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A B S T R A C T

Current demand for highly sustainable concrete, e.g. alkali-activated fly ash-slag (AAFS) concrete, urges un-
derstanding the links between microstructure and micromechanical properties of this binder. This paper presents
a systematic investigation into the microstructure and micromechanical properties of AAFS paste from nano-
scale to micro-scale. Nanoindentation was used to evaluate the micromechanical properties, while the micro-
structure was characterised using 29Si nuclear magnetic resonance, Fourier transform infrared spectroscopy,
backscattered electron microscopy, and mercury intrusion porosimetry. The results indicate that N-A-S-H gels
have a relatively low elastic modulus due to their high level of structural disorder and gel porosity, while the C-
A-S-H gels and N-C-A-S-H gels with a low level of structural disorder and gel porosity have a relatively high
elastic modulus. The elasticity of reaction products and their relative volumetric proportions mainly determine
the macroscopic elasticity of AAFS paste, while the porosity and pore size distribution primarily condition its
macroscopic strength.

1. Introduction

Alkali-activated materials (AAM), manufactured through the reac-
tion of alkaline activator with aluminosilicate precursors, have been
regarded as an environmentally friendly alternative to Portland cement
(PC) because of the low CO2 emission and the low consumption of
natural resources [1–3]. Although AAM exhibits comparable en-
gineering properties to PC, some critical issues have emerged in the
commonly used AAM, e.g. alkali-activated fly ash (AAF) and alkali-
activated slag (AAS). For instance, AAF requires rigorous curing con-
ditions with elevated temperature (60– 85 °C) to gain early-age
strength, whereas AAS has some drawbacks including poor workability
and quick setting [4–6]. To conquer these limitations, recent develop-
ments in the field of AAM have led to an increasing interest in the
blended AAM, called alkali-activated fly ash-slag (AAFS), which can
achieve the desired engineering properties under ambient curing con-
ditions [6–8].

Until now, most studies of AAFS have concentrated on the chem-
istry, microstructure, and macro-scale properties, e.g. mechanical
properties and durability. It was reported that the chemical reaction of
AAFS would lead to the generation of tetracoordinate Al charge-ba-
lanced by Na and reaction products in the Na2O-CaO-Al2O3-SiO2

system, containing N-A-S-H gels, C-A-S-H gels and N-C-A-S-H gels [9].
The N-A-S-H type gel is mainly generated from the reaction of fly ash,
which has a stable three-dimensional structure, enhancing the long-

term durability [10,11]. The C-A-S-H type gel produced from the acti-
vation of slag is expected to promote the development of mechanical
strength [12]. The N-C-A-S-H type gel is generated through the in-
corporation of Ca released from slag into the N-A-S-H type gel, which
has comparable structural features to C-A-S-H type gel [9]. Ad-
ditionally, the chemical interaction between fly ash and slag takes place
during the reaction of AAFS [7,13,14]. The interaction mechanism can
be mainly demonstrated as: (1) modifying the nanostructure and che-
mical composition of different reaction products, (2) triggering or
suppressing the formation of crystalline phases within reaction pro-
ducts, and (3) homogenising the chemical composition and micro-
structure [13]. Furthermore, the microstructure and mechanical prop-
erties of AAFS are strongly dependent on various factors including the
relative amount of fly ash and slag [15,16], and activator type and
concentration [17–19]. The AAFS mixture with a high slag content
shows a high reaction rate and a dense microstructure due to the so-
luble Ca from slag, which would promote the generation of C-A-S-H gels
and result in a quicker setting as well as a higher strength than the
mixture with a low slag content [20,21]. Nevertheless, more cross-
linked binders with durable solid microstructure can be obtained in the
mixture with a high fly ash content, attributing to the formation of N-A-
S-H gels [9]. Regarding the effect of activator types, it was found that
the AAFS mixture activated by a blend of sodium hydroxide (SH) so-
lution and sodium silicate (SS) solution achieves a higher strength than
that activated by SH or SS solution alone [19].
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The microstructure evolution and development of mechanical
properties of AAFS mixtures at micro-scale and macro-scale are highly
related to the reaction kinetics and formation of reaction products [6].
A good understanding of these relations would bring a deeper insight
into the formation and development of microstructure and micro-
mechanical properties, e.g. elastic modulus and hardness [22,23]. The
elastic modulus is related to stiffness, while the hardness is associated
with mechanical strength [24]. Therefore, it is vital to investigate the
relationship between microstructure and micromechanical properties in
AAFS paste.

