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 A B S T R A C T

The shrinkage behavior of alkali-activated materials (AAMs) is governed by the combined effects of precursor 
type, activator chemistry, and curing conditions, which control microstructure development and hydration gel 
formation. The synergistic interaction between these two factors ultimately dictates the material’s shrinkage 
behavior. Due to the varying reaction kinetics of raw materials, short-term shrinkage measurements often fail 
to capture the long-term effects of these influencing factors on the material’s dimensional stability. In this 
work, slag/fly ash-based AAM with varying alkali contents were cast and subjected to different durations of 
sealed curing before long-term drying shrinkage tests (up to one year). Pore structure and gel chemistry were 
analyzed to decouple their roles in shrinkage behavior. Results show that prolonged initial curing drastically 
reduces shrinkage, while early exposure to drying accelerates shrinkage kinetics. When exposed to drying at 
an early age, mixes with higher fly ash content exhibited the greatest shrinkage after one year, whereas if 
cured for a longer duration, mixes with higher slag content exhibited the highest shrinkage strain. Shrinkage–
mass loss relationships followed a three-stage S-curve, reflecting the combined effects of pore structure and 
gel characteristics. By isolating specimens with comparable pore structures at the time of exposure, gel 
characteristics were shown to directly govern shrinkage, with higher Na/Si ratios disrupting the C-(N)-A-S-
H gel network and increasing shrinkage. Thus, this work bridges microstructural insights with practical mix 
design, enabling the development of AAM binders with reduced shrinkage and improved durability.

1. Introduction

Alkali-activated materials (AAMs), which are primarily produced by 
mixing a high alkaline solution (such as sodium hydroxide or sodium 
silicate) with aluminosilicate precursors such as ground granulated 
blast furnace slag (GGBS) or fly ash (FA), have emerged as a promising 
alternative to the Portland cement (PC) [1–4]. AAMs offer a lower 
carbon footprint and often exhibit comparable or even superior proper-
ties to their PC counterparts. Despite their low carbon footprints, these 
materials are facing hindrance in the applications, particularly due to 
uncertainty with the volume stability (autogenous and drying shrink-
age) [5,6]. When restrained due to reinforcement or external support, 
high eigen stresses are induced in concrete, which can cause cracking 
and lead to ingress of deleterious fluids, reducing the durability of the 
structures [7].

It has been reported in different literature that AAMs have higher 
shrinkage relative to their PC counterparts [8]. The understanding of 
the mechanisms of shrinkage in PC paste has been studied for a long 
time and is well understood. The effect of different parameters (such 
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as water to binder (w/b) ratio, types of cement, chemical additives and 
gel characteristics, etc.) has been well reported in the literature [9]. 
In some cases, the shrinkage of the PC was found to be directly 
related to the mass loss of the specimens with time [10]. However, 
the mechanism of shrinkage in AAMs is more complex, particularly 
due to the complex microstructure development of the materials as a 
result of different mix design parameters such as w/b, amount of alkali, 
concentration of alkali, type and amount of aluminosilicate precursors, 
and curing conditions [10–13]. These parameters, along with physical 
and chemical characteristics of the precursors and activator, influence 
the microstructure development and gel chemical compositions [10,14–
16]. The driving force for shrinkage in AAMs is capillary action, which 
depends on the paste’s pore structure and relative humidity (𝑅𝐻). The 
Kelvin equation describes the relationship between the curvature of the 
liquid-vapor surface (the meniscus) and the RH as given below: 

𝑟𝑐 =
−2𝛾𝑉𝑚

𝑅𝑇 ln𝑅𝐻
(1)
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where 𝛾 is the surface tension, 𝑉𝑚 is the molar volume of liquid, 𝑟𝑐 is the 
meniscus radius, 𝑅 is the gas constant, and 𝑇  is the temperature. Lower 
pore size has a lower radius of the liquid-vapor meniscus. Further, 
the Young–Laplace equation provides the relationship between the 
capillary stress (𝜎𝑐) and the radius of the meniscus 

𝜎𝑐 =
−2𝛾 cos 𝜃

𝑟𝑐
(2)

Here 𝜃 refers to the contact angle denoting the hydrophilicity of the 
pore wall. As drying progresses and RH decreases, the radius of cur-
vature of the meniscus reduces, leading to a significant increase in 
capillary stress. These stresses are transmitted to the solid skeleton, 
ultimately resulting in macroscopic shrinkage.

One of the main reasons for elevated shrinkage in AAMs is at-
tributed to the finer pore size distribution of these materials, as re-
ported by Collines and Sanjayan [17]. The pore size distribution of 
these materials is greatly influenced by the amount and type of pre-
cursor and activator [18]. In addition to the pore size distribution, gel 
characteristics also influence the shrinkage of AAMs. Ye and Radlińska 
have studied the shrinkage of alkali-activated slag (AAS) and concluded 
that higher shrinkage in AAS is likely due to the rearrangement and 
reorganization of calcium-alumina-silicate hydrate (C-A-S-H) gels [10]. 
As a result of this, different mitigation strategies will have different 
effects on the shrinkage mitigation [15,19–23].

The synthesis of alkali-activated binders blended with GGBS and FA 
has gained more attention, as both the precursors complement each 
other, providing a mix with adequate strength (curing at room temper-
ature) and workability [14,24,25]. GGBS reacts faster with the alkali, 
resulting in rapid microstructure development, while FA has a slower 
reaction rate [26,27]. The pore structure of such blended materials 
is dependent on the GGBS/FA ratio of its constituents [28]. Due to 
such differences in the reaction rate, initial curing also becomes crucial 
and plays a role in the microstructure development and ultimately the 
shrinkage when exposed to drying conditions. Shen et al. conducted 
shrinkage measurements for alkali-activated GGBS and FA binders, 
which were cured for 2 days before being exposed to drying, and 
reported higher shrinkage in specimens with higher GGBS content [29]. 
Rashad reported analogous trends for specimens cured for 2 days before 
drying [30]. In contrast, Wang and Ma investigated drying shrinkage 
in AAMs with varying GGBS/FA ratios (0%, 30%, 50%, and 70% FA), 
following an initial 3-day curing period [31]. Their study indicated that 
the mix containing 30% GGBS exhibited the lowest shrinkage, a finding 
that diverges from the Shen et al. [29] and Rashad et al. [30]. This 
could be due to different initial curing durations. Most of the existing 
literature tends to only focus on the effect of the GGBS/FA ratio on 
drying shrinkage, keeping the initial curing time constant. Given the 
distinct reaction kinetics of GGBS and FA, the influence of initial curing 
on shrinkage is not uniform across different mix compositions. Hence, 
a more comprehensive investigation is essential to discern the com-
bined influence of precursor composition and initial curing duration 
on drying shrinkage and microstructure in AAM systems.

Ye and Radlińska investigated the shrinkage behavior of AAS under 
different relative humidity (RH) conditions and found that shrinkage 
kinetics vary significantly between very low RH (< 30%) and moderate 
RH (50%–70%). At very low RH, shrinkage increases rapidly in the 
early stages and tends to stabilize over time. In contrast, at moderate 
RH levels, shrinkage progresses more gradually and does not reach 
a saturation even after 60 days of exposure [10]. Notably, most of 
the literature on shrinkage measurements of AAMs is limited to/up 
to 60–90 days of exposure to drying [10,19,29–31]. Ma and Ye [32] 
studied the long-term (180 days) shrinkage for alkali-activated FA and 
found that the specimens’ shrinkage still did not reach saturation. 
Thus, such short-term measurements may not capture the long-term 
shrinkage behavior for the blended AAMs.

