modeling indicates that exposure to an
unsaturated environment has a more pronounced effect on reducing the corrosion initiation time
of O-AAS compared to OPCC. Also, increasing the curing time from 7 days to 56 days before
exposure to an unsaturated environment caused a 186.7% increase in the estimated corrosion
initiation time of O-AAS and a 20.4% increase in the estimated corrosion initiation time of
OPCC. The required curing time for the O-AAS mixture to eliminate the effect of an unsaturated
environment with a relative humidity of 50% on the compressive strength and chloride ion
diffusion coefficient on standard specimens is 56 days, and for the OPCC mixture is 28 days.

Nomenclature list

O-AAS: One-part alkali-activated slag concrete

OPCC: Ordinary Portland cement concrete

GGFBS: Ground granulated blast furnace slag

RCMT: Rapid Chloride Migration Test

RH: Relative Humidity

SSD: Saturated Surface Dry

Dnsm:  Non-steady-state  diffusion  coefficient  coefficient(x
10-12 mz/s)

T : Average of the initial and final temperatures in the sodium chloride
solution (°C)
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U : Absolute value of the applied voltage (V);

L : Thickness of the specimen (mm)

Xq: Average value of the penetration depths (mm)

tq : Test duration (hours)

C(x,t): The chloride concentration (%wt of concrete)
X : The depth below the exposed surface (m)

t: The exposure time (S)

D(t) : The diffusion coefficient of chlorides (mz/s)

r = D(t) 2. The dimensionless Courant—Friedrichs—Lewy (CFL)

2(dx)?"

number

dx : The distance increment

dt : The time step

uitis : chloride concentration at time t and slice | (%wt of concrete)
Dyes : the concrete diffusion coefficient at time tye

m : the aging factor

RMSE: Root Mean Squared Error
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1. Introduction

Chloride ion penetration and reinforcement corrosion are
major concerns for reinforced concrete structures exposed to
chloride environments. Therefore, investigating and
modeling the phenomenon of chloride ion penetration in
concrete, especially modern concretes such as alkali-
activated concretes, is of interest to researchers [1,2].
Several analytical and numerical methods have been
developed for modeling chloride ion diffusion in concrete.
The finite difference numerical method is one of the widely
used approaches for modeling chloride ion penetration in
concrete by solving Fick's second law [3-5]. In the present
study, chloride ion penetration in alkali-activated slag
concrete is modeled using a one-dimensional Crank-
Nicolson finite difference approach and compared with
Ordinary Portland cement concrete.

Understanding and accurately predicting the long-term
performance, particularly concerning durability against
chloride ingress, is crucial for the wider adoption of alkali-
activated concretes.

Using alkali-activated concrete can provide many
environmental benefits. This has drawn the attention of
researchers in recent years to accurately understand the
behavior of alkali-activated concrete in various
environmental conditions in order to develop their
application fields in industry [6,7]. The environmental
conditions of concrete in structures such as bridge decks or
precast elements are such that, after curing, it remains in
unsaturated conditions for a period of time and is then
exposed to chloride environments.

Exposure of concrete to unsaturated environments leads to
moisture loss from pores and, over time, causes deformation
in the paste, resulting in volumetric instability [8-11]. The
volumetric stability of aggregates prevents paste shrinkage,
leading to stress development at the aggregate—paste
interface. As paste shrinkage increases, these stresses
intensify, eventually exceeding the paste's tensile strength
and causing microcracks in the internal body and surface of
the concrete [12-14]. Both alkali-activated slag concrete and
Ordinary Portland cement concretes are susceptible to
drying shrinkage-induced microcracking. Nevertheless,
alkali-activated slag concrete experiences notably greater
drying shrinkage due to its finer pore structure and higher
density, leading to a more pronounced risk of microcrack
formation compared to Ordinary Portland cement concretes
[10,11].

Previous research results indicate that microcracks caused
by storing concrete specimens in an unsaturated
environment after proper curing did not have a significant
effect on the compressive strength of Ordinary Portland
cement concrete[15-17]. In contrast to compressive strength,
unsaturated conditions can significantly increase the
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permeability of Ordinary Portland cement
concrete[12,17,18]. For alkali-activated slag concretes,
some studies have reported considerable reductions in
compressive strength after unsaturated exposure. However,
previous studies show considerable variation in the reported
compressive strength loss of alkali-activated slag concrete
exposed to unsaturated conditions. A thorough analysis of
previous studies indicates that both the ambient relative
humidity and the curing duration before exposure to
unsaturated conditions significantly affect the compressive
strength reduction in alkali-activated slag concrete[14,19-
23].