The micromechanical properties of component phases in PC paste
have been usually explored with the assistance of nanoindentation
technique [25–27]. Two distinct types of C-S-H gels, i.e. a high-density
type and a low-density type, were demonstrated from a micro-
mechanical point of view [28]. It was reported that the micro-
mechanical properties of C-S-H gels are intrinsic material properties
and would not be affected by the PC mix proportions. The volume
fraction of these two C-S-H gels dominates the macroscopic mechanical
properties of PC mixtures [26]. Recently, several attempts have been
made to investigate the micromechanical properties of AAF and AAS.
Three distinct phases including reaction products, residual fly ash
particles and pores can be identified in AAF. The residual fly ash par-
ticles have the highest elastic modulus and hardness, followed by re-
action products (N-A-S-H gels) and pores [29–32]. The elastic modulus
of N-A-S-H gels in AAF is stable at around 16– 18 GPa, independent of
the curing procedure and the molar ratio of alkaline activator [29–31].
In regard to AAS, the unreacted slag exhibits the highest hardness and
elastic modulus, attributing to the crystalline impurities [12,23]. The
hardness and elastic modulus of reaction products in SS-activated slag
are 2.5 GPa and 30 GPa, respectively, which are higher than that in SH-
activated slag with hardness of 1 GPa and elastic modulus of 25 GPa
[23]. The micromechanical properties of reaction products in SH-acti-
vated slag are dependent on the activator molarity, while those in SS-
activated slag are slightly improved with increasing silica modulus
[23].

Although these studies have provided some valuable information on
the mechanical properties of sole AAM, the existing knowledge is often
limited to a micromechanics viewpoint and the relationships between
microstructure and micromechanical properties have been rarely ad-
dressed in previous studies. Characterising the microstructure and mi-
cromechanical properties at multiscale from nano-scale to micro-scale
would enable us to build a link between chemistry and properties,
bringing new insights into the development of mechanical properties of
AAM. Moreover, the existing research on micromechanical properties of

the blended AAM (i.e. AAFS) is limited to the analysis of carbonation
effects on its elastic modulus [33]. Up to now, a systematic under-
standing of the microstructure and micromechanical properties of in-
dividual phases within AAFS and the corresponding relationship with
the macro-scale mechanical properties is still lacking.

To fill in the gap of knowledge, this paper aims at investigating the
microstructure and micromechanical properties of AAFS paste at mul-
tiple scales from nano-scale to micro-scale. The features of AAFS paste
are clarified according to three multiple length scales, including Level 0
(solid gel particle: 1 nm ~ 10 nm), Level I (gel matrix: 10 nm ~ 1 μm),
and Level II (paste: 1 μm ~ 100 μm). The microstructure from Level 0 to
Level II is systematically characterised using 29Si nuclear magnetic re-
sonance (NMR), Fourier transform infrared spectroscopy (FTIR), back-
scattered electron microscopy (BSEM), and mercury intrusion por-
osimetry (MIP). The micromechanical properties of gel matrix (Level I)
including the elastic modulus and hardness are measured by means of
nanoindentation. Finally, the effective mechanical properties of AAFS
paste (Level II) are determined based on the self-consistent continuum
micromechanics model.

2. Multiscale micromechanical analysis of AAFS paste

From the chemical reaction that occurs in AAFS paste, it is readily
understood that the hardened AAFS paste is a multiphase composite
material consisting of reaction products, unreacted particles and pores.
The most prominent feature of this heterogeneous material is its wide-
scale microstructure from nano-scale to micro-scale. To make a com-
prehensive characterisation of micromechanical properties, it is vital to
separate the different microstructural features based on their length
scales.

2.1. Multiscale characterisation of AAFS paste

Informed by the multiscale structure of AAFS paste and the micro-
mechanical multiscale model of cement paste and AAM developed by
other researchers [22,26,34,35], a schematic diagram for the multiscale
micromechanical analysis of AAFS paste is shown in Fig. 1, where the
transmission electron microscope (TEM) and scanning electron micro-
scope (SEM) images were obtained from the literature [20,36]. The
multiscale features of AAFS paste were identified based on three mul-
tiple length scales: Level 0, Level I, and Level II.

2.1.1. Level 0 (L = 1 nm ~ 10 nm): Solid gel particle
Level 0 defines the length scale referred to the solid gel particles

Fig. 1. Schematic diagram of multiscale micromechanical analysis of AAFS paste (TEM/SEM images obtained from [20,36]).
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which are the elementary components of the crystal or amorphous
structures of the phases [37]. In AAFS, alkali aluminosilicate (N-A-S-H)
gel and calcium aluminosilicate hydrate (C-A-S-H) gel are the two main
reaction products [9]. The N-A-S-H gel with a highly cross-linked dis-
ordered structure is generated from the reaction of fly ash, which has a
three-dimensional framework of SiO4 and AlO4 tetrahedra linked
through shared O atoms [38]. According to NMR analysis, N-A-S-H gel
has considerable content of Q4(mAl) sites, where the distribution of m
values depends on the Si/Al ratio of the reactive component of fly ash
and the content of Si supplied from the activator [39]. It was found that
the N-A-S-H gel structure is closely related to a disordered zeolite-like
structure, which has a length scale of ~8–10 nm [40].

Regarding C-A-S-H gel, it consists of tetrahedrally coordinated sili-
cate chains with a dreierkette structure, where each chain is composed
of (3n−1) tetrahedra, similar to the C-S-H gel in PC paste [41].
Nevertheless, the chain length of C-A-S-H gel (up to 13 tetrahedra) is
longer than that of C-S-H gel (three to five tetrahedra) [12]. It was
reported that the structure of C-A-S-H gel is indicative of the co-ex-
istence of tobermorite 1.1 nm and tobermorite 1.4 nm [12]. Moreover,
the hybrid solid gel called N-C-A-S-H can also be identified, as part of
Na in N-A-S-H gel is replaced by the Ca released from slag [9]. The Ca-
substituted N-A-S-H gel (N-C-A-S-H gel) may have a mineral feature
between N-A-S-H gel and C-A-S-H gel, which retains the original 3D
aluminosilicate framework structure but tends to have a similar com-
position with C-A-S-H gel [36].