In addition to the microstructure characteristics, the intrinsic char-
acteristics of the binding gels in AAMs, such as their composition, 

directly influence the drying shrinkage [10,14–16]. The composition 
of binding gels in AAMs is largely dictated by calcium availability in 
the system, which determines the predominant gel type [14,33]. In 
low-calcium systems, such as alkali-activated FA, a three-dimensional 
sodium aluminosilicate (N-A-S-H) gel typically forms [34]. Conversely, 
in high-calcium systems, such as AAS, calcium aluminosilicate hydrate 
(C-A-S-H) or alkali charge-balanced calcium aluminosilicate hydrate 
(C-(N)-A-S-H) gels typically dominate [35,36]. The formation of C-
(N)-A-S-H gel has also been described as a hybrid gel phase when 
both C-A-S-H and N-A-S-H gels coexist, as seen in blended GGBS–FA 
binders [37,38]. Importantly, the structural properties of the binding 
gels in low-calcium and high-calcium systems differ significantly, which 
can affect drying shrinkage. For instance, N-A-S-H gel is believed to 
be more porous and less dense than C-A-S-H or C-(N)-A-S-H gels [39]. 
Moreover, differences in the compositional parameters of these binding 
gels, such as Ca/Si, Al/Si and Na/Si molar ratios, can further deter-
mine their nanostructure [40] and mechanical properties, such as their 
elastic modulus, which ultimately affects the drying shrinkage of the 
paste/concrete [41].

The available literature presents varied findings regarding the in-
fluence of compositional ratios on pore structure and, consequently, 
on shrinkage behavior. Mastali et al. have shown that increasing the 
Ca/Si ratio mitigates drying shrinkage by improving the gel’s water-
retaining properties and enhancing the pore structure [14]. Tao et al. 
and Xue et al. also studied the shrinkage behavior of alkali-activated 
binders and have also reported similar conclusions [37,42]. By contrast, 
Luo et al. found that partial replacement of GGBS with FA decreased 
Ca/Si and Na/Si ratios, enhanced pore refinement, and effectively 
reduced autogenous shrinkage [43]. Similar differences have been 
reported when discussing the influence of the Al/Si ratio on the pore 
structure and the resulting shrinkage behavior. In some studies, AAMs 
with a higher Al/Si ratio have demonstrated improved resistance to 
drying shrinkage [44,45] while in another study, the formation of N-
A-S-H gel with a lower Al/Si ratio has been associated with a more 
compact gel structure, higher refinement of the pore structure, and 
finally, lower drying shrinkage [46]. Accordingly, the direct role of 
compositional parameters in shrinkage mechanisms remains unclear, 
largely because their effects are intertwined with pore structure. Such 
differences arise because most studies evaluate the shrinkage behavior 
under the simultaneous influence of multiple interdependent factors, 
including pore structure, mix design parameters, activator chemistry, 
water content, and gel formation [41,47–49]. Previous research has 
explored the relationship between gel formation and pore structure in 
AAMs, but a systematic investigation that isolates the specific influence 
of key gel characteristics (e.g., Ca/Si, Si/Al, or Na/Si ratios) is needed 
to highlight its influence on the drying shrinkage. As the pore structure 
primarily controls capillary stresses, while the gel composition and 
nanostructure influence the intrinsic deformation behavior of the solid 
matrix. However, these two factors are often interdependent, making 
it challenging to study the effect of one parameter while keeping the 
other constant/similar. Therefore, a systematic approach is required 
to specifically study the influence of only gel characteristics on the 
shrinkage of the AAMs; the pore structure should be kept the same (to 
isolate the effect of one from another). This can be achieved by main-
taining a comparable pore structure while varying the gel chemistry, 
thereby enabling a more fundamental understanding of the governing 
mechanisms of shrinkage in AAMs.

To address the above-mentioned shortcomings in the current lit-
erature, this study undertakes a dedicated, long-term investigation of 
shrinkage in AAMs. The specific objectives of the current work are 
to (1) determine the combined influence of initial curing duration 
and precursor composition (GGBS/FA ratio) on the long-term (1 year) 
drying shrinkage behavior and microstructure of AAMs, extending well 
beyond the measurements typically reported; (2) analyze the long-
term shrinkage kinetics of blended AAMs by correlating volume change 
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Table 1
Chemical composition of GGBFS and FA measured with XRF [wt.%].
 Material SiO2 CaO Al2O3 Fe2O3 Na2O K2O MgO SO3 P2O5 TiO2 Others 
 GGBFS (%) 34.99 36.33 14.32 0.40 0.24 0.46 9.42 1.36 0.01 1.21 1.26  
 FA (%) 55.29 4.43 25.03 6.94 0.91 1.66 1.41 0.73 1.01 1.23 1.36  

Fig. 1. Particle size distribution of the precursors in this study.

with mass loss over an extended drying period, providing a more com-
plete understanding of their long-term stability; and (3) systematically 
isolate, for the first time, the influence of binding gel characteristics 
on drying shrinkage, independent of the influence of pore structure. 
Collectively, these objectives represent a significant step toward resolv-
ing the contradictions and measurement limitations that persist in the 
current literature.

To address the above objectives, this article is outlined as follows: 
details of the materials and experiments are provided in Section 2; 
subsequently, the experimental results are outlined in Section 3. Fur-
ther, the detailed discussion of the experimental results is provided in 
Section 4, and finally, the conclusion is given in Section 5.

2. Materials and experimental methods

2.1. Materials and mix proportions

Two precursors used in the current study were GGBS and FA. GGBS 
was obtained from Ecocem Benelux B.V., while FA was obtained from 
Vliegasunie B.V. The chemical composition of GGBS and FA measured 
from X-ray fluorescence (XRF) is given in Table  1. Moreover, the 
mineralogical composition and particle size distribution (PSD) of GGBS 
and FA were reported in a prior study [50]. The PSDs, obtained by 
laser diffraction (Malvern Mastersizer), are presented in Fig.  1, with 
median particle sizes (D50) of 18.3 μm and 44.2 μm for GGBS and FA, 
respectively.

The alkaline activator used in this study was prepared by mixing 
water glass solution and sodium hydroxide. The water glass solution 
used in this study contains 15% Na2O, 30% SiO2, and 55% H2O by 
weight. The activator was prepared by mixing the water glass solution 
and sodium hydroxide for 5-6 h to obtain a certain activator modulus 
(molar ratio of SiO2/Na2O). Subsequently, the activator was kept in the 
laboratory for 24 h before use. A water-to-precursor ratio (w/p) of 0.4 
and an activator modulus of 1.0 was used for all the specimens. Five 

Table 2
Mix proportions of all mixes used in this study.
 Mixes GGBFS FA Na2O  
 (wt.% in precursor) (wt.% in precursor) (wt.% with total precursor) 
 S100N4 100 – 4  
 S70N4 70 30 4  
 S50N4 50 50 4  
 S70N5 70 30 5  
 S50N5 50 50 5  

different mixes were prepared in this study, varying the proportion of 
GGBS (weight % GGBS in total weight of precursor) and alkali content 
(% weight Na2O with respect to total precursor). Table  2 outlines all 
the mixes used in this study.

The mix design parameters were selected to reflect the most com-
monly utilized parameters in AAM research [51,52]. The two selected 
alkali contents and the range of GGBS/FA ratios increase the likelihood 
of obtaining mixes with a similar pore-size distribution and allow study 
of the effect of alkali content on the shrinkage behavior of AAMs. For 
the mixing process, firstly, GGBS and FA were dry-mixed in a Hobart 
paddle mixer for 120 s at 140 rpm. Further, the alkaline solution was 
added, and initial mixing was performed for 60 s at 140 rpm. After 
scraping the paste from the sides, the final mixing was performed for 
60 s at 285 rpm. After the mixing procedure, the paste was used for 
different experimental methods, as explained in the next sections.

2.2. Experimental methods

2.2.1. Mechanical properties
Prism specimens with dimensions of 4 × 4 × 16 cm were used for 

the measurement of the mechanical properties, which include flexural 
and compressive strength. Mechanical properties were measured after 
3, 7, 14, and 28 days of curing, with three specimens prepared for each 
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curing time. The specimens were cured under sealed curing conditions 
at 20 ± 1 ◦C. A three-point bending test was performed for all the 
specimens according to NEN-EN 196-1. Following the flexure strength 
measurement, the resulting halves of the prisms were subjected to a 
compressive strength test, following NEN-EN 196-1.

