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ARTICLE INFO ABSTRACT

Keywords: Cementitious materials can achieve desirable strength development and reduced cracking potential under moist
Alkali-activated slag or immersed conditions. However, in this work, we found that alkali-activated slag (AAS) pastes can crack un-
Cracking

derwater, with a higher silicate modulus showing more pronounced cracking. Chemically, the C-(N-)A-S-H gel in
the paste with a higher silicate modulus showed a higher Na/Si ratio and a higher leaching loss of Na, which led
to more significant structural changes and gel deterioration underwater. This triggered the propagation of cracks
initially present in the material. Physically, the paste with a higher silicate modulus featured a denser micro-
structure, lower water permeability and higher pore pressure, which resulted in a steeper gradient of pore
pressure in the matrix. Consequently, the concentration of tensile stress was simulated at the centre and the
corner of the cross-section of the sample. As this simulated concentrated stress exceeded the flexural strength of
AAS pastes, significant fractures at the centre and spalling at the corner occurred, consistent with the experi-
mental observation. This work not only elucidated the cracking mechanisms of AAS materials underwater but

Water immersion

Pore pressure

Stress concentration
Finite element simulation

also provided new insights into mixture designs for these materials under high-humidity conditions.

1. Introduction

Leaching, the process by which constituents of solid materials are
released into liquid environments, is seemingly inevitable for structures
serving under complex conditions, e.g., roads, buildings, bridges, tun-
nels and underground infrastructure. In PC-based materials, the pH of
the pore solution typically ranges from 12.5 to 13.9 [1,2], depending on
various factors such as cement types, water-binder ratios, and initial
alkali contents. Since hydrates in PC-based materials exhibit thermo-
dynamic stability under alkaline conditions, external water can be
regarded as a form of “chemical corrosion”, leading to the dissolution of
calcium hydroxide and decalcification of C-S-H gels [3-5]. However, as
a hydraulic material, PC hardens and gains strength through the reaction
with water. Water curing has been verified as effective in enhancing the
hydration degree of cement [6], which eventually contributes to
reduced shrinkage, improved mechanical properties and durability.
Consequently, water exposure is generally beneficial for PC-based
materials.

In contrast to PC-based materials, alkali-activated materials (AAMs)

are synthesized through the alkali activation of aluminosilicate pre-
cursors, including industrial by-products, mineral residues, and agri-
cultural wastes [7-10]. The reaction of precursors and the formation of
microstructure are significantly dependent on the pH of the pore solu-
tion. The infiltration of external water into AAMs can lower the pore
solution alkalinity, which would hinder the reaction of precursors, the
formation of reaction products and the strength development of AAMs
[11,12]. Besides, it is found that the C-(N-)A-S-H gels in AAS pastes can
decompose after long-term water immersion [11]. Consequently,
reduced reactions of producers and gel decomposition lead to coarsened
microstructures and reduced long-term mechanical properties and
durability [11,13-15].

Furthermore, an increasing number of studies have indicated that
external water can even trigger the formation of cracks in AAMs, espe-
cially for AAS materials. Hubler et al. [16] investigated the impact of
nucleation seeding on the reaction and compressive strength of AAS
paste. Their findings revealed a continuous increase in the compressive
strength of AAS pastes under sealed conditions, but a decrease trend
subjected to underwater conditions due to cracking. They attributed this
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problem to the differential stresses resulting from chemical and autog-
enous shrinkage. Maghsoodloorad et al. [17] observed severe cracks in
alkali-activated phosphorus slag pastes upon hydrothermal curing. They
attributed these cracks to non-uniform shrinkage caused by the uneven
distribution between reaction products and unreacted slag under hy-
drothermal conditions. Hwang et al. [18] also identified cracks in water-
immersed AAS pastes. Besides, such cracking problems became more
pronounced in slag with an increased content of MgO. They assumed
that a high MgO content in slag promotes the formation of hydrotalcite,
which can result in the expansion of the matrix and an increased like-
lihood of cracking. In a previous work [19], we compared the flexural
strength of AAS mortars under different curing conditions. The results
indicated a decline in the flexural strength of sodium silicate-based
mortars over time when exposed to high-humidity curing conditions.
Given that the flexural strength was sensitive to surface cracks, this
reduction may also relate to the cracking issue. Accordingly, previous
studies have confirmed the occurrence of undesirable cracks and
reduced mechanical properties of AAS materials under wet or immersed
conditions. However, the underlying mechanisms remain inconclusive.
In practice, water exposure is unavoidable, whether during initial curing
periods to reduce shrinkage or in underground, marine or normal out-
door conditions. Therefore, to promote the application of AAS materials,
a deeper understanding of this cracking issue is essential for optimizing
the mixture design of these materials.

In this study, AAS pastes were produced using alkaline activators
with different silicate moduli (0, 0.5, 1, 1.5). Firstly, the compressive
and flexural strength of pastes cured with and without water immersion
were compared. Secondly, phase assemblage, paste chemistry, gel
structure and leaching stability of gels in AAS pastes with different sil-
icate moduli were systematically examined to analyze the change of
chemical properties of AAS pastes before and after water immersion.
Then, pore volume, pore size distribution and saturation degree were
determined to understand the transport properties of AAS pastes. These
physical parameters served as inputs for modelling the water transport,
pore pressure and internal tensile stress of AAS materials subjected to
water immersion. Based on the experimental and modelling results, we
finally clarified the cracking mechanisms of AAS pastes subjected to
water immersion from both chemical and physical prospectives and
proposed some potential solutions to address this issue.

2. Methodology
2.1. Outline of this study

The outline of this study is presented in Fig. 1. In terms of chemical
aspects, firstly, the phase assemblage of AAS pastes before and after
immersion in deionized water was analyzed using X-ray diffraction
(XRD), which was used to identify any newly formed phases during
immersion. Secondly, the paste chemistry of AAS pastes before water
immersion was measured by scanning electron microscopy (SEM) with
energy-dispersive X-ray (EDX) detectors. Thirdly, the leaching test on
powdered AAS pastes was conducted to specifically investigate the
leaching behaviour of gels in different AAS pastes. Finally, Fourier-
transform infrared spectroscopy (FTIR) was performed to assess the
structural change of gels in AAS pastes induced by leaching.