Furthermore, the secondary products such as crystalline zeolites and
hydrotalcite phases are also generated with the formation of main re-
action products [39]. Zeolites are crystalline hydrated aluminosilicates,
consisting of SiO4 and AlO4 tetrahedra linked through O atom [42],
while the hydrotalcite phase exhibits a layered double hydroxide
structure, where the interlayer region contains CO3

2−ions and water
molecules [43]. However, it should be noted that the content of crys-
talline zeolites and hydrotalcite phases is extremely low in AAFS
(normally< 5% by mass of binder) [13,44]. For instance, the pre-
cipitation of zeolite-type phases in AAFS is suppressed due to the pre-
sence of slag, while the Ca released from slag would react with N-A-S-H
gel to form N-C-A-S-H gel, leading to a heterogeneous chemical dis-
tribution and inhibiting zeolite crystallization [13]. In comparison, the
main reaction products (i.e. N-A-S-H gel, N-C-A-S-H gel and C-A-S-H
gel) dominate the AAFS paste (normally over 90% by mass of binder)
[13]. The macroscopic mechanical properties of AAFS paste are ex-
pected to be governed by the micromechanical properties of main re-
action products. Therefore, the micromechanical properties of these
main reaction products are mainly discussed here.

The microstructural analysis above indicates that the size of solid
gel particles of main reaction products is in the range of 1 nm ~ 10 nm,
which is therefore considered as the characteristic size of Level 0 in this
study.

2.1.2. Level I (L = 10 nm ~ 1 μm): Gel matrix
Level I represents the length scale corresponding to the generation

of gel matrix which is agglomerated by the solid gel particles (with
length scale of 1 nm ~ 10 nm) along with the presence of gel pores with
the size ranging from 2 nm to 50 nm. According to the authors' previous
study [45] and literature [46], the gel pores formed in interstices be-
tween solid gel particles can be identified in AAFS paste. During the

alkaline activation of AAFS, the solid gel particles would appear and
aggregate into clusters with the presence of gel pores. The agglomera-
tion of these solid gel particles would create the gel-like matrix with a
scale of tens to hundreds nanometre [22]. Accordingly, the length scale
of Level I is set in the range of 10 nm ~ 1 μm.

2.1.3. Level II (L = 1 μm ~ 100 μm): Paste
Level II denotes the length scale at paste level, which correlates to

the AAFS paste consisting of the gel matrix from Level I (with length
scale of 10 nm ~ 1 μm), capillary pores and unreacted fly ash and slag
particles. The capillary pores remain in the originally liquid-filled
spaces with the size ranging from 10 nm to 1 μm in AAFS paste, as
reported in the authors' previous research [45] and literature [46]. In
addition, it was observed that the particle sizes of fly ash and slag cover
the range between 1 μm and 100 μm [47]. Therefore, the length scale of
Level II is set in the range of 1– 100 μm considering the microstructural
features at this level.

2.2. Microstructure-mechanical property relationships in AAFS paste at
various length scales

The information about micromechanical properties would help us
establish the links between microstructure and mechanical properties,
offering a deeper insight into the influence of different phases on
overall mechanical properties of AAFS paste [22,48]. To date, the
smallest material length scale that can be accessed by nanoindentation
test is gel matrix at Level I [28,49]. By assuming that each na-
noindentation test serves for a single phase in the material, the effective
elastic modulus of AAFS paste can be estimated using the self-consistent
continuum micromechanics models [50]. It was indicated that the
predicted effective elastic modulus agrees well with the macroscopic
elastic modulus obtained from experiments, e.g. ultrasonic pulse velo-
city and resonant frequency tests [51,52]. This suggests that the mi-
cromechanical properties in relation to the length scale of level I (gel
matrix) can be utilized to evaluate the effective properties at paste level
(Level II) [53]. Moreover, the micromechanical properties of gel matrix
at level I can also be downscaled to understand the chemical and
physical characteristics of solid gel particles at level 0 [22].

3. Experimental program

3.1. Raw materials

In this study, low-calcium fly ash and ground granulated blast-fur-
nace slag were used as precursors (P), the chemical composition and the
average particle size of which are presented in Table 1. Based on the
authors' previous study [21], a mixture of SH solution with molarity of
10 and SS solution with modulus (molar ratio of [SiO2]/[Na2O]) of 2.0
was used as the alkaline activator (AL) for AAFS mixtures which can
meet the performance criteria of workability [54], setting time [55] and
compressive strength [56]. The SH solution consists of 30.55 wt%
NaOH and 69.45 wt% H2O, while the SS solution is composed of
30.71 wt% SiO2, 15.36 wt% Na2O and 53.93 wt% H2O. To adjust the
workability of AAFS paste, the modified polycarboxylate-based super-
plasticizer (SP) (Sika®ViscoFlow®2000, Sika, UK) was applied as the
admixture, which can help effectively increase the workability of AAFS

Table 1
Chemical composition and particle size of fly ash (FA) and ground granulated blast-furnace slag (GGBS).