2.2.2. Drying shrinkage and weight loss
The drying shrinkage measurements were conducted following NEN-

EN 12390-16. For the shrinkage and weight loss measurements, prism 
specimens with dimensions of 4 × 4 × 16 cm were prepared in 
accordance with NEN 196-1. After demoulding, the specimens were 
sealed by wrapping them in plastic foil to prevent moisture loss and 
stored at 20 ± 1 ◦C for different curing durations (3, 7, 14, and 28 
days). Further, the specimens were exposed to a controlled drying 
environment with a temperature of 20 ± 1 ◦C and 55% RH. Three 
specimens were measured for each sample. The initial length (𝐿0) and 
weight (𝑚0) were measured by the digital length comparator with an 
accuracy of 0.001 mm and a balance with 0.1 g accuracy, respectively. 
The drying shrinkage strain (𝜖𝑡) at any time (t) is calculated according 
to Eq. (3), and the weight loss (𝑤𝑡) using Eq. (4). 

𝜖𝑡 =
(𝐿0 − 𝐿𝑡)

𝐿0
(3)

Here 𝐿𝑡 denotes the length of the specimen at time t. 

𝑤𝑡 =
(𝑚0 − 𝑚𝑡)

𝑚0
∗ 100% (4)

Here 𝑚𝑡 represents the weight of the specimen at time t. The shrinkage 
strain and mass loss were measured at regular time intervals for 1 year.

2.2.3. Porosity and pore size distribution
The porosity and pore size distribution of the different alkali-

activated pastes were measured using Mercury intrusion porosimetry 
(MIP). After the mixing, the paste samples were kept in cylinders with 
a 25 mm diameter and 40 mm height and sealed using paraffin foil 
and the lid. Samples were kept in an environmental chamber with a 
temperature of 20 ± 1 ◦C for different curing times (3, 7, and 14 days). 
After these curing times, the samples were removed from the moulds 
and broken into small pieces of size 3–8 mm. The solvent exchange 
method was followed for hydration stoppage. The broken particles were 
immersed in isopropanol for 7 days, with isopropanol being refreshed 
once after the first 24 h. After 7 days, the samples were placed in a 
vacuum freeze-dryer for 21 days to ensure the removal of free water 
from the paste. One specimen was measured for each mix at each 
curing time. During the intrusion process, the equilibrium pressure (𝑃 ) 
is related to the diameter (𝑑) using the Washburn equation as given 
below: 

𝑑 =
4𝛾 cos 𝜃

𝑃
(5)

where 𝛾 and 𝜃 represents the surface tension of mercury (𝛾 = 0.485 N∕m) 
and the contact angle (𝜃 = 141◦), respectively. The maximum intrusion 
pressure was 210 MPa. It should be noted that the pore structure char-
acterization was performed on sealed-cured specimens prior to drying 
exposure. This ensures that the measured pore structure reflects the 
intrinsic microstructure developed under identical curing conditions. 
The pore structure is expected to evolve during drying due to moisture 
loss and associated microstructural changes. The present measurements 
aim to capture the initial state of the material before the onset of 
drying shrinkage. This provides a common basis for evaluating the 
influence of mix design parameters and for identifying mixtures with 
comparable pore structures, which is essential for isolating the effect 
of gel characteristics on shrinkage behavior.

Fig. 2. Nomenclature of different specimens used in this study.

2.2.4. SEM analysis
The samples after the hydration stoppage were used for the SEM 

analysis. These were further impregnated with low-viscosity epoxy 
resin and then polished down to 0.25 μm. Further, the polished samples 
were analyzed using a FEI Quanta FEG 650 with back-scattering elec-
tron (BSE) mode at an acceleration voltage of 15 kV under low vacuum 
mode, with water vapor pressure kept at 1.0 Torr. A magnification of 
1000x and a working distance of 10 mm were used for the images. 
Multiple images were taken for each sample, and the obtained SEM-BSE 
images were then used for image analysis using the Ilastik toolkit by 
applying the pixel classification workflow [53]. Different phases in the 
images were segmented based on their grayscale value. The chemical 
composition of the gel phase was investigated using the Energy Disper-
sive X-ray spectroscopy (EDX) detector integrated with the SEM. EDX 
point analysis was performed on selected samples, specifically targeting 
the gel phases. The point analysis was conducted at a magnification of 
5000, maintaining an equal accelerating voltage and working distance.

3. Experimental results

This section discusses the experimental results in three subsec-
tions: first, the mechanical properties of different mixes are elaborated, 
second, the shrinkage and mass loss of different mixes are outlined, 
and finally, the porosity and pore size distribution of different mixes 
are described. Since different mix designs were used and experimen-
tal methods were performed at different stages of curing time, the 
following nomenclature is used in this study (Fig.  2).

3.1. Mechanical properties

Fig.  3 shows the development of compressive and flexural strength 
in mixtures with varying Na2O contents over curing periods of 3, 7, 14, 
and 28 days. According to the results, both compressive and flexural 
strength are highly influenced by the composition of the precursor and 
the Na2O content in the activator. Among the mixtures, S70N5 achieved 
the highest compressive strength, reaching 66.47 MPa at 28 days, while 
S100N4 showed the highest flexural strength at 28 days, measuring 
12.94 MPa. As illustrated in Fig.  3, while a higher Na2O content (5%) 
enhances compressive strength, it has an adverse effect on flexural 
strength, consistent with findings from previous studies [54]. The 
positive influence of higher Na2O content on the compressive strength 
of mixtures is due to the enhanced geopolymerization reaction, as the 
higher concentration of OH− ions from the activator accelerates the 
dissolution of Si4+ and Al3+ from precursors [54,55]. Conversely, the 
negative influence of high Na2O content is likely due to the potential 
formation of micro-cracks, which create weakness zones that lower the 
flexural strength. Additionally, with an increase in the GGBS content, 
an enhancement in the strength development can be seen. This trend is 
likely due to the denser microstructure of GGBS-rich mixtures, which 
enhances the mechanical properties.
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Fig. 3. Mechanical properties of alkali-activated pastes: (a) compressive strength and (b) Flexural strength.

Fig. 4. Shrinkage strain and mass loss for different mixes with 4% alkali content.
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Fig. 5. Shrinkage strain and mass loss for different mixes with 5% alkali content.

3.2. Shrinkage and mass loss

Figs.  4 and 5 plot experimental data for the shrinkage and mass 
loss for mixes with 4% and 5% alkali content, respectively, which are 
exposed to drying after different initial sealed curing durations. It is 
important to note that the abscissa in all the plots in Figs.  4 and 5 refers 
to the time of exposure to drying environments. It is quite evident from 
all the plots in Figs.  4 and 5 that shrinkage strains decreased drastically 
when specimens were exposed to lower humidity environments after 
longer initial curing durations. With longer curing time, the microstruc-
ture of the pastes has become denser (with higher hydration), which 
provides higher resistance against the capillary stresses [56,57]. A sim-
ilar trend can also be observed for the mass loss of different specimens, 
as plots reflect higher mass loss for specimens exposed to drying at early 
ages.

From Fig.  4(a), (c), and (e), it is apparent that, for the samples 
exposed to drying conditions early (for example, T3), the shrinkage 
strains were higher for the mix with higher FA content. The high-
est shrinkage strain was observed for the S50N4T3 specimen, which 
reached approximately 12500 μm∕m after 1 year of exposure, while 
S100N4T3 observed a shrinkage strain of approximately 8500 μm∕m. 
However, for the sample cured for a longer time (28 days), the shrink-
age strain in mixes with different FA content was much closer to each 
other. The mix with 50% FA cured for 28 days (S50N4T28) observed 
the least shrinkage strain (approximately 5500 μm∕m) after 1 year of 
exposure. Comparing Fig.  4(b), (d), and (f), it can be observed that 
higher mass loss is observed for specimens with higher FA content 
for a similar curing time. As the hydration of GGBS proceeds faster 
relative to FA, more water is bound in the formation of reaction 
products, which results in lower mass loss for the mix with higher GGBS 
content [26,27]. Additionally, the mixes with higher GGFS content 
have a dense microstructure, which also makes it difficult for water to 

evaporate (as can be seen in the porosity and pore size distribution data 
in Section 3.3). The denser microstructure for mixes with higher GGBS 
content provides higher resistance to shrinkage stresses. Fig.  4(c), (e) 
and Fig.  5(a), (c) plots shrinkage strains for mixes with two different 
alkali contents, i.e., 4 and 5% respectively. A reduction in the shrinkage 
strains has been observed with an increase in the alkali content for a 
similar ratio of GGBS and FA. For specimens cured for 28 days, the 
shrinkage strain decreased from 10500 μm∕m to 9500 μm∕m and 12500 
μm∕m to 11500 μm∕m for S70 and S50, respectively, when the alkali 
content was increased from 4 to 5%. A similar trend of decrease in the 
mass loss of the specimens with increase in the alkali content is also 
reflected by comparing Fig.  4(d), (f) and Fig.  5(b), (d).