As for physical aspects, a transport-mechanical model was employed
to simulate the water penetration induced by capillary suction of un-
saturated pastes and the resulting distribution of pore pressure and in-
ternal tensile stress in AAS pastes using finite element method (FEM). To
gain the input, the water content (or saturation degree) of pastes before
water immersion was measured. The porosity and pore size distribution
of pastes were characterized by mercury intrusion porosimetry (MIP)
and Ny absorption test. Eventually, based on experimental and simu-
lated results in this work, some potential mitigation strategies to address
the cracking issue of AAS materials subjected to water-exposed condi-
tions were proposed.
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Fig. 1. Outline of this work.
2.2. Materials and mixtures

The chemical composition of slag was determined by X-ray fluores-
cence (XRF), as presented in Table 1. The particle size of slag ranged
from 0.5 to 50 pm, with a dsg of 18.2 pm. Four types of activators with
silicate modulus (SiO2/Na0) of 0, 0.5, 1 and 1.5 were used in this study,
which were prepared using NaOH solution (50 wt%), NaySiO3 solution
(8.25 wt% Nay0, 27.5 wt% SiO,, and 64.25 wt% water), and deionized
water.

The mixture design of AAS pastes is presented in Table 2. The water
binder ratio and alkali dosage of four AAS pastes were 0.43 and 5%,
respectively. The slag was activated using alkali activators with different
silicate moduli, referred to as m = 0, 0.5, 1 and 1.5, respectively. This
aimed to cover the range of silicate moduli used in AAS materials as
much as possible. The fresh AAS pastes were prepared at a room tem-
perature of 20 °C using a Hobart mixer. The paste was then cast in 4 cm
x 4 cm x 16 cm moulds for the flexural and compressive strength tests,
and polyethene bottles (¢ 35 mm x 70 mm) for other characterizations.

2.3. Experimental methods

2.3.1. Flexural and compressive strength tests

The 4 cm x 4 cm x 16 cm AAS prisms were initially sealed for 7 d and
subsequently exposed to either sealed or water-immersed conditions for
an additional 7 d. The strength of specimens labelled as “7 s”, “7 s + 7 s”
and “7 s + 7w” was measured. These labels referred to “7 d of sealed
curing”, “7+7 d of sealed curing” and “7 d of sealed curing followed by 7
d of water immersion”, respectively. For flexural strength, a loading rate
of 0.05 kN/s was applied, with three replicates per mixture. Following
the flexural strength test, the obtained six halves of prisms were used to
measure compressive strength, using a loading rate of 2.4 kN/s. The
detailed procedure of flexural and compressive strength tests was shown
in standard NEN-EN 196-1 [20].

2.3.2. XRD test

XRD was conducted using a Bruker D8 Advance diffractometer
applying CuKo (1.54 A) radiation. The AAS samples were first sealed in
the aforementioned polyethene bottles for 7 d. Then, the samples were
crushed into approximately 2-4 mm pieces before being exposed to
deionized water for 7 d. Finally, the piece samples after exposure were
immersed in isopropanol and ground into fine powder to stop the
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Table 1
Chemical composition of slag (wt%).
CaO Al,03 SiOy MgO Fe,03 SO3 K;0 TiOy other LOI
Slag 40.2 13.4 32.3 9.2 1.6 0.5 1.6 0.5 0.3
LOI = loss on ignition at 1000 °C.
Table 2 0.30 0.7
Mixture proportions of AAS pastes. e L
Slag (g) SiO, (mol) NayO (mol) Water (g) E 0.25 4 L 0.6
_ > Extrusion curve
m=0 1000 0 08 430 [S Effective porosity
m=0.5 1000 0.4 0.8 430 — 0.5 )
m=1 1000 0.8 0.8 430 s 0.20 >~
m=15 1000 1.2 0.8 430 g o2 é
5 015 i e
. . . . ° £ Threshold o
reaction. After being dried in a vacuum oven at 25 °C for 7 d, the p 0.3 =
powdered sample underwent scanning within the range of 5-70° with a E 0.10 4 ;
step size of 0.02° and a swell time of 5 s per step. © . Ink-bottle porosity | 0.2 O
5 Intrusion curve
£ 0.05
2.3.3. EDX spectroscopy 3 . Lo.1
The elemental composition of gels in AAS pastes was determined éﬂ
using an FEI QUANTA FEG 650 environmental scanning electron mi- 0.00 ; ; . A8 0.0

croscope (ESEM) with EDX spectroscopy. The 7 d sealed bulk samples
were immersed in isopropanol for 7 d and then vacuum-dried for 7 d.
Then, the samples were impregnated with low-viscosity epoxy resin.
After the resin was solidified, the samples were polished successively
with #320, #800 and #1200 silicon carbide papers, followed by pol-
ishing clothes with 3 and 1 pm diamond paste. The well-polished sam-
ples were coated with carbon at a thickness of 10 nm. An accelerating
voltage of 10 kV and a working distance of 10 mm were used during the
test.

2.3.4. ICP-OES and FTIR tests

Inductively coupled plasma-optical emission spectrometry (ICP-
OES) was performed to investigate the leaching behaviour of gels in AAS
pastes using a PerkinElmer Optima 5300DV. To mitigate the impact of
the pore solution and focus solely on the gels, the 7 d reaction-arrested
powdered samples were employed. 0.500 g (4 0.03) of samples were
added to a polyethene bottle containing 30.0 g (+ 0.1) of deionized
water. After standing for 7 d, the leachate was filtered and the concen-
tration of Si, Al, Ca and Na was measured. The solid residue was dried in
a vacuum oven at 25 °C. After that, FTIR was carried out to detect the
structural change of gels with and without leaching. The FTIR mea-
surement was performed on a Nicolet™ iS50 FTIR Spectrometer, with a
wavenumber ranging from 600 to 4000 cm™ and a resolution of 4 cm™.

2.3.5. MIP and N, absorption tests

MIP was conducted using a Micrometrics PoreSizer 9500 to obtain
the open porosity and pore size distribution of AAS pastes. The corre-
lation between pore diameter (D) and pore pressure (P) is built by the
Washburn equation [21] as presented in Eq. (1).

4ycost

P= D

(€]
where the y is the surface tension of mercury, 0.485 N/m at 25 °C; 6 is
the contact angle between samples and mercury, 141° in this work.
Three procedures were involved in each measurement, including
mercury intrusion at low pressure from O to 0.170 MPa; mercury
intrusion at high pressure from 0.170 to 210 MPa; and mercury extru-
sion. According to Eq. (1), the pore diameter that can be detected ranges
from 400 pm to 7 nm. The “effective porosity”, “threshold/critical pore
diameter” and “ink-bottle porosity” can be also deduced from the MIP
results as presented in Fig. 2. Effective porosity refers to pore volume
that is interconnected and capable of contributing to fluid flow or

0.01 0.1 1 10 100
Pore diameter (um)

Fig. 2. Schematic representation of effective porosity, ink-bottle porosity and
threshold pore diameter obtained from MIP results.

permeability. “Ink-bottle” is connected to the surface or other pores
through narrower throats. These pores can retain mercury due to the
smaller throats that prevent its egress during pressure release. The
threshold/critical pore diameter corresponds to the point on the intru-
sion curve where a significant increase in cumulative intrusion is
observed, indicating the entry of mercury into a dominant pore size
range. Since the pore diameter of m = 1 and m = 1.5 AAS pastes was
below the detecting limit of MIP equipment, N, absorption test was
conducted by a Micrometrics Gemini VII 2390 V1.03 to identify pores
ranging from 0.3 nm to 300 nm.