Despite growing interest in O-AAS concrete for sustainable
construction, a knowledge gap still exists regarding its long-
term durability in unsaturated conditions. Most existing
studies evaluate chloride ingress immediately after curing,
which do not reflect real-world conditions where concrete
may be exposed to drying before coming into contact with
chloride environments. Crucially, the combined effect of
variable initial curing durations followed by unsaturated
exposure on the subsequent chloride resistance and
corrosion initiation time of O-AAS has not been
systematically investigated. This study addresses this gap by
experimentally evaluating the influence of curing duration
(7, 28, and 56 days) followed by 50% RH exposure on the
compressive strength and chloride diffusion coefficient of
O-AAS, in direct comparison with OPC concrete; and by
applying a Crank-Nicolson-based finite difference model
using the experimental results to investigate the long-term
durability of OPCC and OAAS concretes with respect to
microcracks induced by drying shrinkage.

2. Experimental Program

2.1 Materials

The binder materials used were Type Il Portland cement
(Nahavand Cement Company, conforming to ASTM C150
[24]); Grade 100 ground granulated blast furnace slag
(GGBFS) from Esfahan Steel Company (in accordance with
ASTM C989 [25]); and anhydrous sodium metasilicate
powder from Qingdao Darun Chemical Company, in China.
The chemical compositions and physical properties of these
binders are presented in Tables 1 and 2, respectively.

The aggregates used in this study were sourced from
quarries located in the southwest of Tehran. Coarse
aggregate (gravel) had a nominal maximum size of 12.5 mm,
and the fine aggregate (sand) met the requirements of ASTM
C33 [26]. The percentage passing the No. 200 sieve was
1.88% for sand and 0.21% for gravel. The water absorption
(saturated surface dry basis) and saturated surface dry
density were 1.8% and 2590 kg/m? for gravel, and 3.7% and
2510 kg/m? for sand, respectively. Tap water from Tehran’s
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municipal supply was used for all concrete mixing
operations.

Table 1: Chemical Analysis Results of Binding Materials.

Anhydrous
% Cement GGBFS sodium
metasilicate
SiO: 20.80 35.92 46.2
Al203 4.80 11.91 -
Fe203 4.00 0.62 -
CaO 63.70 38.38 -
MgO 2.10 8.89 -
SO3 2.40 0.59 -
Na20 0.37 0.57 50.8
K20 0.85 0.96 -
L.O.l. 0.96 1.08 -
Table 2: Physical properties of Binding Materials.
I\Ezlirt]grlir;?s Physical Properties  Value Unit
Specific Gravity 3.14 gricm?®
Fineness, Blaine 3350 cm?/gr
Cement Ir}itial Set_ting 195 m!n
Final Setting 270 min
Compressive 7 day 360 kg/cm?
strength 28 day 428 kg/cm?
Specific Gravity 2.82 gr/cm?
Fineness, Blaine 4010 cm?/gr
GGBFS Residue on 45 pm Sieve 8.0 %
Activity 7 day 88 %
Index 28 day 108 %
Anhydrous  Specific Gravity 1.20 gricm?®
sodium Water-Insoluble o
metasilicate  materials 0.12 %

2.2 Mix Design and Testing Procedures

Concrete mixtures were produced with a binder content of
450 kg/m3 and a water-to-binder ratio of 0.52. The properties
of the studied mixtures are presented in Table 3. In this
report, Ordinary Portland cement mixtures are labeled as
OPCC, while One-part alkali-activated slag concrete
mixtures are labeled as O-AAS.

Table 3: Mix Design Components.

Mix ID OPCC O-AAS
Cement (kg/md) 450.0 §
Slag (kg/m?3) - 4050
Anhydrous sodium } 45.0
metasilicate (kg/m?3) .
Fine Aggregate SSD

A 1001.0 975.0
Coarse Aggregate SSD 539.0 525.0
(kg/m?3)

W/B 0.52 0.52
ggr;crete temperature 231 26.1

For the mixing process, solid components (including
aggregates and binder powder) were first dry-mixed in the
mixer for 2 minutes. Water was then added, followed by 3
minutes of mixing. The mixer was stopped for 3 minutes,
after which mixing resumed for another 3 minutes before a
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2-minute pause. Finally, the mixture was mixed for a further
3 minutes.