3.3. Porosity and pore size distribution

This section provides the MIP results (pore size distribution and 
cumulative pore volume) of alkali-activated pastes with varying GGBS 
and Na2O contents at different curing ages. For the S50N5 mixture, 
only one curing time at 3 days (S50N5T3) was analyzed for further 
selection and comparison based on the pore size distribution. While this 
limits direct comparisons over time, the data provide insights into the 
initial pore structure and cumulative intrusion, serving as a baseline for 
understanding the effect of curing time in other mixtures.

3.3.1. Influence of curing time
The MIP results demonstrate that curing time significantly influ-

ences the pore structure and porosity of alkali-activated pastes. Across 
all samples (Fig.  5(a–h)), an increase in the curing time leads to a 
noticeable refinement of the pore structure and a reduction in porosity, 
indicating progressive densification of the matrix. For the S100N4 
paste, cumulative intrusion decreases by approximately 46% from 3 to 
28 days, accompanied by a shift toward finer pores. Similar trends are 
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Fig. 6. Pore size distribution of alkali-activated pastes at different curing ages.

observed for the S70N4 mixture, where cumulative intrusion reduces by 
about 15% from 3 to 7 days and by 50% after 14 days of curing. In the 
S50N4 paste, curing time contributes to the disappearance of the pores 
in the 0.02–0.05 μm range and a 15% reduction in the total intrusion 
from 3 to 14 days of curing. Moreover, a comparison between S50N4 
and S50N5 at the same curing time (3 days) reveals the influence of 
sodium oxide concentration on the pore structure. Despite having a 
higher sodium content (5 wt% Na2O), the cumulative pore intrusion 
in S50N5 is lower than in S50N4, indicating reduced porosity. This 
suggests that a higher concentration of Na2O the activator, promotes 
more extensive gel formation and matrix densification even at early 
curing stages.

3.3.2. Influence of GGBS-to-FA ratio
The critical role of the GGBS-to-FA ratio in controlling the pore 

structure and porosity of alkali-activated pastes is evident in Fig.  5. 
Increasing GGBS content leads to a refined pore structure and a de-
crease in the total porosity. For instance, in the S100N4 mixture, the 
cumulative pore intrusion is significantly lower compared to pastes 
with higher FA content, indicating a denser and more compact ma-
trix for GGBS-rich alkali-activated pastes. In contrast, mixtures with 
lower GGBS content (e.g., S70N4 and S50N4) exhibit distinct peaks 
in the 0.002 μm range, suggesting the dominance of medium-sized 
capillary pores. Additionally, cumulative pore intrusion increases sub-
stantially with decreasing GGBS content, reflecting higher porosity. 
The S50N4 mixture shows a 77% increase in cumulative intrusion 
compared to S100N4, emphasizing the more porous nature of FA-rich 
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Fig. 7. Shrinkage strain of different mixes after one year of exposure with different initial sealed curing durations.

pastes. Interestingly, the pore structure of S50N4 also reveals a peak 
around 0.0015 μm, indicating the presence of smaller pores alongside 
capillaries.

4. Discussion

4.1. Drying shrinkage: curing, kinetics and mass loss dynamics

4.1.1. Effect of curing
Fig.  7(a) plots the shrinkage of mixes with different GGBS/FA ratios 

after one year of exposure to drying conditions after different initial 
sealed curing days. It can be observed that when samples are exposed 
to drying conditions after 3 days of curing, S50N4 samples showed the 
highest shrinkage strain, while S100N4 showed the lowest shrinkage 
strain. Since FA tends to react slowly relative to GGBS, the specimens 
with higher FA content have slower microstructure development. As a 
result, when samples are exposed to drying conditions at early ages, 
the specimens with higher FA content show higher shrinkage, as it has 
lower resistance to capillary stresses. When specimens were exposed 
to drying conditions after 28 days of curing, the differences in the 
shrinkage strain were reduced with different GGBS/FA ratios. However, 
the order of shrinkage strain is reversed, as S100N4 specimens showed 
the highest shrinkage strain, while S50N4 specimens showed the lowest 
shrinkage. The samples with higher GGBS content have a refined pore 
structure, resulting in higher capillary stresses and higher shrinkage. 
For intermediate curing durations between 3 and 28 days, a clear 
transition in shrinkage behavior is observed, indicating a shift in trends. 
The observed reversal in shrinkage ranking with curing duration can be 
explained by the competition between two governing mechanisms: (i) 
microstructural resistance, which refers to the stiffness and connectivity 
of the solid skeleton, which governs the ability of the material to 
resist capillary stresses and (ii) capillary stress development, which 
is primarily controlled by pore size refinement. At early ages, the 
microstructure is relatively weak and poorly connected, particularly 
in FA-rich systems, resulting in low stiffness and limited resistance to 
capillary stresses. Consequently, shrinkage is primarily governed by 
microstructural resistance, leading to higher shrinkage in mixes with 
higher FA content. This is also evident in the cumulative porosity and 
pore-size distribution data shown in Fig.  6(e) and (f), as S50N4T3 
shows the highest porosity (among all specimens) and some pores in 
the range 0.02-0.06 μm. At later ages (after 28 days of curing), the 
microstructure becomes significantly denser, specifically for slag-rich 
systems, resulting in finer pores. This increases capillary stresses (as 
governed by the Kelvin equation), which then becomes the dominant 
mechanism controlling shrinkage. As a result, slag-rich mixes exhibit 
higher shrinkage despite having a denser matrix. This trend is consis-
tent with the pore size distribution results shown in Fig.  6(a), where a 
higher proportion of finer pores is observed.

Fig.  7(b) illustrates the shrinkage strain of mixes with varying alkali 
contents after one year, with different durations of initial curing before 
exposure to drying conditions. It is evident that specimens with higher 
alkali content consistently exhibit lower shrinkage strains, irrespective 
of the initial curing duration. This reduction in shrinkage is partic-
ularly pronounced in mixes with higher GGBS content, highlighting 
the influence of alkali content on shrinkage behavior. Increased alkali 
content accelerates the geopolymerization process, resulting in higher 
hydration products. This densification due to higher reaction products 
reduces the susceptibility to shrinkage strains, especially in systems rich 
in GGBS, where the reaction kinetics are more responsive to higher 
alkali concentrations.