Oxide (wt%) Average particle size (μm)

SiO2 Al2O3 Fe2O3 CaO K2O MgO TiO2 Na2O SO3 P2O5

FA 55.76 30.22 3.56 2.33 0.91 0.46 1.72 0.40 0.79 0.27 19.06
GGBS 33.22 13.49 0.40 41.57 0.64 7.04 0.50 0.34 2.14 – 18.98
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paste by around 30% with the addition of 1 wt% [57]. The specific
densities of these raw materials are presented in Table 2.

3.2. Mix proportion and sample preparation

The mix proportion of AAFS paste used in this study was determined
according to the authors' previous research [21] and the literature
[15,57,58]. The replacement ratio of slag for fly ash was 25 wt%, while
the mass ratios of AL/P, SS/SH and SP/P were set as 0.45, 2.0 and 0.01,
respectively. In addition, the liquid/solid (L/S) ratio was set as 0.23,
where the liquid (L) denotes the water content in SS and SH, while the
solid (S) includes the content of P and the solid content in SS and SH.
Accordingly, the mixture quantity of AAFS paste was calculated as
shown in Table 3. The mixtures with selected proportion can achieve a
desired performance in terms of acceptable workability (i.e. minimum
slump value of 90 according to [54]), suitable setting time (i.e.
minimum initial setting time of 60 min according to BS EN 197–1:2011
[55]), and high compressive strength (i.e. minimum 28-d compressive
strength of 35 MPa according to BS EN 206:2013 + A1:2016 [56]).

The mixing process of AAFS paste started from the dry mixing of fly
ash and slag for the first 2 min and continued for another 3 min along
with the addition of alkaline solution (SS and SH) and SP. The fresh
paste was then cast into the cube moulds with a size of 20 mm.
Afterwards, the moulds were put on the vibrating table for around
2 min and sealed by the plastic sheet for 24 h in room temperature
(20 ± 2 °C). Finally, the samples were demoulded and placed in a
curing room (20 ± 2 °C, 95% RH) until the testing ages of 1, 3, 7 and
28 d were achieved.

At each curing age, the samples were cut into smaller specimens
with a size of 2 × 20 × 20 mm by a low-speed diamond saw. The
specimens were stored in the isopropanol solution to stop the hydration
of binder for 2 d. The isopropanol solution has been demonstrated as a
promising organic solvent to remove the free water inside the compo-
site material without significant influences on its microstructure
[59,60]. After that, the specimens were stored in the vacuum drying
dish for at least 2 d to dry the specimen up and stop the potential
carbonation.

Finally, the specimens were further prepared to fulfil the requirement
of different tests. For the 29Si NMR, XRD and FTIR tests, the specimens
were ground into powder using agate mortar to pass through 63-μm
sieve. For the MIP tests, the specimens were cut into smaller pieces with a
size of about 2–5 mm. For the BSEM and nanoindentation tests, the
specimens should be well-polished to provide a smooth and flat surface.
More details about the sample preparation for the BSEM and na-
noindentation tests can be found in the authors' previous study [61].

3.3. Testing methods

3.3.1. Nanostructure characterisation of solid gel particle
The nanostructure of solid gel particle was investigated by means of

29Si NMR, which has been widely applied to qualitatively and

quantitatively evaluate the nanostructure of AAM [11,62,63]. 29Si NMR
can reveal the silicate structure in binding gels, contributing to un-
derstanding the structural compositions of reaction products at na-
noscale [62]. Besides, the deconvolution of the obtained 29Si NMR
spectra provides a possible way for the quantitative analysis, bringing
further information on the nanostructure changes, chain length and
elements' ratios of binding gels [11,64]. Here, the solid-state 29Si NMR
instrument (BRUKER, AVANCE 400WB, Germany) was utilized to in-
vestigate the nanostructure of solid gel particles, using the 29Si re-
sonance frequency of 79.48 MHz and the spinning speed of 5 kHz. The
29Si NMR experiments applied a pulse length of 4.97 μs and a relaxation
delay of 5 s with 2048 scans.

3.3.2. Chemical composition characterisation of gel matrix
Since the main reaction products formed in AAFS paste belong to

the amorphous phase, the chemical composition of gel matrix was
characterised by means of FTIR. It was reported that the disorder phases
(amorphous phases) formed in AAFS paste can be well identified by
FTIR test [9]. Here, an FTIR instrument (Shimadzu, IRTracer-100,
Japan) with 16 times scanning from 4000 to 400 cm−1 and a resolution
of 4 cm−1 was used to characterise the gel matrices.