2.3.6. Water content test

The water content (or saturation degree) of 7 d sealed AAS paste was
measured before water immersion. The samples were sealed for 7 d and
then crushed into 2-4 mm pieces. The initial mass of samples was
recorded as m; (accurate to 0.001 g). Then, the samples were dried in an
oven at 40 °C for 48 h to a constant weight (my). Finally, the samples
were fully submerged in deionized water under vacuum conditions to a
constant weight (m;). It should be noted that the leaching loss of Na
(mpq) was also taken into account during the test, due to its significant
leaching amount [11]. The ion concentration of Na in the leachate was
measured and the leaching amount was calculated. As a result, the
saturation degree of AAS samples can be calculated as Eq. (2).

m; — My

S=———
mg — Mg + Myq

x 100% (2)

Using this method, the saturation degrees of AAS pastes with m = 0,
0.5, 1 and 1.5 after 7 d of sealed curing were determined to be 94.6%,
93.8%, 92.3% and 90.2%, respectively.

2.4. Numerical simulation

During the initial 7 d of sealed curing, the water content (or satu-
ration degree) in the AAS pastes decreased due to self-desiccation. Upon
water immersion, the unsaturated paste can absorb water through
capillary suction. Given the rapid progression of capillary suction,
experimental methods such as computed tomography (CT) scans are not
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feasible for real-time observation due to their time-consuming nature.
Consequently, we investigated this phenomenon using simulation
methods. A schematic diagram of simulation procedures on the cross-
section of AAS pastes is depicted in Fig. 3. A cross-section at the mid-
dle of the AAS prism was selected for simulation (Fig. 3A). The water
ingress caused by capillary suction resulted in a dynamic redistribution
of water content over time (Fig. 3B). This redistribution influenced the
pore pressure within the matrix (Fig. 3C), which disrupted static equi-
librium and led to an uneven internal stress distribution (Fig. 3D). FEM
was employed to simulate the entire process. Before presenting the
simulation model, it is essential to understand some fundamental con-
cepts underlying the methodology.

2.4.1. Governing equation

Richards' equation describes the water flow in an unsaturated porous
medium, driven by gravity and capillary force, while neglecting the
movement of the non-wetting phase, typically air [4,5]. Richards'
equation is a simplified form of the standard two-phase flow model for
gas and liquid phases in a porous medium. It assumes that the pressure
gradient needed to drive the flow of the gas phase can be neglected,
owing to the significant mobility contrast between the water and gas
phases. Generally, Richards' equation is presented in three different
forms: (1) the “mixed form”, which incorporates both water saturation
and pressure head; (2) the “head-based form”, which is expressed
entirely in terms of pressure head; and (3) the “saturation-based form”,
which focuses on water saturation rather than pressure head. In this
case, water movement in AAS pastes is driven by the capillary suction
(pore pressure). The pressure head was not considered in this study, as it
was neglectable compared to capillary pressure. The transient state
formulation of Richards' equation used in this study is expressed as:

00
i Ve (KyVp) 3)
where 6 is the water content, Kj is the unsaturated water permeability of
pastes, and p is the pore pressure.

If the capillary diffusivity (Dy) is defined as Eq. (4), the Richards'
equation can be also formulated as Eq. (5).

p(0) @
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_xP
Dy = Kgd& @
00

In an unsaturated condition without external pressure, the pore
pressure p(6) is the main driving force of water absorption and transport,
which can be expressed as a function of water content (6) according to
[22]:

_ 2CBycost, ®)

where C is an empirical constant (2.15, as assumed in [23]), B [1/mm] is
the Rileigh-Ritz pore size distribution constant, which is assigned to the
peak value of pore size distribution on a logarithmic scale [24] and can
be fitted from the pore diameter distribution according to MIP and Ny
absorption results, y is the liquid-vapour interfacial energy (7.2 x 10
Nemm'), 6, is the equilibrium contact angle between the liquid and the
solid (cosf. = 0.94), ¢ is the open porosity of porous media.

Zhou et al. [24] studied the correlation between unsaturated water
permeability (Ky), open porosity (¢) and water content (¢) in PC-based
materials. Given that AAS materials share a similar morphology of
pore distribution with PC-based materials [25], Ky of AAS pastes can be
calculated via Eq. (7).

o= pow(a-]0-9)

where yu is the dynamic viscosity of water.

By substituting Egs. (6) and (7) into Eq. (4) and performing some
algebraic manipulations, the resulting expression for the capillary
diffusivity (D) is obtained:

e e

(A) Cross-section of 7 d AAS pastes for simulation

vy __V
—> <«
> D
> <

(B) Water distribution

(C) Pore pressure distribution

>

FRRRRERER RN RNY]
SEEEEEEEEEEEEEY

(D) Stress distribution

Fig. 3. Schematic diagram of simulation procedures. The blue part in (B) refers to the water-percolated part resulting from the capillary suction. The pore pressure in
(C) is indicated by the colour gradient, following the sequence of red (high pressure), orange (moderate pressure), and green (low pressure). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.4.2. Numerical implementation

The flowchart of the transport-mechanical model is presented in
Fig. 4. This model integrates water transport and mechanical stress
simulations to analyze the behaviour of AAS pastes during water
immersion.

2.4.2.1. Water transport model. A 2D finite element model was devel-
oped to simulate water transport across a 4 cm x 4 cm cross-section in
the middle of the prism (Fig. 3A). This model was implemented using
ABAQUS software, which has been validated in previous studies for
simulating water and chloride diffusion in cementitious materials
[26-28]. Water transport in porous media was modelled using the heat
transfer module in ABAQUS. This approach leveraged the similarity
between water transport (based on Fick's second law) and heat transfer
phenomena. The comparison between heat transfer and water transport
is shown in Appendix A Egs. (S1) and (S2), and Table S1.

The non-steady state of unsaturated water transport was simulated
using a 4-node linear quadrilateral element. The porosity and water
content of AAS pastes obtained from experiments were used as inputs.
Since the samples were initially cured under sealed conditions before
being exposed to water, the porosity and water content were assumed to
be homogeneously distributed across the entire simulated cross-section.
The pore structure was assumed to be constant during 1 h water im-
mersion, and all the pores in the media were permeable during capillary
suction. According to Eq. (8), the capillary diffusivity Dy of AAS pastes is
calculated based on variations in water content 6. Since the saturation
degree (0/¢) in Eq. (8) cannot reach 1, it was capped at 0.999 for cal-
culations. Appendix A Fig. S3 shows the relationship between D, and
water content 6 of AAS pastes with different silicate moduli. Detailed
input parameters for the water transport model of four AAS pastes are
listed in Appendix A Table S2. Given the observed cracking in m = 1.5
paste prisms after 1 h of water immersion (Appendix A Fig. S1), we
concentrated on simulating the water content distribution during the
first hour for all four pastes. The simulated water content distribution at
1 h was converted to pore pressure distribution using Eq. (6). In the
water transport model, an iterative nonlinear solver based on the
Newton-Raphson method was implemented in ABAQUS to address the
material nonlinearity problem.