4.1.2. Shrinkage kinetics
This section compares the development of shrinkage strains of the 

different mixes, focusing on the effect of GGBS/FA ratio, alkali content, 
and curing time. In order to compare the shrinkage of different spec-
imens, normalized strains (𝜖𝑛) are calculated using the equation given 
below: 
𝜖𝑛 =

𝜖𝑡
𝜖365

(6)

Here 𝜖𝑡 and 𝜖365 denote the shrinkage strain after 𝑡 and 365 days 
of exposure, respectively. Fig.  8(a), (b), and (c) plot the normalized 
shrinkage strain for S100N4, S50N4, and S50N5, respectively. Hori-
zontal black lines in Fig.  8 mark the normalized shrinkage strains of 
the specimens that are cured for 3 and 28 days (lowest and highest 
sealed curing duration in the current study) after 60 days of drying 
exposure. In all the subplots of Fig.  8, it is apparent that the normalized 
shrinkage strain after 60 days is higher for 3 days of initial sealed 
curing compared to 28 days of initial sealed curing. This observation 
indicates that exposure to drying conditions at early stages of hydration 
leads to a more rapid increase in shrinkage strain compared to samples 
cured for longer durations. Furthermore, for the 28-day curing period, 
the shrinkage has only reached 53%–66% for the shrinkage at 365 
days, which shows that a substantial amount of shrinkage continues to 
occur at later stages of exposure (even beyond 60 days). This highlights 
the necessity for extended shrinkage measurement durations to fully 
capture the material’s long-term behavior. The effect of initial curing 
conditions on shrinkage kinetics is more pronounced on mixes with 
higher FA content when the alkali content is kept constant. The 𝜖𝑛
for S100N4 changed from 0.67 to 0.53 (for 3 and 28 days of curing, 
respectively), while for S50N4 it changed significantly from 0.79 to 
0.57 (for 3 and 28 days of curing, respectively). This is primarily due 
to the slower reaction and microstructure development of AAMs with 
higher FA. Due to the rapid hydration of S100N4, the microstructure 
has already evolved by up to 3 days, and a lower hydration rate 
occurs afterwards, compared to S50N4, where significant hydration 
occurs over the span of 3 to 28 days. This is also reflected in the 
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Fig. 8. Comparison of normalized strain for different mixes.

porosity data discussed in Section 3.3, the cumulative intrusion of the 
S100N4 after 14 days of sealed curing was 0.067 ml/gm, while it was 
higher for S50N4 with a value of 0.12 ml/gm. Fig.  8(c) shows the 
development of the shrinkage strain with higher alkali content (S50N5), 
which also shows a rapid increase in shrinkage strains at early ages. 
The S50N5 mix exhibits higher hydration kinetics compared to S50N4. 
Consequently, the effect of varying curing conditions on the normalized 
strain (𝜖𝑛) is less pronounced for S50N5.

To further elucidate the shrinkage kinetics, a differential analysis of 
the shrinkage data was performed. The shrinkage rate was calculated 
using a first-order finite difference approach, as given by: 
𝑑𝜖
𝑑𝑡

=
𝜖𝑡+𝛥𝑡 − 𝜖𝑡

𝛥𝑡
(7)

where 𝜖𝑡 is the shrinkage strain at time 𝑡 and 𝛥𝑡 is the time inter-
val between successive measurements. Fig.  9(a), (b), and (c) present 
the evolution of shrinkage rate ( 𝑑𝜖𝑑𝑡 ) for S100N4, S50N4, and S50N5 
mixtures exposed to drying after 3, 14, and 28 days of sealed curing, 
respectively. It is apparent from Fig.  9 that all the specimens ex-
hibit a pronounced peak in shrinkage rate immediately after exposure, 
followed by a rapid decay and a long-term tail. The initial peak is sig-
nificantly higher for specimens exposed to drying at early ages (3 days 
curing), indicating that shrinkage at this stage is primarily governed 
by rapid moisture loss and capillary stresses in a relatively coarse and 
weakly developed pore structure. Increasing the initial curing duration 
results in a significant reduction in the peak shrinkage rate and a 
smoother decay profile, indicating that a more developed and refined 
microstructure provides greater resistance to early-age deformation. It 
is evident from Fig.  9(a) that the S50N4 mixture consistently exhibits 
a higher shrinkage rate compared to S100N4 throughout the drying 
period. This behavior can be attributed to its relatively underdeveloped 
and weaker microstructure, as supported by the pore-size distribution 
results (Fig.  6). In contrast, the shrinkage rate of S50N5 remains 
comparable to that of S50N4, suggesting that although an increase in 
alkali content promotes reaction and densification, its influence on the 
shrinkage rate at early drying stages is less pronounced than that of 
the precursor composition. Furthermore, a comparison across Fig.  9(a), 
(b), and (c) reveals that the differences in shrinkage rate between the 
mixes progressively diminish with increasing initial curing duration. 
This trend indicates that prolonged curing leads to a more refined 
and homogenized microstructure, thereby reducing the sensitivity of 
shrinkage kinetics to variations in mix composition.

4.1.3. Shrinkage and mass loss
This section compares the shrinkage and mass loss characteristics, 

focusing on the effect of initial sealed curing, GGBS/FA ratio, and alkali 
content. Fig.  10(a) and (b) plots the shrinkage and mass loss curves 
for S100N4 and S50N4, respectively, for different initial sealed curing 
durations. The slope of the curves represents the shrinkage strain per 
unit mass loss. This property can be related to the susceptibility of the 
matrix to deform, given the similar amount of mass loss. It is evident 
that for the S100N4 mix (Fig.  10(a)), all the curves are close to each 
other, reflecting very little effect of the initial curing on the slope of the 

different lines. As discussed previously, the hydration of GGBS is rapid 
in the early ages; hence, less microstructure change happens with time. 
As a result of this, microstructure and matrix stiffness are relatively 
the same with time, hence the mass loss to shrinkage characteristics 
remains very similar with respect to initial curing time. For S50N4 
mixes (Fig.  10(b)), as the hydration proceeds, a higher amount of water 
becomes bound in the gel phases, and therefore, less water remains free; 
consequently, lower mass loss occurs with a longer initial curing time 
for the S50N4. The slope of the lines in Fig.  10(b) decreases with higher 
initial curing time, indicating the matrix shows lower deformation at a 
similar amount of mass loss.

Fig.  11(a) and (b) plots the shrinkage and mass loss curves after 
3 and 28 days, respectively, for different GGBS/FA ratios at the same 
alkali content. It is evident that for both initial sealed curing durations, 
the slope of the lines decreases with an increase in the FA content. 
Lower slope for the higher FA indicates that at the same mass loss, 
there will be lower shrinkage. This is also related to the dynamics of 
bound and free water in the hydrated paste for different systems. For 
higher GGBS, due to a higher hydration degree, the amount of free 
water is very little to evaporate in the drying environment. While it is 
also important to note that for curing days = 3, even at lower mass loss, 
shrinkage in S100N4 mix is the highest, reflecting a much refined pore 
structure. This is reflected in the pore size distribution data in Fig.  6(a). 
Due to this refined pore structure, capillary stresses are significantly 
higher compared to S70N4 and S50N4 mixes, causing higher shrinkage 
even at lower moisture loss.

Fig.  12(a) and (b) show the effect of alkali content on the shrinkage 
and mass loss characteristics for the S70 and S50 mixes, respectively. 
It is apparent that the mixes with higher alkali content have a lower 
mass loss for the same shrinkage, indicating they are less prone to water 
loss. This can also be linked to the higher bound water, resulting from 
a faster rate of hydration in mixes with higher alkali content, which 
leads to a higher formation of gels. Fig.  12(a) and (b) show higher 
slopes of the curves for the mix with higher alkali content, indicating 
that higher shrinkage occurs at similar moisture loss. It can also be 
observed that these differences in slopes for different alkali content are 
more prominent for less initial sealed curing durations.

It is also evident from Figs.  10–12 that the relationship between 
shrinkage and mass loss is not linear across all of the tested mixes. 
In the Figs.  10–12 all the curves exhibit a distinct S-shaped profile. 
During the initial stage, mass loss occurs with minimal shrinkage strain, 
indicating that early drying predominantly occurs from the coarse pores 
without causing significant capillary stresses. In the subsequent stage, 
shrinkage strain increases rapidly with mass loss, likely due to the pro-
gressive removal of capillary water, causing higher shrinkage. Finally, 
at later stages, the relationship between mass loss and shrinkage strain 
transitions to a more linear behavior. To quantitatively define the tran-
sitions between different stages, specific stage boundaries, inflection 
points, and stage-specific slopes were calculated. The boundaries — 
representing the mass-loss ranges where one stage transitions to the 
next — were determined using the tangent intersection method (see 
Appendix  6.1). Different parameters, such as the inflection point (𝑚0), 
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Fig. 9. Shrinkage rate of S100N4, S50N4, and S50N5 after different initial sealed curing days (a) 3 days, (b) 14 days and (c) 28 days.

Fig. 10. Shrinkage and mass loss characteristic for mix with different initial curing time (a) for S100N4 (b) for S50N4.