3.3.3. Microstructure characterisation of AAFS paste
BSEM test [65] and MIP test [66] were performed to investigate the

composition and distribution of solid phases and the pore structure of
AAFS paste, respectively. For the BSEM test, the ESEM instrument (FEI,
QUANTA FEG 450, USA) was used in this study, where the working
distance was set around 10 mm, while the acceleration voltage and spot
size were set as 15 kV and 6.0 nm, respectively. The used magnifica-
tions include 250× and 1000× and the image size was 1024 × 884
pixels. Regarding the MIP test, the MIP instrument (Micromeritics In-
strument Ltd., AutoPore IV 9500, USA) was used, where the pressure
between 0 and 420 MPa was applied. The surface tension of mercury
was set as 0.485 N/m, while the contact angle between mercury and
pore surface was set as 130° according to previous studies [67,68].

3.3.4. Micromechanical property tests
The surface topographic of polished specimens was measured using

atomic force microscopy (AFM) (Bruker, Dimension ICON, USA), in
order to make sure that the polished samples can fulfil the requirement
of nanoindentation test. The specimens were scanned under the
Peakforce mode to collect a topographic map. The scanning was oper-
ated with an engage setpoint of 0.85 V, a peak force amplitude of
300 mV and a scan rate of 1.0 Hz. The scanning size at the interface was
50 × 50 μm. The digital analysis was then conducted on each image to
obtain the roughness value. Here the root-mean-squared roughness
number (RMS) was used to describe the surface roughness [24,69]. The
RMS roughness of AAFS samples at different curing ages was calculated
and presented in Table 4.

The micromechanical properties of AAFS paste were characterised
with the help of nanoindentation, which is regarded as an effective
method to measure the local elastic modulus and hardness [70]. In this
study, the nanoindentation test instrument with a Berkovich indenter
tip (BRUKER, Hysitron TI 950, Germany) was used, which can achieve a
load resolution of 1 nN and a displacement resolution of 0.04 nm. The
nanoindentation test started from the loading increased at a constant
rate of 400 μN/s until the maximum load of 2 mN is reached. The
maximum load was set based on the average indentation depth of
300 nm. And then, the load at this maximum level was held for 2 s,

Table 2
Specific density (g/cm3) of different ingredients in AAFS paste.

FA GGBS SS SH SPs

Specific density 2.25 2.90 1.38 1.21 1.08

Table 3
Mixture quantity of AAFS paste.

FA GGBS SS SH SPs Total

Weight (g) 300 100 120 60 4 584
Volume (cm3) 133.33 34.48 86.95 49.59 3.70 308.05

Table 4
RMS roughness of AAFS paste at different curing ages.

1-d 3-d 7-d 28-d

RMS roughness (nm) 119 165 95.6 98.8
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followed by unloading at a constant rate of 400 μN/s. Here, the average
indentation depth (300 nm) was 2 times greater than the surface
roughness (around 100 nm), which allows avoiding the effect of
roughness on the measured properties (see Table 4).

The classical nanoindentation mode and grid nanoindentation mode
were applied in this work. Regarding the classical nanoindentation, for
each phase including unreacted fly ash, unreacted slag and reaction
products, 10 indentation tests were conducted on different locations in
each sample. In terms of grid nanoindentation, for each sample, 121
indentations were given on a grid of 100 × 100 μm with 10 μm space
between indents. Such space was 33 times larger than the indentation
depth, which should be sufficient to avoid the effects of interaction
microvolume during nanoindentation tests (normally about 3–5 times
the indentation depth [71]). The representative grid testing area is
shown in Fig. 2.

After testing, the load-displacement curves can be obtained. In ad-
dition, two basic mechanical properties, i.e. indentation modulus (M)
and hardness (H), can be calculated based on the load-displacement
curves [72,73], where M represents the elastic properties of the tested
material and indenter tip. The elastic modulus (E) of the tested material
can be calculated as follows [74]:

=E v
M

v
E

(1 ) 1 (1 )2 tip
2

tip

1

(1)

where Etip denotes the elastic modulus of indenter tip, v is the Poisson's
ratio of the tested material, and vtip is the Poisson's ratio of the indenter
tip.

The values of Etip and vtip of indenter tip used here are 1140 GPa and
0.07, respectively. The value of v for alkali-activated materials is nor-
mally in the range of 0.13 and 0.26 [75,76]. Since the change of v from
0.13 to 0.26 would not introduce significant errors to the results ac-
cording to Eq. (1), v was set as 0.2 in this study. Additionally, the bulk
modulus (K) and shear modulus (G) can be calculated as: =K E

v3(1 2 )

and = +G E
v2(1 ) , respectively.

4. Results

4.1. Nanostructure of solid gel particle

Qn(mAl) structural units are commonly used in 29Si NMR spectra to
identify the chemical environment of silicon tetrahedra of phases,
where n represents the number of oxygen bridges between each silicon
tetrahedral unit and other silicon atoms, and m is the number of alu-
minium tetrahedra taking place in bridging position [77]. As shown in
Fig. 3, Q0 unit represents the isolated silicon tetrahedron; Q1 unit

describes the silicon tetrahedron that only connects with another silicon
tetrahedron; while Q2 unit stands for the silicon tetrahedron connecting
to other two silicon tetrahedrons; Q3 unit denotes a silicon tetrahedron
that connects with other three tetrahedrons, having a chain branching,
double-chain polymerisation, or a layered structure; and Q4 unit re-
presents a silicon tetrahedron linking with other three tetrahedrons to
form a three-dimensional network [78]. The obtained spectra can be
deconvolved to make a quantitative analysis and explore the changes in
silicate structure of different reaction products [62]. Herein, the over-
lapped peaks were deconvolved using a statistical analysis software
called “PeakFit”, where the Gaussian line model was applied.