Cylindrical specimens (10x20 cm) were cast and stored for
24 hours in an environment with >95% relative humidity.
Saturated limewater solution was used for OPCC specimens,
while sodium metasilicate-saturated solution was used for
O-AAS specimens. The use of a sodium metasilicate-
saturated solution for O-AAS specimens was chosen to
prevent the leaching of alkali ions and maintain a high pH in
the surrounding environment. This condition minimizes the
concentration gradient between the pore solution and the
external medium, thereby preserving the activator. This
approach is consistent with the findings of Marvila et al.
[27], who demonstrated that curing in an alkaline-rich
solution (e.g., sodium hydroxide) prevents ion loss and
yields superior mechanical performance compared to curing
in distilled water. Similarly, saturated limewater is the
standard curing method for OPCC to prevent decalcification.
The four storage conditions for the specimens from the time
of removal from demolding until testing are:

-W: Continuous immersion in 23°C solution

-W7A: 6-day immersion in 23°C solution, then transferred
to 50% RH at 23°C

-W28A: 27-day immersion in 23°C solution, then
transferred to 50% RH at 23°C

-W56A: 55-day immersion in 23°C solution, then
transferred to 50% RH at 23°C

The selected unsaturated conditions are similar to the
moisture conditions specified in the ASTM C157 [28]
standard test for determining the length change of specimens
due to drying shrinkage.

The compressive strength test was conducted according to
the ASTM C39 [29] standard on three cylindrical specimens
(10x20 cm) at ages of 28, 56, 90, 180, and 360 days. Before
the compressive strength test, the specimen ends were
capped using sulfur mortar.

The RCMT was performed according to the NT Build 492
[30] on three specimens at ages of 28, 56, 90, 180, and 360
days. For specimens taken directly from the alkaline
saturation solution at the time of testing, preparation steps
(cutting and saturation) were performed according to the
standard.

However, for specimens exposed to an unsaturated
environment before their testing age, the following
procedure was adopted: After curing in the alkaline-
saturated solution, a 2.5 cm-thick disk was cut from each
10x20 cm cylindrical specimen, discarding the troweled
surface. These cut disks were set aside. The remaining
cylinder was then stored in an unsaturated environment with
50% relative humidity and 23°C until the time of testing. At
the time of testing, a 5 cm-thick disk was sectioned from the
previously cut surface of each remaining cylinder and
subsequently saturated according to the standard method.
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During the test, one side of each specimen was exposed to a
10% sodium chloride solution, while the opposite side was
subjected to a 0.3 N sodium hydroxide solution. To
accelerate chloride ion penetration, an electrical potential
was applied, with the voltage determined based on the initial
current passing through the specimen.

After the test, the specimens were split, and a 0.1 N silver
nitrate solution was applied to the exposed surfaces. The
silver nitrate reacted with the chlorides, forming white silver
chloride, which marked the chloride penetration front. This
visible boundary was used to identify the extent of chloride
penetration, and the migration coefficient was then
calculated using Equation 1 [29].

0.0239(273 + T)L /(273 +T)Lx,
Dnssm - W(Xd - 00238 T (1)

Where:

Dpssm= Non-steady-state diffusion coefficient(x 10712 mz/S);

U = Absolute value of the applied voltage (V);

T = Average of the initial and final temperatures in the sodium
chloride solution ( °C):

L = Thickness of the specimen (mm);

x4= Average value of the penetration depths (mm);

ty = Test duration (hours).

Additionally, to obtain the parameters required for modeling
the W7A, W28A, and W56A exposure conditions, some
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specimens from each curing regime were transferred from
the unsaturated environment to the saturated condition at 90
days. The RCMT was then performed on these specimens at
180 and 360 days. This approach was chosen because the
modeling assumes fully saturated concrete conditions after
exposure to the chloride environment.

3. Results and Discussion

3.1 Compressive Strength

The compressive strength results of the mixtures under
different curing conditions are presented in Figure 1. For this
study, O-AAS mix proportions were specifically designed to
achieve 28-day compressive strength comparable to
Ordinary Portland cement concrete mixtures under alkaline
solution curing, based on findings by Rahmani et al. [31].
Generally, when comparing O-AAS and OPCC under
identical curing and environmental conditions, their
compressive strength development trends over time differ
significantly.