Fig. 11. Shrinkage and mass loss characteristic for mix with different GGBS/FA ratio (a) for 3 days of curing (b) for 28 days of curing.

Fig. 12. Shrinkage and mass loss characteristic for mix with different alkali content (a) S70 (b) S50.
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Table 3
Calculated inflection point and stage Boundaries for the shrinkage to mass-loss datasets for S100N4, S70N4, and S50N4.
 Parameters S100N4 S70N4 S50N4

 T3 T7 T14 T28 T3 T7 T14 T28 T3 T7 T14 T28  
 Inflection 𝑚0 2.07 1.73 1.46 1.58 2.94 2.52 2.75 1.72 4.30 3.10 1.83 2.51  
 point 𝜖0 6557.1 5013.1 4253.1 3836.3 5643.6 4293.3 3583.0 2529.8 6340.3 4011.0 1962.0 1873.3 
 Slope Stage 1 (𝛩1) 1255.9 1617.3 1092.0 520.7 829.2 677.3 427.9 491.1 553.8 593.8 572.6 228.8  
 Stage 2 (𝛩2) 5644.0 5055.5 5599.5 5147.5 3405.5 2538.3 1819.6 2132.1 2889.4 1834.0 1232.5 921.2  
 Stage 3 (𝛩3) 3030.7 3273.1 4034.3 3432.8 1583.3 1483.0 1381.2 1228.2 972.6 860.8 814.3 713.8  
 Stage Stage 1-2 (𝑚12) 1.22 1.09 0.87 0.93 1.68 1.14 1.02 0.70 2.59 1.34 0.44 0.63  
 boundaries Stage 1-3 (𝑚13) 2.48 2.11 1.71 1.88 3.83 3.37 3.09 2.04 5.64 4.37 3.75 3.73  
 𝑚𝑚𝑎𝑥 2.72 2.38 2.03 2.21 5.23 4.90 5.84 4.44 8.56 7.47 7.31 7.56  
 𝜖𝑚𝑎𝑥 9398.1 7787.6 6905.2 6502.2 10938.8 8745.4 8049.3 6193.7 13117.3 9081.9 7297.0 5827.3 
 𝑚12∕𝑚𝑚𝑎𝑥 0.45 0.46 0.43 0.42 0.32 0.23 0.17 0.16 0.30 0.18 0.06 0.08  
 𝑚23∕𝑚𝑚𝑎𝑥 0.91 0.89 0.84 0.85 0.73 0.69 0.53 0.46 0.66 0.58 0.51 0.49  

Fig. 13. Description of the different stages, stage boundaries, and inflection 
point for the S-curve.

stage boundaries (m12 and m23) and tangent line (L1, L2 and L3) are 
illustrated in Fig.  13, while the calculated values for all experimental 
series are summarized in Table  3 and 4. To compare different mixes, 
relative stage boundaries mass-loss (𝑀𝑖𝑗) is defined as given below: 

𝑀𝑖𝑗 =
𝑚𝑖𝑗
𝑚𝑚𝑎𝑥

(8)

Here 𝑚𝑖𝑗 is the mass loss at the stage boundary of 𝑖 and 𝑗, and 𝑚𝑚𝑎𝑥
is the maximum mass loss of the mix measured after 1 year. It can be 
observed from Table  3 that for S100N4, slopes for different stages are 
similar for different durations of initial curing time. While for S50N4, a 
clear decrement of the slopes with increase in curing times is observed 
(also reflected in Fig.  10). For S100N4, the 𝑚12 values usually range 
around 0.4, but they are lower for the S50N4. indicating that stage 2 
starts at a lower relative mass loss for the mixes containing higher FA. 
Similarly, the transition from stage 2 to 3 also starts at a relative mass 
loss. The slope of the tangent lines is relatively higher for the mixes 
with higher slag and alkali content than for those with lower slag and 
alkali content, respectively. It is also clear from Tables  3 and 4 that 
the stage boundaries (m12 and m23) vary greatly with the mix design 
and initial curing durations. The normalized stage boundary m12 varies 
approximately from 0.06 to 0.46, while the transition from Stage 2 to 
Stage 3 (m23) occurs within a broader range of about 0.39 to 0.91. 
These wide ranges highlight the strong dependence of shrinkage–mass 
loss behavior on mix composition and initial curing conditions. 

Research comparing the shrinkage behavior of Portland Cement 
(PC) and AAMs has revealed distinct relationships between mass loss 
and shrinkage strain. Specifically, a linear relationship is widely re-
ported for PC systems [10,32], whereas the relationship between mass 

loss and shrinkage in AAMs is consistently found to be non-linear [10,
19]. Ye and Aleksandra also conducted the shrinkage measurements 
for AAS at different RH and reported that the mass of the specimens 
becomes stable (i.e. approximately zero moisture loss) after a certain 
duration of drying, especially at very low RH [10]. In contrast, in the 
experiments conducted in the current study, the mass loss in all the 
specimens continues to occur till the end of the experiment (1 year), 
although the rate of mass loss becomes very slow with time.

4.2. Drying shrinkage in samples with comparable pore structure

This section addresses the mechanism governing drying shrinkage 
by isolating the influence of gel chemistry from pore structure effects. 
While the fundamental driving force for drying shrinkage is often at-
tributed to deformation caused by capillary pressure, capillary pressure 
alone cannot account for the full magnitude of drying shrinkage ob-
served in AAMs. The long-term evolution of drying shrinkage in alkali-
activated FA and GGBS pastes is governed by the viscous behavior of 
the C-(N)-A-S-H gel, which is the main binding gel [16]. This viscous re-
sponse is initiated by the high capillary pore pressures generated during 
curing due to self-desiccation and is further intensified during drying. 
Under sustained internal loading, the redistribution of capillary water 
and surface-adsorbed water progressively increases the stress carried by 
the gel’s solid skeleton, leading to time-dependent viscous deformation 
of the gel. Similarly, Ye and Radlińska [10] demonstrated that the 
shrinkage kinetics of AAS are strongly influenced by the rearrangement 
and refinement of C-A-S-H gels under capillary pressure. Thus, struc-
tural changes in the gel at the nanoscale influence the deformations 
at the meso/macro scale. These nanoscale structural characteristics 
are largely determined by the compositional parameters of the gel 
(Ca/Si, Al/Si, Na/Si), which significantly influence gel stiffness and 
time-dependent behavior [16,58]. Isolating the specific contribution of 
gel compositional parameters to shrinkage behavior, therefore, requires 
controlling for pore structure variations.

In order to investigate the influence of gel chemistry on drying 
shrinkage, samples with comparable pore structures were identified 
and compared, ensuring that differences in shrinkage behavior could 
be attributed primarily to variations in gel characteristics. To enable a 
meaningful comparison of pore structure between different specimens, 
a criterion for comparable pore structure was established based on pore 
volumes obtained from MIP. Specifically, the pore volumes within two 
diameter ranges (2.5–10 nm and 10–58 nm) were calculated from the 
pore-size distribution. These ranges encompass both small gel pores and 
medium-sized capillary pores, which are known to play a key role in 
driving drying-induced deformation [59,60]. Two mixtures were con-
sidered to have comparable pore structures only when the difference in 
pore volume was less than 4.0% in both ranges simultaneously. If this 
condition was not satisfied in either range, the pore structures were not 
classified as comparable. Based on the above comparisons, two pairs 
of samples, namely S100N4T3 and S70N4T14 (named as Pair-1 in this 
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Table 4
Calculated inflection point and stage boundaries for the shrinkage to mass-loss datasets for S70N5 and S50N5.
 Parameters S70N5 S50N5

 T3 T7 T14 T28 T3 T7 T14 T28

 Inflection 𝑚0 1.28 0.95 0.97 1.17 2.23 1.76 1.04 2.05
 point 𝜖0 4466.69 3376.81 2869.96 2664.73 5394.94 3677.92 2012.58 2167.07