The 29Si NMR spectra of raw materials, i.e. fly ash and slag, were
presented and deconvolved in Fig. 4a and b. The spectrum of fly ash
shows an overlapped peak between −80 and − 120 ppm, indicating
the existence of different Q4 structures (see Fig. 4a). The overlapped
peak can be deconvolved into five Q4 structures of Q4(4Al) (−87 ppm),
Q4(3Al) (−95 ppm), Q4(2Al) (−103 ppm), Q4(1Al) (−110 ppm), and
Q4(0Al) (−116 ppm). Different types of Q4 structures can be attributed
to the presence of amorphous and crystalline phases [79]. Regarding
slag, only a broad peak between −55 and − 95 ppm can be found,
centred at around −75 ppm, which corresponds to the Q0 and Q1 sites,
implying the presence of high proportion of amorphous phase and low
content of crystalline phase (see Fig. 4b) [62].

Fig. 4c presents the 29Si NMR spectrum of AAFS paste, which was
deconvolved into serval peaks based on the information available for
AAFS [9,11,62], and the peak positions were held constant for all
mixtures. It should be noted that it is unlikely to separate the remnant
precursors (i.e. fly ash and slag) and reaction products in 29Si NMR
spectrum due to the presence of vitreous phases within precursors
which share the similar Qn(mAl) structural units with reaction pro-
ducts. Nevertheless, since the Q sites from the original precursors can
be assumed to be unchanged, the relative changes of Q sites at different
curing ages can be considered as the development of reaction products.
Using this observation, it is possible to characterise the evolution of
reaction products in the 29Si NMR spectrum. The deconvolution results
and relative quantification of all mixtures are summarised in Table 5.
The Al/Si ratios of N-A-S-H gels, N-C-A-S-H gels and C-A-S-H gels were
also calculated to evaluate the change in chemical composition of solid
gel particles [62,80]. Here, the AAFS mixture cured for 28 d is taken as
an example to identify different Qn(mAl) structural units in AAFS paste.
The spectrum exhibits a broad peak between −60 and − 90 ppm, re-
presenting a large amount of Q0, Q1 and Q2 sites from the initial slag
and the depolymerised reaction products. The wide coverage area with
a range of −90 and − 120 ppm corresponds to the Q4 sites, which are
mainly obtained from fly ash and its highly polymerised reaction pro-
ducts. More specifically, The peak at −74 ppm is associated with the Q0

Fig. 2. Schematic illustration of the indented area.

G. Fang and M. Zhang Cement and Concrete Research 135 (2020) 106141

5



site, indicating the presence of unaltered crystalline phases (i.e. mer-
winite and melilite) in the original slag [62,81,82]. The Q1 site located
at −77 ppm is assigned to the end of chain silicate tetrahedral within C-
A-S-H gels [62]. The Q2(1Al) site located at −83 ppm is corresponding
to the middle-of-chain silicate within C-A-S-H gels [83]. The peak at
−88 ppm refers to the Q3(1Al) and Q4(4Al) sites due to the overlapping
of resonances within this region [84], which is assigned to the coex-
istence of C-A-S-H gels and N-A-S-H gels, presenting as a highly cross-
linked N-C-A-S-H gel [9,84]. Normally, Q3(1Al) site is related to the
alumina-modified C-S-H gels (C-A-S-H gels) [85], while Q4(4Al) site is
assigned to the Al-rich N-A-S-H gels [86]. Both peaks at −93
and − 97 ppm are denoted as Q4(3Al) and assigned to the Al-rich N-A-
S-H gels, which belong to the reactive and highly polymerised alumi-
nate phases [62]. The Q4(2Al) and Q4(1Al) sites represent the more
stable Si-rich N-A-S-H types gels, which are located at −103

and − 109 ppm, respectively [87]. Finally, The peak at −116 ppm is
associated with the Q4(0Al) site that corresponds to the presence of
crystalline phases including quartz, mullite and maghemite in the ori-
ginal fly ash [9,62,88].

The 29Si NMR spectra of AAFS pastes at different curing ages are
illustrated in Fig. 5. As the curing age increases from 1 d to 28 d, the
broad peak located at −84.23 ppm is slightly shifted to a higher value
(−85.67 ppm), whereas the broad band centred at −107.2 ppm is
slightly shifted to a lower value (−105.9 ppm). This indicates the in-
crease of polymerisation degree and cross-linking of gels over time.
More specifically, the Qn(mAl) structural units of different phases are
quantified and shown in Fig. 6 to further evaluate the nanostructure
change. It can be found that there is a relatively high amount of Q1 sites
(18.15%) within C-A-S-H gels at 1 d. As the reaction continues, it is
decreased significantly to 7.09% at 28 d, while the content of Q2(1Al)

Fig. 3. Structural schematic diagram of Qn in solid silicates (O(b) represents bridging oxygen).