The compressive strength of OPCC under W conditions at
28, 56, 90, 180, and 360 days was 37.7,41.1, 45.3, 47.9, and
48.6 MPa, respectively. As shown in Figure 1, the
compressive strength of OPC increased over time under all
tested conditions, with similar trends observed for W, W7A,
W28A, and W56A.

2 E% =7k
é; =7 =
= =7
= =Z
;? ;2 N 28 day
Eé E? =56 day
zg gé % 90 day
?? g? 180 day
= =7 1360 day
=z =2
=7 =7
=7 =7
=z =7
o & g
‘;’F‘ & c;‘“'
> A o
o o o

Fig. 1: The development of compressive strength under varying environmental conditions over time.

The 360-day compressive strengths of OPCC specimens
under W, W7A, W28A, and W56A conditions were 48.6,
38.4, 47.0, and 48.1 MPa, respectively. Notably, the long-
term (360-day) compressive strengths in W, W28A, and
WH56A were nearly identical, while W7A exhibited a 21.0%
lower strength compared to W conditions.

The compressive strength of O-AAS under W conditions at
28, 56, 90, 180, and 360 days was 37.5, 47.3, 47.5, 47.8, and
47.9 MPa, respectively. Under W7A conditions, the
corresponding strengths were 37.1, 44.9, 39.9, 34.4, and
33.6 MPa. The results indicate that unsaturated conditions

16

significantly affect the compressive strength of O-AAS
(alkali-activated slag). The 360-day compressive strength
under W7A conditions shows:

-A 28.3% reduction compared to its peak strength at 56 days
-A 33.2% reduction relative to the 360-day strength under
W conditions.

The 360-day compressive strength of AAS under W28A and
WH56A conditions is 16.3% and 2.0% lower than that under
W conditions, respectively. Figure 1 also shows that the
variations in compressive strength of AAS under W and
WH56A conditions are similar, increasing up to 56 days of age
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and then stabilizing. However, the compressive strength
under W7A and W28A conditions increases up to 56 days of
age and then decreases at later ages. The primary reason for
the reduction in compressive strength of alkali-activated slag
mixtures in unsaturated environments is the formation of
microcracks due to drying shrinkage [14,21].

Therefore, the required curing duration to prevent the
formation of microcracks caused by drying shrinkage at a
relative humidity of 50% has a greater impact on the
compressive strength of O-AAS mixtures compared to
OPCC mixtures. The obtained results indicate that to
eliminate the effect of the unsaturated environment with a
relative humidity of 50% on the one-year compressive
strength of OPCC and O-AAS mixtures, the required
durations are 28 and 56 days, respectively.

In the report by Collins and Sanjayan [14], the compressive
strength of alkali-activated slag concrete that was placed in
an unsaturated environment after demolding was
investigated. According to this report, the one-year
compressive strength of the concrete in an unsaturated
environment with 50% relative humidity decreased by
approximately 54% compared to saturated conditions.
Furthermore, in the unsaturated environment, its one-year
compressive strength experienced a 17% reduction
compared to the maximum strength achieved at earlier ages.
In the study by Prinsse et al. [21], the compressive strength
of alkali-activated slag concrete in an unsaturated
environment with 55% relative humidity was examined after
28 days of curing in water. The compressive strength
increased by approximately 5% up to 91 days and decreased
by about 7% at 695 days. The results of the aforementioned
studies also confirm the findings of the present research.

3.2 Chloride diffusion coefficient

Figure 2 presents the chloride ion diffusion coefficients
obtained from the Rapid Chloride Migration Test (RCMT).
In all examined mixtures, the chloride ion diffusion
coefficient decreased with increasing age. Our results
indicate that exposing both OPCC and O-AAS mixtures to
an unsaturated environment significantly increases the
chloride ion diffusion coefficient, though the extent of this
effect varies for each mixture.

Under W conditions, the OPCC mixture's chloride ion
diffusion coefficient at 28, 56, 90, 180, and 360 days was
22.4,19.1,17.7, 14.4, and 12.8 x107'? m?/s, respectively.

Numerical Methods in Civil Engineering, 10-1 (2025) 13-22
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Fig. 2: Chloride diffusion coefficient of mixtures under varying
conditions and over time.