2.4.2.2. Mechanical model. Due to the shrinkage of AAS pastes during
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sealed curing, the pore pressure-induced stress was assumed to act to-
wards the centre of the cross-section. To incorporate pore pressure into
the model, it was decomposed into its stress components (oy, 0y, 7xy), as
illustrated in Fig. 5. The cross-section was divided into a 33 x 33 grid
(Fig. 5A) following a mesh sensitivity analysis, which is shown in Ap-
pendix A Fig. S4. For each unit, the pore pressure formed an angle 6 with
the global X-axis. Fig. 5B and C depict the decomposition of the pore
pressure into normal stress (o,,) and tangential stress (z,) on any inclined
section. These stresses were related to the unit's normal stresses in the x-
direction (oy) and y-direction (o), as well as the in-plane shear stress
(7xy) along the xy-axis, as shown in Egs. (9) and (10).

0, = w + %cosza — Ty Sin26 9
=% N P5in20 + 1,,c0520 (10)

The sum of the normal stresses on two mutually perpendicular planes
remains constant, i.e.

Oo+ Oarop = Ox +0y an

When only principal stresses are considered, 7, = 0. Therefore, based
on Egs. (9)-(11), we can derive oy, 6y, and 7y as

Oy = 040820 + 04000 -SiN20
Oy = 0,SIN%0 + G000 -COS*0 12)

Ty = (Oaro00 — Oq)-SiNOcosl

Since the pore pressure is directed towards the centre, 6499 = 0.
Thus,

Oy = 040520
oy = 0,sin*0 13)
Ty = —0,-Sinfcosd

These stress components (oy, oy, and 7,,) were applied to the ABA-
QUS model as predefined fields for each material unit. A Python script
was used in ABAQUS to apply pore pressure, extracted from the water
transport model, to each unit in the mechanical model, which is pro-
vided in Appendix B.

Cementitious materials are typically with high brittleness and low
ductility, making them more sensitive to tensile stress than compression
[29-31]. The investigation of tensile strength is crucial when addressing
issues of cracking and fracture. Therefore, we simulated the distribution
of internal tensile stress in the cross-section of AAS pastes at 1 h of water
immersion. Here, the Direct Solver within the static analysis module was
used to simulate this process, utilizing a 4-node bilinear plane stress
quadrilateral element. In the mechanical model, displacement boundary

Boundary conditions

Transport properties
(water permeability, Ky)

Water transport model

Water content, &

Topology information of the model geometry and meshing Eq. 6

Mechanical model

|
|
|
; Internal stress distribution
|
|

|
|
Pore pressure ;
|

Fig. 4. Flowchart of the transport-mechanical model.
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(B) ()

Fig. 5. Schematic diagram of the decomposition of pore pressure in a single unit towards the centre of the cross-section. (A) Global model, (B) Local model for each

unit, and (C) Force decomposition for each unit. “O” is the centre of the global model. “X” and “Y” are the x- and y-axis of the global model.

x” and “y” are the x- and

y-axis of the local model. “0” is the angle of pore pressure for each unit to the positive direction of global X-axis. “ef” is the inclined section of a single unit.

conditions were applied by constraining the central element of the cross-
section in both the x and y directions to prevent the overall translational
motion (i.e., rigid body motion). Proper constraints were essential in
finite element analysis of deformable bodies, as failing to address rigid
body motion can result in non-unique solutions or numerical instability.
For force boundary conditions, the pore pressure time history, derived
from the water content distribution, was applied to the mechanical
model. The same topological information, including geometry and
meshing, was used consistently across the mechanical and water trans-
port models. The pore pressure applied to each element varied spatially
and was determined based on its relative orientation to the centre of the
model. The elastic modulus and Poisson's ratio of pastes with different
silicate moduli were considered as 14 Gpa and 0.2 [32], respectively.
These properties remained constant during 1 h of water immersion.
Additionally, the deformation of the cross-section of the paste of m = 1.5
was specifically calculated to show the cracking mechanism more
intuitively. It should be noted that the mechanical model did not ac-
count for internal stress redistribution caused by cracking.

3. Experimental results
3.1. Strength

Fig. 6A shows the flexural strength of 7 d AAS pastes under sealed
and water-immersed conditions. Under sealed conditions, the flexural
strength of all four pastes increased with time while did not show an
increasing trend with the increase of silicate moduli. In principle, an
activator with a higher silicate modulus contains a higher content of
soluble Si, which, in turn, promotes the formation of gels and the
densification of microstructure [11]. This densification is theoretically
associated with higher flexural strength. However, the finer micro-
structure resulting from higher silicate moduli also generates significant
pore pressure from unsaturated menisci, leading to high internal stress
and shrinkage [34]. Consequently, microcracks were frequently
observed on the surface of AAS pastes with high silicate moduli. As the
flexural strength was sensitive to microcracks, the flexural strengths of
m = 1 and m = 1.5 were lower than those of m = 0.5 at the same ages.
Additionally, the paste of m = 0 showed the lowest flexural strength
among the four groups, attributed to its relatively porous
microstructure.

The flexural strength of samples subjected to water immersion
showed different trends compared to those under sealed conditions. The
flexural strength of the m = 0 under “7 s + 7w” was higher than that
under “7 s + 7 s”, while the flexural strength of the other three prisms
decreased to different extents upon immersion as the silicate modulus
increased. This was because water ingress into the relatively porous m =
0 paste can mitigate the shrinkage, reducing internal stress and

12
{ @7s 10.2
10

—~qpod Mms+s T L
2 10 7s+7w 9.0
g_ ] 7.9 7.9 o
PR e i | R = N 71
"b'"o i 6.5
[ o=
O 6454 | [ [ [P
1Y
7 |
s a1
c 4{8 B = B |
=
= ]
248 S PR

0 - T 0 T 9
(A) m=0 m=0.5 m=1 m=1.5

100
—_ .75
& 1 [7s+7s
2 80 []7s+7w
— J
re)
&
€ 60 o P
1.
e ]
[7,]
Qad @B
‘"
] |
o 23.323.877 8
Q. 20 -
€
(o} i
&)