Fig. 4. 29Si NMR spectra of (a) fly ash, (b) slag, and (c) AAFS paste (t = 28 d).
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sites is increased steadily from 25.41% to 28.06%. This is mainly be-
cause of the dissolution of more silicon and aluminium monomers from
fly ash and slag, which would enhance the gel polymerisation and lead
to the chain in C-A-S-H gels with more links. Additionally, with the
increase of curing age from 1 d to 28 d, an increase in the amount of
Q3(1Al) and Q4(4Al) sites from 11.14% to 14.57% can also be observed,
which indicates a higher degree of polymerisation and cross-linking

within N-C-A-S-H gels at later curing ages. Moreover, the polymerisa-
tion degree of N-A-S-H gels is also improved with the increase of curing
age. The amount of Q4(3Al) sites and Q4(1Al) sites increases from
11.90% (1 d) to 15.76% (28 d) and from 14.87% (1 d) to 17.17%
(28 d), respectively, while the Q4(2Al) sites remain stable at around 9%
during curing process. The content of Q0 sites in unreacted slag is stable
at around 3.2% at different curing ages, which is related to the presence
of unaltered phases (i.e. crystalline phases) in the original slag.
Nevertheless, the content of Q4(0Al) sites in unreacted fly ash is fluc-
tuant between 3.41% and 5.99% at these curing ages, which can be
attributed to the heterogeneity of the unaltered phases in the original
fly ash. Finally, the Al/Si ratios of N-A-S-H gels, N-C-A-S-H gels and C-
A-S-H gels can be calculated using the following equations [62,80]:

= =
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The Al/Si ratios of different reaction products are presented in
Table 5. It can be observed that the Al/Si ratio of N-A-S-H gels is higher
than that of C-A-S-H gels and N-C-A-S-H gels, regardless of curing age.
Nevertheless, as the curing age increases from 1 d to 28 d, the Al/Si
ratios of C-A-S-H gels and N-C-A-S-H gels are increased steadily from

Table 5
Deconvolution results of 29Si MAS NMR spectra of AAFS pastes based on area percentage (%).

Labels Unreacted slag Reaction products Unreacted fly ash Al/Si ratio of
C-A-S-H

Al/Si ratio of N-
C-A-S-H

Al/Si ratio of
N-A-S-H

C-A-S-H N-C-A-S-H N-A-S-H (Al-rich) N-A-S-H (Si-rich)

Q0 Q1 Q2(1Al) Q3(1Al) &
Q4(4Al)

Q4(3Al) Q4(2Al) Q4(1Al) Q4(0Al)

−74 −77 −83 −88 −93 −97 −103 −109 −116

1-d 3.45 18.15 25.41 11.14 6.69 5.21 9.09 14.87 5.99 0.29 0.20 0.53
3-d 3.12 15.69 27.24 10.40 8.36 4.68 9.20 17.90 3.41 0.32 0.20 0.54
7-d 3.38 10.24 27.79 13.75 10.03 3.76 8.88 16.96 5.21 0.36 0.27 0.56
28-d 3.22 7.04 27.87 14.57 8.73 7.03 9.66 17.17 4.71 0.40 0.29 0.57

Note: Unreacted slag corresponds to the unaltered phases in the original slag; Unreacted fly ash corresponds to the unaltered phases in the original fly ash.

Fig. 5. 29Si NMR spectra of AAFS pastes at different curing ages.

Fig. 6. Deconvolution results of 29Si NMR spectra of AAFS pastes at different curing ages (Note that the unreacted fly ash and slag in NMR characterisation
correspond to the unaltered phases in the original fly ash and slag, respectively).
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0.29 to 0.40 and from 0.20 to 0.29, respectively, while the Al/Si ratio of
N-A-S-H gels remains stable at around 0.5. This suggests that the che-
mical composition of N-A-S-H gels is stable during the curing process,
while that of C-A-S-H gels and N-C-A-S-H gels are changed along with
the substitute of aluminate species.

4.2. Chemical composition of gel matrix

Fig. 7a shows the infrared spectra of fly ash and slag. The band
between 1100 cm−1 and 900 cm−1 is related to the asymmetric
stretching vibrations of Si-O-T bonds (T: tetrahedral Si or Al) [81]. The
bands of fly ash and slag are centred at different positions (1050 cm−1

in fly ash and 900 cm−1 in slag), attributing to the chemical and
structural differences between these two materials [9]. For fly ash, the
band at 795 cm−1 correlates to the asymmetric stretch of quartz, while
the shoulder at 545 cm−1 is associated with the AleO stretch of mullite
[89]. The band at 435 cm−1 is related to the bending vibration of SiO4.
Regarding the spectra of slag, the band at 670 cm−1 represents the Si-O-
Si bending vibration modes, while the band at 460 cm−1 is correlated
to the SiO4 bending modes.