The WTA conditions resulted in a significant increase in
OPCC's diffusion coefficient compared to W conditions.
Specifically, at 360 days, the W7A OPCC mixture showed
an increase of approximately 22% compared to W
conditions. Extending the curing period before unsaturated
exposure from 7 to 28 days substantially reduced the
enhancing effect of the 50% RH environment on the chloride
ion diffusion coefficient. Furthermore, OPCC's chloride ion
diffusion coefficient under W56A conditions was very
similar to that under W conditions.

Under W conditions, the AAS mixture's chloride ion
diffusion coefficient at 28, 56, 90, 180, and 360 days was
7.5, 5.8, 4.6, 3.0, and 2.6 x107'2 m¥s, respectively. This
demonstrates that the 360-day AAS mixture under W
conditions exhibits a chloride ion diffusion coefficient
significantly lower than that of the OPCC mixture
(approximately 80% lower than OPCC at 360 days).

For O-AAS, the 360-day chloride ion diffusion coefficients
under W7A, W28A, and W56A conditions were 2.55, 1.41,
and 1.05 times higher than under W conditions, respectively.
These findings confirm that extending the curing period
before exposure to a 50% relative humidity environment can
significantly reduce the negative effect of the unsaturated
environment. This is attributed to increased resistance to
shrinkage-induced stresses with longer curing, resulting in
fewer micro-cracks.

Moreover, these results indicate that exposure to unsaturated
conditions has a greater impact on the chloride ion diffusion
coefficient of O-AAS mixtures compared to OPCC
mixtures. This heightened effect in O-AAS is likely due to
its inherently higher drying shrinkage compared to OPCC,
leading to a more pronounced formation of micro-cracks in
0O-AAS mixtures under unsaturated conditions [10].

3.3 Numerical Model

The modeling of chloride ion penetration into concrete has
been extensively performed using Fick’s second law
(Equation 2) [3-5]. Various analytical and numerical
methods have been proposed to solve this equation.
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dC(x,t) d?C(x,t)

— = bO—— )
Here, C(x,t) represents the chloride concentration (as a
percentage of the concrete's mass) at a depth x and the time
t, x is the depth below the exposed surface (m),t is the
exposure time (s), and D(t) is the diffusion coefficient of

2
chlorides (=-).
In one-dimensional conditions, considering an element
based on the Crank-Nicolson finite difference method, the
equation can be rewritten as Equation 3 [5].

—ruffl + (1 + 2r)uftt —ruft!

=rul, + @1 = 2r)ruf + ruf_,

1-DEFINE INFUT PARAMETERS:

- Diffusion coefficient at exposure time (Ds) [m¥s]
- Time at exposure time (ts )

- Age factor (m):

- Concrete Tickmes (L) [mm]

- Simulation time (T) [days]

- Spatial nodes (nx)

- Time steps (nt)

- Initial chloride concentration (Co) [Ye]

- Surface concentration (C_g) [%&]

- Concentration corresion threshold (C_crtical) [76]

©)

4. COMPUTE CERANK-NICOLSON
COEFFICIENTS:

=D *gp /(2% dxd)

1
5. CONSTEUCT MATRICES A AND B

Numerical Methods in Civil Engineering, 10-1 (2025) 13-22

dt
Here, r = D(t)m

Courant—Friedrichs—Lewy (CFL) number, D(t) is the

represents the dimensionless

2
diffusion coefficient at time t (mT), dx is the distance

increment (total depth divided by number of slices), dt is the
time step (s), and u! is the chloride concentration (%wt of
concrete) at time tand slice i, i =1, ..., I is the particular slice
of concrete (and i = 0 is the top slice that holds the external
concentration of chlorides), t is the time (s).

Figure 3 presents a detailed flowchart of the Crank-Nicolson
finite difference method implementation, illustrating the
step-by-step numerical procedure for solving Fick's second
law and predicting chloride ion penetration in concrete.