0 o
(B) m=0 m=0.5 m=1 m=1.5

Fig. 6. Flexural (A) and compressive strength (B) of AAS pastes under sealed
and water-immersed conditions. The “7s” indicates 7 d of sealed curing while
the “7w” refers to 7 d of water immersion.
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minimizing the development of microcracking. As a result, water im-
mersion was conducive to the flexural strength development of pastes
with a low silicate modulus at early ages. However, the paste withm = 1
was broken into sections and the paste with m = 1.5 was completely
fragmented after 19 h of water immersion, as shown in Fig. 7. Both of
these two pastes showed no measurable flexural strength after immer-
sion. It was evident that water immersion adversely affects the devel-
opment of flexural strength in sodium silicate-based AAS pastes. This
was consistent with the findings from previous works [11,16,19,35].
Furthermore, it was interesting to observe that the m = 1.5 prisms were
not only broken into several sections like the m = 1 prisms but even into
pieces, especially at the corners of prisms (highlighted in dashed red
circles in Fig. 7). Similar observations were also shown in [18]. This
phenomenon indicated severe structural problems of AAS pastes under
immersed conditions, which has been scarcely reported in previous
research and warranted significant attention.

Fig. 6B shows the compressive strength of AAS pastes under sealed
and water-immersed conditions. Unlike flexural strength, the compres-
sive strength of AAS pastes under sealed conditions increased with both
ages and silicate moduli. This was because the compressive strength is
more dependent on the porosity of the microstructure instead of
microcracks. Additionally, the sample after water immersion only
showed a slightly lower value than that under sealed conditions at the
same age. This indicated that 7 d of water immersion does not signifi-
cantly affect the pore structure of the matrix, although the leaching of
alkali ions may dilute the pore solution and impede the reaction of slag
[11]. Due to the complete breaking of the prismatic samples, the
compressive strength of m = 1.5 prisms after immersion was zero.

3.2. Phase assemblage

Fig. 8 shows the XRD pattern of piece AAS pastes with different sil-
icate moduli under “7s”, “7s + 7s” and “7s + 7w” curing conditions.
Generally, gels and hydrotalcite were the two main reaction products in
an AAS paste [36,37]. It was observed that the characteristic peaks of
gels in pastes with a low silicate modulus were more pronounced than
those with a high silicate modulus. In particular, the peaks, marked with
an asterisk symbol “*”, were exclusively observed in the m = 0 paste.
This was because the gel in a high-modulus paste normally shows a low
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Fig. 8. XRD pattern of AAS pastes with different silicate moduli under sealed
and water-immersed conditions. The curves with colours from dark to shallow
in each group represent the sample of “7s”, “7s + 7s” and “7s + 7w”, respec-
tively. The “*” marks the characteristic peak of gels only existing in the m =
0 paste. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Ca/Si ratio, resulting in a more crosslinked and amorphous structure,
which obscured the reflections of some representative crystal planes in
the Si-Al tetrahedra. Additionally, the characteristic peaks of hydro-
talcite diminished with the increase of silicate modulus, indicating that a

Fig. 7. Fracture of the AAS prismatic pastes with m = 1 and m = 1.5 after 19 h of water immersion. The photo was taken immediately after the samples were

removed from water, without undergoing the drying process.
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high silicate content hindered the formation of crystalline hydrotalcite.

In the comparison of sealed and water-immersed samples, the phase
assemblage of pastes remained stable and only the peaks of gels, marked
as the asterisk symbol “*” in the m = 0 paste became less evident after 7
d of water immersion. This implied, in part, the decomposition of some
chemical units in gels upon exposure. Since no secondary phases were
identified in the paste after 7 d of immersion, the expansion of some
crystals can be excluded as a possible reason for the cracking.

3.3. Paste chemistry

Fig. 9A shows a representative BSE image of AAS pastes withm =1
at 7 d, which typically contains unreacted slag, inner products, outer
products and pores. The inner products, identifiable as the dark rim of
slag, were predominantly composed of hydrotalcite-like phases, along
with C-(N-)A-S-H gels [38]. Due to the dissolution and diffusion of Ca
and Si species from slag, the greyscale of the rim was usually higher than
slag particles [38,39]. In contrast, the outer products consist exclusively
of C-(N-)A-S-H gels due to the limited mobility of Mg [39,40]. Therefore,
to better understand the chemical composition of gels, we selected the
outer product as the detecting region for point analysis.

Fig. 9B shows the atomic ratio of Ca/Si versus Na/Si in the outer
product of AAS pastes. A negative correlation was observed between the
Ca/Si and Na/Si ratios, probably due to a competitive relationship be-
tween Ca and Na in the role of charge balance [41]. The gel in the paste
with a higher modulus showed a lower Ca/Si ratio and a higher Na/Si
ratio. This can be ascribed to the presence of soluble Si in the sodium
silicate-based activators, which can supply additional Si for a direct
reaction with dissolved Ca and Al from slag to the formation of gels. Due
to the substantial formation of gels, free Na' ions present in the pore
solution assume the responsibility for charge balance. Consequently,
this resulted in a heightened Na/Si ratio of gels in the outer products of
the m = 1 and m = 1.5 pastes. As reported in [42], the bulk modulus of
gels was partly determined by the interlayer density. Elevated content of
interlayer Ca can yield higher bulk stress at a comparable basal spacing.
In other words, the gel with a higher Ca/Si ratio showed a superior
intrinsic mechanical property. It can be inferred that the C-(N-)A-S-H
gels in the m = 1.5 and m = 1 pastes exhibited weaker mechanical
properties than those in the m = 0.5 and m = 0 pastes. This could be a
contributing factor to the significant cracking phenomenon observed in
the m = 1.5 paste.

K
Inner products

Outer products

(A)

(B)
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3.4. Leaching behaviour

The leaching behaviour can reflect the thermodynamic stability of
AAS pastes subjected to water immersion. Considering the minimal
dissolution loss of slag and hydrotalcite in deionized water [11], the ions
leached into the solution can be mainly attributed to the decomposition
of C-(N-)A-S-H gels. Fig. 10 shows the ion concentrations of Si, Al, Ca
and Na in the leachate of AAS powdered samples after 7 d of water
immersion. The ion concentrations of Si and Ca in the four leachates
were comparable, and the paste with a higher silicate modulus generally
showed a higher value. Si and Ca are the two main elements in the gel
structure, and their leaching is detrimental to the stability of gels [43].
This indicated that the gels in the pastes with high silicate moduli were
more vulnerable to leaching.