 Slope Stage 1 (𝛩1) 1332.07 1428.24 992.11 467.60 1824.52 816.58 801.39 177.82
 Stage 2 (𝛩2) 6122.01 5851.69 5361.01 4795.71 3891.29 3158.76 2554.71 1688.30
 Stage 3 (𝛩3) 1729.97 1644.45 1829.01 1517.00 880.36 773.15 639.51 672.62

 Stage Stage 1-2 (𝑚12) 0.70 0.50 0.53 0.68 1.48 0.80 0.36 0.85
 boundaries Stage 1-3 (𝑚13) 1.80 1.32 1.27 1.48 3.29 2.73 2.07 2.88
 𝑚𝑚𝑎𝑥 3.16 2.60 2.27 2.60 6.22 5.72 5.25 6.22
 𝜖𝑚𝑎𝑥 10015.51 7692.63 6356.83 5857.62 12142.52 9072.68 6706.90 5825.35
 𝑚12∕𝑚𝑚𝑎𝑥 0.22 0.19 0.23 0.26 0.24 0.14 0.07 0.14
 𝑚23∕𝑚𝑚𝑎𝑥 0.57 0.51 0.56 0.57 0.53 0.48 0.39 0.46

article), as well as S70N4T7 and S50N5T3 (named as Pair-2 in this 
article), showed comparable pore structures, with similar differential 
pore size distribution curves (as shown in Fig.  14 (a1, a2) and (b1, 
b2). By ensuring similarity in pore size distribution within these critical 
ranges, the influence of pore structure on shrinkage can be effectively 
controlled. However, due to the inherent pressure limitations and tech-
nical constraints of the MIP technique, specifically the ’ink-bottle’, some 
pores within the 2.5–10 nm range, and particularly those smaller than 
2.5 nm, cannot be fully intruded by mercury, thus posing challenges 
in capturing the full distribution of finer pores [61,62]. Notably, the 
MIP data presented here are intended for comparative analysis between 
samples rather than an absolute pore characterization. Pores falling 
below the 2.5 nm threshold are excluded from the comparison criteria 
of the comparable pore structure, as they typically correspond to the 
interlayer spacing of the gel phase. Such dimensions are considered 
inherent characteristics of the C-N-A-S-H gel rather than the capillary 
pore network. Hence, pore sizes below 2.5 nm are considered part 
of the gel characteristics in this work. Consequently, the observed 
differences in shrinkage and mass loss behavior of the samples can be 
attributed to variations in the composition and structure of their gel 
phases [14].

Despite the similarities in pore characteristics, the comparable sam-
ples showed significantly different drying shrinkage and mass loss 
behaviors (Fig.  15). Over the 365-day exposure period, S100N4T3 
exhibits considerably greater drying shrinkage but lower weight loss 
compared to S70N4T14. In contrast, S50N5T3 shows both higher dry-
ing shrinkage and greater weight loss than S70N4T7. These findings are 
consistent with previous literature, which reports that drying shrinkage 
and mass loss do not necessarily correlate [34].

To better understand the underlying mechanisms of drying shrink-
age and mass loss behavior, the selected specimens were analyzed 
using SEM-EDS. Representative SEM micrographs of these specimens 
are presented in Fig.  16, and Table  5 presents the corresponding 
average elemental ratios (Ca/Si, Al/Si, Na/Si) and the estimated vol-
umes of the reaction products. These compositional parameters are 
selected due to their direct influence on gel nanostructure [40,41] 
which in turn, governs drying shrinkage behavior. Notably, the pore 
structure and SEM-EDS analyses presented in this study correspond 
to a specific age prior to drying exposure and therefore reflect the 
initial microstructure and gel composition at the onset of drying. The 
comparisons made between selected mixtures with comparable pore 
structures are intended to isolate the influence of gel composition on 
shrinkage behavior at early ages, particularly in terms of shrinkage 
rate immediately after exposure. However, both pore structure and gel 
composition are expected to evolve with ongoing reaction and drying. 
Therefore, the interpretation of gel chemistry effects based on SEM-EDS 
is limited to the shrinkage rate just after exposure to drying conditions 
and not for long-term drying shrinkage.

As shown in Table  5, specimens in Pair 1 and Pair 2 show no-
table differences in Ca/Si and Na/Si ratios. However, the Al/Si ratio 

remains relatively consistent. The measured elemental ratios, showing 
Ca/(Si+Al) ratios below 1.2 (Table  5), suggest the development of C-
(N)-A-S-H gel phases in the samples [63–65]. This interpretation aligns 
with EDS findings reported in previous studies on AAS and GGBS-
blended pastes [66–70]. Moreover, a general comparison of samples in 
Table  5 indicates that samples with higher GGBS content tend to form a 
greater quantity of reaction products, regardless of curing time or alkali 
content. This is particularly evident in S100N4T3, which exhibits the 
highest reaction product content at approximately 70%. As explained 
earlier, the higher formation of reaction products in GGBS-rich samples 
is mainly due to the high reactivity and calcium availability of GGBS, 
which promotes more extensive gel formation [38].

Fig.  17 illustrates the atomic ratios of Ca/Si and Na/Si obtained 
through SEM-EDS for selected comparable samples. A comparison be-
tween the specimens of Pair 1 (S100N4T3 vs. S70N4T14) reveals that 
gels in S100N4T3 have a higher mean Ca/Si ratio (1.06) compared 
to S70N4T14 (Ca/Si = 0.88). This higher Ca/Si ratio enhances the 
water-retaining capacity, which results in the reduced moisture loss as 
observed in S100N4T3 (Fig.  15) [42]. Moreover, the greater quantity 
of reaction products formed in this sample contributes to lower mass 
loss [23]. However, the higher drying shrinkage observed in S100N4T3 
(Fig.  15) can be linked to the high Na/Si ratio of this sample (Fig. 
17). C-(N)-A-S-H gels with higher Na/Si ratios tend to exhibit increased 
drying shrinkage due to their lower degree of polymerization, shorter 
silicate chain lengths, and greater interlayer spacing [63]. Similarly, 
the structural incorporation of alkali (Na and K) cations into C-A-S-H 
gels has also been shown to disrupt the stacking regularity of the gel 
layers, thereby making the network more susceptible to collapse and 
redistribution during drying [10,15]. Hence, the extra alkalis in the 
composition of the reaction products negatively influence the shrinkage 
behavior [34] by changing the nanostructure of gels. A similar behavior 
is observed in the specimens of Pair 2, S70N4T7 and S50N5T3, when 
comparing their shrinkage and mass loss behavior (Fig.  15) with their 
compositional characteristics (Table  5). Although both mixtures present 
comparable pore sizes, S70N4T7 demonstrates a lower degree of mass 
loss, which is likely associated with its higher Ca/Si ratio and the 
increased formation of reaction products. Furthermore, the decreased 
shrinkage rate observed in S70N4T7 may be attributed to its lower 
Na/Si ratio compared to S50N5T3. These findings further confirm the 
influence of the Ca/Si ratio and reaction product content on water 
retention capacity and the role of the Na/Si ratio in shrinkage suscepti-
bility. Moreover, as the Al/Si ratio is almost comparable among samples 
(Table  5), no significant differences in the formation of Al-containing 
secondary phases are expected, and the extent of Al incorporation into 
the gel network is likely comparable across the samples [71].

In summary, this comprehensive study advances the understanding 
of drying shrinkage in AAMs by systematically evaluating the effects of 
mix-design parameters, initial sealed curing duration, and pore struc-
ture, and further decouples it to understand the effect of gel chemistry 
on long-term shrinkage measurements. The long-term measurements 
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Fig. 14. Differential pore size distribution (a1 and b1) and corresponding specific pore volume within pore diameter ranges (a2 and b2) for two comparable 
sample pairs: S100N4T3 vs. S70N4T14 and S70N4T7 vs. S50N5T3.

Fig. 15. Differential pore size distribution (a1 and b1) and corresponding specific pore volume within pore diameter ranges (a2 and b2) for two comparable 
sample pairs: S100N4T3 vs. S70N4T14 and S70N4T7 vs. S50N5T3.

reveal that the kinetics and magnitude of shrinkage are strongly in-
fluenced by early-age exposure conditions. Crucially, it resolves the 

discrepancy in the current literature regarding which mix formulation 
exhibits the highest susceptibility to long-term shrinkage [29–31]. If the 
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Fig. 16. SEM micrographs of selected samples (a) S100N4T3, (b) S70N4T14, (c) S70N4T7, and (d) S50N5T3, highlighting differences in microstructural 
compactness, unreacted GGBS and FA particles, and the presence of pores and microcracks..