2. DOMAIN DISCRETIZATION

- Spatial step: dx =L /nx
- Temporal step: dt =T / gf,
- Time vector: t= [0, dt, 2ét..... T]

3 APPLY INITIAL AND
BOUNDARY CONDITIONS

- Imitial concentration vector:
C_gld[0..nx] = Ca

- Boundary condition at x=0:
C_old[0] =C_s (Dirchlet)

(CONSTANT OVEE. TIME

- Matrix A (for u”{p+1}):
» Main diagonal: 1+ 2r
» Off-diagonals: -1

- Matrix B (for ul{n}):
» Main diagonal: 1 - 2r
» Off-diagonals:

6. CONSTRUCT TRIDIAGONAL
MATRICES A AND B:

- MATRIX A (for future time step n+1)
- MATRIX B (for current time step n)

7. TIME-MARCHING LOOP (FOR n = 1 TO nt):

7.1. COMPUTE RHS VECTOR:
RHS =B = C_old[1...ax-1]

|

7.2. APPLY BOUNDARY CONDITIONS:
RHS[0]=RHS[0]+2r=C =

I |
7.3. SOLVE LINEAR. SYSTEM:
A = C_new[l..nx-1]=RHS
1
7.4. UPDATE CONCENTEATION:
C_old =C_new
| |

7.5. UPDATE DIFFUSION COEFFIC]IENT':
UPDATE MATRICES A& BIFD

& OUTFUT RESULTS:
- Chloride profile
- Time to corrosion

Fig. 3: Step-by-Step Implementation of Crank-Nicolson Scheme for Fick's Second Law

The Crank—Nicolson method was employed to evaluate the
resistance of concrete to chloride ion penetration, using data
derived from the Rapid Chloride Migration (RCM) tests

18

[3,4]. The temporal variation in the chloride diffusion
coefficient was determined according to Equation 4 [3,4]:
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D(t) = Dyes (tr?ef)m 4)

In this equation, D(t) represents the concrete's diffusion
coefficient at time t, D,.r is the concrete diffusion
coefficient at time t,..;, and m is the aging factor.

In this study, environmental conditions such as temperature
were considered identical and constant during the period of
exposure of the mixtures to the chloride environment.
Additionally, a constant chloride diffusion coefficient was
assumed across the concrete cross-section. The research
investigates the effects of age, curing conditions, and prior
exposure to an unsaturated environment before contact with
the chloride environment.

The surface chloride concentration was set at a constant
0.8% of the concrete's weight in this study [3,4]. For
comparison, in the Life 365 software, the surface chloride
concentration is also fixed at 0.8% for specific submerged
conditions [5].

In this study, the age of concrete at the time of exposure to
the chloride environment was considered to be 90 days. For
modeling and determining the age factor under W7A,
W28A, and WH56A conditions, RCMT results from
specimens transferred to a saturated environment after 90
days of age were used. The results of the obtained diffusion
coefficients for these specimens are presented in Figure 4.
Using the results from the RCMT, the age factor and
chloride ion diffusion coefficient used in the modeling were
determined for each mixture, and the results are provided in
Table 4. Notably, the age factor obtained in this study is
consistent with the results from Bagheri et al. [3,32] and the
Life-365 software's model [5].

% 90 day
& 180 day

0360 day

Chloride diffusion coefficient (*10”-12m"2/s)

Fig. 4: The chloride diffusion coefficient of mixtures used in
modeling

Table 4: The aging factors and diffusion coefficients employed in
the modeling process.

Dref
Mix Destination m m?
(X 10-12 T)
OPCC-W 0.218 17.31

Numerical Methods in Civil Engineering, 10-1 (2025) 13-22

OPCC-WT7A 0.202 20.47
OPCC-W28A 0.210 18.32
OPC-W56A 0.218 17.48
AAS-W 0.403 4.56
AAS-WT7A 0.372 8.65
AAS-W28A 0.398 531
AAS-W56A 0.402 4.62

3.4 Model Validation

To evaluate the reliability and accuracy of the developed
numerical model in predicting chloride penetration into
concrete, a validation process was conducted by comparing
the model outputs with experimental chloride concentration
profiles obtained from data analysis.

Chloride concentration profiles for OPCC with a water-to-
binder ratio of 0.50, exposed to chloride ingress for
durations ranging from 28 to 180 days under laboratory
conditions in accordance with ASTM C1556, were extracted
from the study by Bagheri et al. [32]. As illustrated in Figure
5, the chloride concentration profile predicted by the
numerical model for the OPCC-W condition was compared
with the experimental data at 180 days. The numerical model
demonstrates good agreement with experimental data,
achieving an RMSE of 0.1205% and an R? of 0.912,
indicating that approximately 91.2% of the variability in
chloride concentration is captured by the model. The results
confirm the model’s capability in simulating chloride
ingress in OPCC under submerged conditions.
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Fig. 5: Chloride concentration profile (in % by weight of
concrete) predicted by the model vs. experimental data at 180
days.