Furthermore, it was observed that Al in the leachate of the paste with
a higher silicate modulus had a lower concentration, probably due to a
lower content of Al in the paste with a higher silicate modulus. A higher
content of sodium silicate in the activator results in a lower pH at the
same dosage of Na, which would impede the decomposition of slag and
the dissolution of Al. Additionally, it was evident that the leached ions
were predominantly composed of Na, as an indicator of its weak bond
with gels and high mobility in aqueous conditions [43,44]. The
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Fig. 10. Ion concentration of Si, Al, Ca (on the left Y) and Na (on the right Y) in
the leachate of AAS powdered samples after 7 d of water immersion.
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Fig. 9. (A) A representative BSE image of AAS paste with m = 1 sealed for 7 d; (B) Atomic ratios of Ca/Si against Na/Si in the outer products of 7 d sealed AAS pastes

with different silicate moduli.
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concentration of Na in the leachate of the paste with a higher silicate
modulus exhibited a higher Na/Si ratio in gels (Fig. 9B). This was
consistent with the dissolution of synthetic C-(N-)A-S-H gels [53], in
which the gel with a lower Ca/Si ratio showed a higher leaching amount
of Na. Moreover, as reported in [43], the leaching of Na in the interlayer
can trigger the migration of intralayer Ca to the interlayer for charge
compensation. This subsequently resulted in the decalcification of the
intralayer and the formation of a more crosslinked gel structure.
Therefore, this considerable leaching of Na in the paste of m = 1.5 could
suggest a substantial change in its gel structure. To further understand
the structural change of gels induced by leaching, FTIR tests were
performed.

3.5. Gel stability

The infrared spectra of AAS pastes are depicted in Fig. 11. As
demonstrated in Fig. 11A, the most pronounced peak is situated at
around 950 cm™, which corresponds to the asymmetrical stretching
vibration of Si-O-Si or Si-O-Al in Q? units. In the low-frequency range of
this main peak, a small shoulder is noticeable at 890 em’l, which is
assigned to the bending vibration of Si-O [45]. Notably, the paste with a
higher silicate modulus exhibited a less pronounced absorption peak
compared to that with a lower modulus, particularly near 890 cm™!. This
finding matched with the XRD results and indicated that the gel in high-
modulus pastes was comparatively less ordered and the characteristic
chemical group remained less evident. In the comparison of pastes
before and after exposure, 7 d of water exposure had a limited impact on
the main gel structure, which was consistent with [11,43]. However,
there were subtle variations with regard to the wavenumber of Q? units.

Fig. 11B shows the peak value of the Q2 unit in the four AAS pastes
before and after water immersion. Typically, a higher wavenumber of
the Q? peak indicates a higher degree of polymerization of gels. The
wavenumber of the Q2 peak increased with the increase of silicate
moduli, which suggested that the gel in the high-modulus paste had a
more crosslinked structure [46]. As shown in Fig. 9B, the gel in the
pastes of m = 1 and m = 1.5 shows a lower Ca/Si ratio, which implies a
reduced content of Ca in the Ca-O of the intralayer. A lower content of Ca
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in the intralayer is conducive to a prolonged silicate chain. In contrast to
the sealed AAS pastes, the gel in pastes after water immersion showed a
higher wavenumber, indicating a higher polymerization degree. As
discussed above, this was mainly due to the leaching of Na. Moreover, it
was also observed that the growth of the wavenumber of the Q2 unit in
m = 1 and m = 1.5 pastes upon exposure was more pronounced than
that of m = 0 and m = 0.5 pastes. This discrepancy can be ascribed to the
variation in Na leaching across different systems (Fig. 10). A greater loss
of interlayer Na corresponds to a more significant structural evolution.
Among these four pastes, the gel in the m = 1.5 paste showed the highest
Na loss and thereby underwent the most severe structural change when
subjected to water exposure. This structural evolution of gels can pro-
mote the development of microcracks, which is harmful to the under-
water stability of the materials.

3.6. Pore structure

Fig. 12 shows the cumulative mercury intrusion and pore size dis-
tribution of 7 d AAS pastes. It was observed that the open porosity of
pastes decreased from 26.5% to 7.9% as the silicate modulus increased
from O to 1.5. This indicated that the presence of soluble Si in initial
activators can effectively densify the microstructure. The effective
porosity, referring to the ratio of interconnected pores allowing fluid
flow, in the paste with a higher silicate modulus, also showed a lower
value and decreased with an increase in modulus. This implied that a
high-modulus paste has low water permeability.

Moreover, the threshold pore diameter of the pastes diminished from
36.25 nm to 2.63 nm as the silicate modulus increased from 0 to 1.5. The
threshold pore diameter is defined as the pore diameter with the highest
rate of mercury intrusion per change in pressure or diameter (dV/dP or
dV/dD) [47]. Powers et al. [48] found that the permeability of cement
pastes dramatically decreases when the pore threshold falls below a
critical value. In such a scenario, water penetrated through the gel pore,
typically within the range of 1-10 nm, which was over an order of
magnitude smaller than the capillary pore (10 nm-100 pm) [49].
Therefore, the water flow in the m = 1 and m = 1.5 pastes would be
considerably lower than that in the m = 0 and m = 0.5 pastes, since the
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Fig. 11. (A) FTIR pattern of powdered 7 d AAS pastes before and after 7 d of water immersion. The curves in dark and light colours represent the sample with and
without exposure, respectively. (B) The peak value of wavenumbers of the Q? units in gels of different AAS pastes. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. Pore structure information of AAS pastes obtained from MIP test (A-D) and N, absorption test ((e) and (f)) results. The percentages in each inset indicate the

effective porosity and ink-bottle porosity.

flow in the former two systems was contained by gel pores while that in
the latter ones was controlled by small capillary pores. The distinct pore
structures in different pastes would result in different behaviours of
water transport.

4. Simulation results

4.1. Distribution of saturation degree and pore pressure in AAS materials
underwater

With the reaction of slag in AAS pastes, the water content in the pore
structure gradually decreases. Due to the capillary suction, water is
allowed to be absorbed into part of the unsaturated pores when the
material is immersed. The absorption of water initiates from the surface
part of the sample, resulting in uneven distribution of water content in
the material. Given the typically rapid process of capillary suction and
the time-consuming measurements of CT scans, we thereby used FEM to
simulate this phenomenon in different porous media. The distribution of
the saturation degree of the cross-section of four pastes with time is
shown in Appendix A Fig. S2. The distribution of the saturation degree of
the cross-section of AAS prisms subjected to water immersion at 1 h is
shown in Fig. 13. After 1 h of exposure, the pastes of m = 0 and m = 0.5
had become nearly saturated (Fig. 13A and B), indicated by a higher
saturation degree in the central part compared to the initial state.
However, water seemed to have failed to permeate into the pastes of m
=1 and m = 1.5 due to their low permeabilities, which led to an uneven
distribution of water content in the material. The distribution of satu-
ration degree is crucial for the structural stability of the matrix, as it can
further impact the distribution of pore pressure.