Table 5
Mean atomic ratios and amount of reaction products.
 Pair Sample name Ca/Si Al/Si Na/Si Ca/(Si+Al) Amount of reaction products (%) 
 Pair 1 S100N4T3 1.06 0.30 0.34 0.81 70.1  
 S70N4T14 0.89 0.31 0.24 0.68 59.5  
 Pair 2 S70N4T7 0.87 0.31 0.26 0.67 55.3  
 S50N5T3 0.71 0.30 0.30 0.55 33.1  
*Values were calculated using a 10% trimmed mean to reduce the influence of outliers (5% of values removed from each end of the data 
distribution).

Fig. 17. Atomic Ca/Si and Na/Si ratios obtained from SEM-EDS analysis for (a) Pair 1: S100N4T3 vs. S70N4T14 and (b) Pair 2: S70N4T7 vs. S50N5T3.

AAMs are cured for shorter durations (such as 3 days) before exposure 
to driving environments, AAMs with higher FA content will be more 
prone to shrinkage; in contrast, if cured for a sufficient duration (such 
as 28 days), AAMs with higher GGBS content will result in the higher 
shrinkage strains. Long-term measurements are crucial, specifically for 
mixes with higher GGBS content, which show slower shrinkage kinetics 
and shrinkage could only reach 53%–67% (in 60 days) of the final 
shrinkage after 1 year.

Beyond resolving the role of curing duration and mix composition, 
this study clarifies the role of compositional parameters (Ca/Si, Al/Si, 
and Na/Si ratios) on shrinkage behavior, as these parameters influence 
shrinkage through two interrelated pathways: modification of pore 

structure and alteration of gel nanostructure. By identifying sample 
pairs with comparable pore structures but differing gel compositions, 
this work isolated the gel-controlled mechanism and demonstrates that 
the Na/Si ratio of the gels within the microstructure is a key param-
eter influencing shrinkage susceptibility independent of pore structure 
effects. While higher Ca/Si ratios improved water retention and pore re-
finement, the accompanying increase in Na/Si ratio increases shrinkage 
susceptibility through gel-level mechanisms. While the present study 
provides insights into the influence of mix design, curing conditions, 
and gel characteristics on the long-term drying shrinkage of AAMs, a 
more detailed understanding of the underlying mechanisms, particu-
larly the transition between early-age and late-age shrinkage behavior, 
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requires further investigation. Specifically, the relative contributions 
of capillary stresses, disjoining pressure, and gel-level deformation 
need to be clearly understood. In addition, although SEM-EDS enables 
targeted characterization of gel composition within selected regions, 
a more comprehensive understanding of the aluminosilicate network 
connectivity would benefit from advanced structural characterization 
techniques such as Si and Al- NMR. Since in the current study, MIP is 
used to quantify the pore structure of the AAMs, which has limitations 
due to the ink bottle effect, and for quantifying pores below 2.5 nm. 
Hence, nitrogen sorption and proton NMR should be explored to better 
capture the pore structure of the AAMs. Such an approach would enable 
a more rigorous identification of the dominant driving mechanisms at 
different stages of drying and provide a deeper mechanistic framework 
for predicting long-term shrinkage in AAMs. This improved understand-
ing will also help development of multiphysics models incorporating 
moisture transport, capillary stress evolution, and gel-level deformation 
to be calibrated and validated.

5. Conclusions

In this work, a comprehensive set of dedicated experiments has been 
performed to study the drying shrinkage behaviors of AAMs. This study 
highlights the effect of the mix design parameters of AAMs, such as the 
GGBS/FA ratio, alkali content, and curing conditions, on the long-term 
drying shrinkage and its kinetics. Further, the pore structures of various 
AAM specimens were analyzed to identify those with similar pore 
structures, enabling a focused examination of how gel characteristics 
affect drying shrinkage. The major conclusions from the current study 
are as follows:

(1) For all the mixes of AAMs used in the current study, a higher initial 
sealed curing time has drastically reduced drying shrinkage. How-
ever, the standard 60-day exposure period captured only 53%–66% 
of the one-year shrinkage in specimens cured for 28 days, demon-
strating that short-term measurements alone are insufficient for 
evaluating the long-term shrinkage behavior specifically for AAMs.

(2) At early ages (short curing durations), shrinkage is primarily con-
trolled by microstructural resistance. Mixtures with higher FA con-
tent exhibit up to 12870 μm∕m shrinkage due to their relatively 
weak and porous microstructure. Conversely, after 28 days of 
curing, the trend reversed, and the 100% GGBS mix (S100N4) 
exhibited higher drying shrinkage than the 50% FA mix (S50N4), 
due to its extremely fine pore structure, which generated high 
capillary stresses.

(3) Due to more extensive geopolymerization reaction which increases 
the amount of reaction products, mixes with higher alkali content 
have mitigated shrinkage across different blends; for instance, one-
year shrinkage decreased from 10,500 μm∕m to 9500 μm∕m for S70 
mixes and from 12,500 μm∕m to 11,500 μm∕m for S50 mixes.

(4) Higher FA or alkali content in AAMs both lead to faster shrinkage 
kinetics. Consequently, these mixes exhibit rapid attainment of the 
ultimate shrinkage strain, reaching that state in a shorter timeframe 
than mixes with lower FA and alkali content. Specifically, the 
normalized shrinkage strain at 60 days for the S50N4 mix exposed 
at 3 days was 0.79, compared to 0.67 for the S100N4 mix under 
the same conditions.

(5) Shrinkage and mass loss curves for all the specimens do not follow 
a linear relationship but reflect an S-curve relationship where the 
shrinkage and mass loss occur in three stages. AAMs with higher 
GGBS and higher alkali show a steeper slope in the shrinkage and 
mass loss curves, indicating greater shrinkage and lower water loss 
due to the greater amount of bound water in similar conditions. 
The transition between different stages varies significantly with the 
mix design, normalized mass loss stage limits range from 0.06–0.46 
(Stage 1–2) and 0.39–0.91 (Stage 2–3).

(6) By isolating samples with comparable pore structures, it was de-
termined that gel chemistry directly dictates volumetric stability: 
a higher mean Ca/Si ratio (1.06 vs 0.88) and a larger volume 
of reaction products (70.1% vs 59.5%) improved water retention 
and reduced mass loss. However, an increased Na/Si ratio (0.34 vs 
0.24) was found to disrupt the C-(N)-A-S-H gel network, increasing 
susceptibility to drying shrinkage regardless of pore refinement. 
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Appendix 6

6.1. Determination of inflection point and stage boundaries by tangent 
intersection

To calculate the inflection point for the S- curve between the mass-
loss (𝑚) and the shrinkage strain (𝜖), a four-parameter Boltzmann 
(logistic) function was fitted to each dataset. 

𝜖 = 𝐴2 +
𝐴1 − 𝐴2

1 + 𝑒(𝑚−𝑚0)∕𝑑𝑚
(9)

where (𝐴1) and (𝐴2) are upper and lower asymptotes, (𝑚0) is the 
inflection abscissa, and (𝑑𝑚) controls the slope width. The inflection 
point is analytically at (𝑚 = 𝑚0); its ordinate is (𝜖). The tangent (Stage 
2 line) at the inflection has slope (𝛩2): 

𝛩2 = −
𝐴1 − 𝐴2
4, 𝑑𝑚

(10)

The tangent line (𝐿2) is derived from the inflection point and slope 
(𝛩2). For the stage 1 and stage 3 baseline segments (𝐿1 and 𝐿3), simple 
linear regressions were defined by the first three and last three observed 
points, respectively. These calculations will provide three tangent lines 
(one for each stage). Stage boundaries are estimated from intersection 
points of the 𝐿1, 𝐿2, and 𝐿3.
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