A portion of the observed discrepancy can be attributed to
the slight difference in the water-to-binder ratio between the
two studies (0.50 in Bagheri et al. versus 0.52 in the present
study), which influences the chloride diffusion coefficient.
It should be noted that this level of error falls within the
typical range reported in the technical literature for service
life modeling of concrete structures [33].

3.5 Estimation of corrosion initiation of rebar

In Figure 6, the estimated reinforcement corrosion initiation
time at a depth of 5 cm is presented. As expected, the time
for corrosion initiation in the O-AAS mixture is significantly
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longer than that in the OPCC mixture. Additionally,
placement in an unsaturated environment has led to a
reduction in the estimated time for corrosion initiation. To
compare the impact of curing duration before unsaturated
exposure on O-AAS versus OPCC corrosion initiation, the
estimated times for each mixture were normalized relative to
their respective estimated times under W conditions. Figure
7 presents these normalized corrosion initiation times for O-
AAS and OPCC under various environmental conditions
(relative to condition W).
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The estimated normalized time to corrosion initiation
relative to condition W for the OPCC mixture under
conditions W, W7A, W28A, and W56A is 1.0, 0.82, 0.93,
and 0.99, respectively. Similarly, the estimated normalized
time to corrosion initiation relative to condition W for the
AAS mixture under conditions W, W7A, W28A, and W56A
is 1.0, 0.34, 0.78, and 0.98, respectively.

These results indicate that unsaturated conditions had a
greater impact on the estimated corrosion initiation time of
AAS compared to OPCC. Additionally, the estimated
corrosion initiation times of OPCC under conditions W,
W28A, and W56A are similar to each other, and the
estimated corrosion initiation times of O-AAS under
conditions W and W56A are also similar to each other. The
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primary reason for the reduction in the estimated corrosion
initiation time in the unsaturated environment with 50%
relative humidity is the formation of microcracks due to
drying shrinkage.

Therefore, the required curing time to prevent the formation
of microcracks caused by drying shrinkage at a relative
humidity of 50% has a greater impact on the estimated
corrosion initiation time of O-AAS compared to OPCC. The
obtained results indicate that to eliminate the influence of the
unsaturated environment with a relative humidity of 50% on
the estimated corrosion initiation time, the curing periods for
OPCC and O-AAS mixtures are 28 and 56 days,
respectively.

4. Conclusion

Based on laboratory studies and modeling, the following
results were obtained:

-The curing duration of concrete before exposure to an
unsaturated environment with 50% relative humidity can
influence the properties, especially the permeability, of both
OPCC and O-AAS mixtures.

-The 360-day compressive strength of OPCC and O-AAS
standard specimens, after 7 days of curing in an unsaturated
environment with 50% relative humidity, decreased by
21.0% and 33.2%, respectively, compared to specimens
cured under fully saturated conditions.

-The 360-day chloride ion diffusion coefficient of OPCC
and O-AAS standard specimens, after 7 days of curing in an
unsaturated environment with 50% relative humidity,
increased by 22.0% and 155.2%, respectively, compared to
standard specimens cured under fully saturated conditions.
-The estimated time to corrosion initiation of OPCC and O-
AAS, after 7 days of curing in an unsaturated environment
with 50% relative humidity, decreased by 17.8% and 66.0%,
respectively, compared to specimens cured under fully
saturated conditions.

-The results indicate that a minimum of 28 days of wet
curing for OPCC standard specimens, and 56 days for O-
AAS standard specimens, eliminates the detrimental effects
of exposure to a 50% relative humidity unsaturated
environment on their compressive strength and chloride ion
diffusion coefficient on standard specimens.

- In general, the results of this study suggest that, for
comparable 28-day compressive strength between OPCC
and O-AAS mixtures, the required curing duration for O-
AAS in practical applications should be at least twice that of
OPCC to achieve similar performance regarding changes in
strength properties and permeability in unsaturated
environments. It should be noted that the findings of this
study are specific to O-AAS with sodium metasilicate and
exposed to 50% relative humidity. Different activators (e.g.,
sodium hydroxide, sodium carbonate) or humidity levels
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may lead to different curing requirements. Therefore, the
recommended 56-day curing period for standard specimens
should be considered as a reference for similar mix designs
and exposure conditions.
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