Fig. 14 shows the pore pressure distribution of the cross-section of
AAS prisms subjected to water immersion at 1 h. It was observed that the
magnitude of pore pressure in matrices with different silicate moduli
varies considerably, primarily attributed to the discrepancy in the pore
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Fig. 13. Distribution of the saturation degree (unit: %) of the cross-section (4
cm x 4 cm) of AAS prisms at 1 h of water immersion. The saturation degrees of
7 d pastes of m = 0, 0.5, 1 and 1.5 before water immersion were measured as
94.6%, 93.8%, 92.3% and 90.2%, respectively.

pressure before exposure to water. According to Eq. (6), the pore pres-
sure depends on the saturation degree (6/¢) of the material. The addi-
tional soluble Si from activators promotes the formation of gels, which
can consume more water and lower the water content in the system.
Therefore, the paste with a higher silicate modulus showed a lower
saturation degree and thus a higher pore pressure.

Interestingly, the pattern of pore pressure appeared to resemble that
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Fig. 14. Distribution of the pore pressure (unit: MPa) of the cross-section (4 cm
x 4 cm) of AAS prisms at 1 h of water immersion. The pore pressure of the
centre (the highest part) of the four materials is -0.87 MPa, -3.9 MPa, -22.65
MPa and -50.2 MPa, respectively.

of the saturation degree, as an indicator of a correlation between them.
With the penetration of water, the outer part became percolated, and the
saturation degree increased over time. Due to the negative relationship
between saturation degree and pore pressure (Eq. (6)), the percolated
part showed lower pore pressure than the relatively dry part, thereby
resulting in the existence of a gradient of pore pressure. Furthermore,
the gradient of pore pressure in the paste with a higher silicate modulus
was steeper. On one hand, pastes in the presence of high Si were denser
and more resistant to water intrusion. This resulted in a thinner depth of
the affected area in m = 1 and m = 1.5 compared tom = 0 and m = 0.5.
On the other hand, the initial pore pressure of high-modulus pastes was
much higher than that of low-modulus ones. This gradient of pore
pressure would eventually lead to the rearrangement of internal stress.

4.2. Distribution of principal tensile stress and deformation in AAS
materials underwater

The obtained distribution of pore pressure was subsequently trans-
ferred to the distribution of internal tensile stress. During the calculation
process, it was found that the distribution of internal tensile stress
matched the cracking observed in the paste of m = 1.5 when the static
equilibrium process reached about 90% completeness. This was prob-
ably because this model did not account for the deterioration of me-
chanical properties and structural failure of materials during water
immersion. For consistency, the distribution of the principal tensile
stress across the cross-section of four AAS prisms was studied at the
completeness of 90%. Fig. 15 shows the distribution of the principal
tensile stress in the cross-section of AAS pastes at 1 h of water immer-
sion. To better evaluate the cracking potential of different pastes, the
flexural strength of four AAS pastesat 7 d (m = 0: 5.4 MPa, m = 0.5: 9.0
MPa, m = 1: 7.9 MPa and m = 1.5: 7.1 MPa) was set as the threshold. It is
important to note that flexural strength is normally higher than tensile
strength [50,51]. In other words, if the simulated tensile stress of a local
region exceeds the measured flexural strength, it must surpass the tensile
stress of the material, indicating a high cracking potential.

Consistent with the result of pore pressure, the paste with a higher
silicate modulus underwent higher internal stress on average. It was
observed that both the magnitude and the gradient of tensile stress were
low in the pastes of m = 0 and m = 0.5 (Fig. 15A and B). This indicated a
low risk of cracking in pastes with low silicate moduli. However, for
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Fig. 15. Distribution of the principal tensile stress (unit: MPa) in the cross-
section (4 cm x 4 cm) of AAS prisms at 1 h of water immersion. In compari-
son with the results of flexural strength, the red and crimson regions indicate
the areas with high cracking potential. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

pastes with m = 1 and m = 1.5, regions with stress concentration were
observed at the centre and corners of the section. More specifically, the
tensile stress of a cross-like region located at the centre of the m = 1
paste was higher than 7.9 MPa (Fig. 15C), indicating a fracture potential
in the centre of the prism. This was consistent with the observation in
Fig. 7A, where the prisms of m = 1 were broken into halves after water
immersion. However, not only the centre but also the corners of the
section experienced high tensile stress (approaching the threshold of 7.1
Mpa) in the sample of m = 1.5 (Fig. 15D). This suggested a high cracking
potential at the corner of the section. As presented in Fig. 7B, the spal-
ling of samples at the corners was evidently visible, which corresponded
to the simulated results when viewed in three dimensions.

For a more direct understanding of this issue, the deformation in the
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Fig. 16. Deformation (unit: mm) of the cross-section (4 cm x 4 cm) of the AAS
prisms with m = 1.5 at 1 h of water immersion, amplified 40 times. The value is
calculated based on the distribution of internal stress, with the elastic modulus
and Poisson's ratio of the m = 1.5 paste at 7 d (under sealed conditions) set as
14 GPa and 0.2, respectively [32]. Please note that the deformation is magni-
fied in the visualization, while the value on the labels represents the actual
deformation in millimetres.
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section of the m = 1.5 paste was amplified 40 times, as shown in Fig. 16.
By and large, the deformation of the side of the section was larger than
that of the corner and the diagonal, which led to uncoordinated defor-
mation in the plane and thus the spalling of corners. It should be noted
that the mechanical model did not account for internal stress redistri-
bution caused by cracking. In reality, cracking alleviates tensile strength
in stress concentration regions, but introduces new stress concentrations
at the crack tips. This process is highly complex and challenging to
incorporate in each iterative step. Instead, the simplified model used
high tensile stress as an indicator of cracking potential, aligning with
experimental observations of crack distribution. This simplification was
effective in understanding the underlying mechanisms behind the
cracking problems, which can also reduce computational cost and
enhance its feasibility for engineering applications. Future research is
expected to incorporate plastic damage evolution and evaluate the
impact of aggregate on stress distribution. Such advancements will offer
more precise guidance for designing AAMs under aqueous conditions.

5. Discussion
5.1. Cracking mechanisms of AAS materials underwater

5.1.1. Chemical perspective

Although no expansive reaction product formed and no evident
phase decomposition was identified in AAS pastes after short-term water
immersion, the C-(N-)A-S-H gels can undergo structural evolution. This
structural change is dependent on the chemical composition and
leaching loss of gels. With the increase of silicate modulus, the content of
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Si in the gels increases, resulting in a lower Ca/Si ratio and a higher Na/
Si ratio. These gels not only are more amorphous but also exhibit lower
intrinsic mechanical properties [42]. More importantly, gels in the paste
with high silicate moduli lose more Na when exposed to water immer-
sion, leading to more severe structural changes. It is plausible that the
cracking propagation in the paste with high silicate moduli is more
likely to happen since the gels experience more significant structural
changes underwater.

5.1.2. Physical perspective

Due to the capillary suction of unsaturated pores, water can pene-
trate the matrix of AAS prisms. This process can increase the water
content and lower the pore pressure of percolated pastes. However, the
unwetted part still shows low water content and high pore pressure,
which eventually leads to the gradient of pore pressure and uneven
distribution of internal stress. At a low silicate modulus (m = 0 and m =
0.5), the matrix was relatively permeable, allowing water to penetrate
easily. This resulted in a low gradient of pore pressure and low internal
stress. No cracking potential was found in both the experimental and
computational results. However, at a high silicate modulus, the micro-
structure of pastes became dense, and the depth of water penetration
decreased. The discrepancy in water content between the external and
internal parts caused a steep gradient of internal stress. Simulation re-
sults showed that the tensile stress at the centre of the prism of m = 1
exceeded its flexural strength, which indicated a potential for cracking
or fracture in the middle of the samples. This was consistent with the
experimental observation. As the silicate modulus increased to 1.5, the
cracking problem was exacerbated. The prism of 1.5 not only fractured
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Fig. 17. Representation diagrams of AAS pastes with low (A and B) and high porosity (C and D) before and after water percolation. The unreacted slag and reaction
products are omitted in the paste. The pore pressure of ¢ in red is higher than the one in green due to the smaller radius of the menisci. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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into several sections but also showed corner spalling. This was attributed
to the high tensile stress at the corner of the prism exceeding the limit of
the material.

To simplify the modelling process, it was assumed that the pores in
the media were connected and the porous media can be entirely
percolated over a sufficient period. However, in a real AAS paste, the
pores may not be fully connected, especially with a high silicate modulus
ratio. This results in the presence of some small capillary pores or gel
pores that are impermeable, even though external water has intruded
the nearby region. Fig. 17 depicts representation diagrams of AAS pastes
with low and high porosity before and after percolation. In the case of
the paste with low silicate moduli, the material is porous and the pores
are interconnected (Fig. 17A). After water ingress, the pores on the
surface of the material become saturated and the pore pressure can
decrease to almost zero (Fig. 17B). However, in pastes with high silicate
moduli, the material is dense and some pores are impermeable
(Fig. 17C). After the ingress of water, these pores remain unsaturated
with high pore pressure (Fig. 17D). Additionally, as indicated by flexural
strength results (Fig. 6A), some microcracks might exist in the sealed
pastes with high silicate moduli. If the residue stress in the impermeable
pore exceeds the limit of the paste, it will promote microcrack propa-
gation. This could serve as another explanation for why the paste with m
= 1.5 fractures into pieces after water immersion.

5.2. Potential mitigation strategies

Based on the cracking mechanisms, some potential strategies can be
proposed to mitigate this problem. From the chemical perspective,
increasing the Ca/Si ratio of C-(N-)A-S-H gels is essential to reduce Na
leaching and limit the structural evolution of gels. For plain slag sys-
tems, reducing the silicate modulus can effectively decrease the content
of Si, thereby increasing the Ca/Si ratio in gels. For slag blended systems,
increasing the dosage of slag can elevate the Ca/Si ratio of C-(N-)A-S-H
gels. From the physical perspective, while denser matrices may improve
mechanical properties under sealed conditions, they are not necessarily
ideal for mitigating cracking problems caused by water immersion.
Moderate dosages of sodium silicate and slag can result in a matrix with
sufficient permeability to reduce stress gradients while avoiding overly
dense or highly porous structures. Incorporating relatively inert alumi-
nosilicate precursors, such as fly ash or metakaolin, can moderate re-
action rates and coarsen the microstructure. This enhances the ability of
materials to accommodate water transport without excessive stress
buildup.

Additionally, the addition of fine aggregate can partially address this
problem. Given that flexural strength is highly sensitive to cracks, it
serves as a reasonable indicator for evaluating cracking problems. In this
study, we also measured the flexural strength of AAS mortars with
different silicate moduli (Appendix A Fig. S5) as well as in our previous
work [52]. Here, the flexural strength of m = 1.5 mortars subjected to
water immersion was measurable but lower than those under sealed
conditions. This indicated that cracking problems persisted in mortars,
even though they were less evident than in pastes. In our previous work
[52], the m = 1 mortar showed a decreasing flexural strength trend
under high-humidity conditions with time, while showing an increasing
trend under ambient and sealed conditions. These findings suggested
that while the addition of aggregates mitigated cracking to some extent,
it did not completely eliminate this problem. The optimal solution lies in
refining the mixture design, considering both the paste chemistry and
pore structure. In terms of experimental and computational results, a
silicate modulus of no higher than 0.5 is recommended for plain AAS
materials.

6. Conclusions

In this study, the behaviour of AAS pastes with varying silicate
moduli subjected to water immersion was investigated. We found that
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the pastes with high silicate moduli exhibited cracking and, in some
cases, fragmentation under these conditions. The underlying mecha-
nisms of these phenomena were elucidated chemically and physically.
Based on the experimental and simulation results, some conclusions can
be drawn as follows:

1. Apart from the prism of m = 0, the flexural strength of the other three
AAS prisms (m = 0.5, m = 1 and m = 1.5) decreased to varying
extents after 7 d of water immersion. Notably, the prisms withm =1
fractured into halves, while those with m = 1.5 were fragmented,
resulting in no measurable flexural strength. However, other than the
prism with m = 1.5, AAS pastes exhibited minimal adverse effects
from water immersion in terms of compressive strength.

2. The phase assemblage of all four AAS pastes before and after 7 d of
water immersion was comparable, with no formation of new crystals
observed. The C-(N-)A-S-H gel in the paste with a higher silicate
modulus showed a higher leaching loss of Na, due to an initially
higher Na/Si ratio. The heightened leaching of Na can trigger more
severe structural change and deterioration of gels, which potentially
contributed to crack propagation.

3. The simulated results indicated that pastes withm =1 and m = 1.5
showed lower permeability and higher pore pressure than those with
m = 0 and m = 0.5. This led to a steeper gradient of pore pressure and
higher internal stress within the matrix with high silicate moduli.
According to the simulation results, stress concentration was
observed at the centre and corners of the cross-section in the paste
with m = 1.5, exceeding the flexural strength of the material. These
findings were consistent with experimental observation, where
fractures occurred at the centre and spalling was evident at the
corners of prisms.

4. Considering both chemical and physical perspectives, a low silicate
modulus (no higher than 0.5) was recommended to address the
cracking issue of AAS materials underwater. In such a system, the C-
(N-)A-S-H gel showed fewer structural changes and the matrix shows
lower internal tensile stress subjected to water immersion.
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