Fig. 7b illustrates the infrared spectra of AAFS pastes at different
curing ages. Alkali-activation produces a broad intense band at around
980 cm−1 in the spectra, attributing to the asymmetric stretching vi-
brations of Si-O-T bonds (T: tetrahedral Si or Al) in the chain structure
of reaction products [81]. The position of the main band for these re-
action products (i.e. 980 cm−1) is at a lower wavenumber than that for
N-A-S-H gels (i.e. 1020 cm−1) but at a higher wavenumber than that for
C-A-S-H gels (i.e. 950 cm−1) [36], indicating the coexistence of dif-
ferent reaction products (e.g. N-A-S-H gels and C-A-S-H gels) [9]. With
the increase of curing age from 1 d to 28 d, the Si-O-T bonds within the
reaction products shift towards higher wavenumber, from 974 cm−1 to
985 cm−1. This suggests that the increase of curing age promotes the
polymerisation and cross-linking of the gels, potentially through the
initial formation of C-A-S-H gels followed by the gradual development
of N-A-S-H gels with a higher cross-linking degree [9]. It is noticed that
the final position of this band (985 cm−1) in AAFS paste is at a lower
wavenumber than that in AAF paste (1020 cm−1), implying that the
presence of Ca leads to the formation of N-C-A-S-H gels [9].

A sharp band at 875 cm−1 in the spectra is associated with the
asymmetric stretching of AlO4

− group in Al-O-Si bonds within C-A-S-H
gels [90], which becomes sharper with the increase of curing age. This
indicates the increase of Al content within C-A-S-H gels, leading to a
higher polymerisation and cross-linking degree of C-A-S-H gels. The
intensive band between 1409 cm−1 and 1467 cm−1 is related to the
asymmetric stretching model of O-C-O bonds of CO3

2− groups [90],
suggesting that some superficial carbonation of samples would happen

during the curing. The intensive band at 1736 cm−1 is associated with
the stretching model of C]O bonds of carboxylic acid group [91],
corresponding to the modified polycarboxylate-based SP in the mixture.
Lastly, the band at 430 cm−1 is related to the bending vibration of SiO4,
indicating the presence of vitreous silica in the mixture [92]. The
evolution of chemical composition of gel matrix is consistent with the
nanostructure development of solid gel particles presented in NMR
results (see Section 4.1).

4.3. Microstructure of AAFS paste

Fig. 8 shows the microstructure of AAFS paste. Based on the dif-
ference in morphology and grey value, different phases can be clearly
identified in Fig. 8a, which can be roughly classified into two groups:
(1) pore phase including cracks and pores, both of which are presented
as black due to the low atomic number, and (2) solid phase including
unreacted particles (i.e. fly ash and slag) and reaction products, which
appear as light grey and dark grey, respectively. In order to subdivide
different phases in AAFS paste, the greyscale histogram is subtracted
from Fig. 8a and deconvolved into four Gaussian curves using a sta-
tistical analysis software called Peakfit (see Fig. 8b). The first Gaussian
curve is assigned to pores, while the second Gaussian curve corresponds
to reaction products. The third and fourth Gaussian curves are related
to unreacted fly ash and slag, respectively. The point of interaction
between Gauss 1 (Pores) and Gauss 2 (reaction products) is defined as
the threshold value to determine the boundary between pores and re-
action products. Similarly, the threshold value of frontier between re-
action products and unreacted fly ash is set as the interaction point
between Gauss 2 (reaction products) and Gauss 3 (unreacted fly ash).
Unreacted fly ash and slag are separated based on the interaction point
between Gauss 3 (unreacted fly ash) and Gauss 4 (unreacted slag). Here,
the threshold values of 43, 155 and 184 are obtained to segment pores,
reaction products, unreacted fly ash and unreacted slag (see Fig. 8b).
Accordingly, as shown in Fig. 8c, different phases including unreacted
slag, unreacted fly ash, reaction products and pores are distinguished
and labelled in different colours. The unreacted slag is labelled in red,
while the unreacted fly ash is presented as yellow (see Fig. 8d). It is
interesting to note that the reaction products cover a wide range of
colours from light blue to light green, which indicates that different
types of reaction products form together within the AAFS paste (see
Fig. 8e). The pores are labelled in blue (see Fig. 8f).

Fig. 9 shows the BSEM images of AAFS pastes at different curing
ages. The microstructure of solid AAFS pastes is significantly changed
with the increase of curing age. Initially, the morphology of most pre-
cursors (fly ash and slag) at 1 d is not altered by the alkaline activator,
except for the morphology change in some small particles (see Fig. 9a).

Fig. 7. FTIR spectra of (a) precursors and (b) AAFS pastes at different curing ages.
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This is mainly because the finer particles are easier to be activated at
early curing ages [93,94]. Additionally, the reaction products are pre-
sented as dark grey, which implies that the density of their structures is
relatively low. This is because of the low reaction degree at early curing
ages. As the curing age increases to 3 d, the change in morphology of fly
ash and slag becomes obvious, even for the relatively large particles
(see Fig. 9b). At this stage, the change in morphology of slag is more
significant than that of fly ash due to its higher reactivity. Normally,

slag has over 90% vitreous phase which contributes to alkaline acti-
vation, while fly ash only has about 50% vitreous phase and the re-
maining constituents (crystalline phase) in fly ash are difficult to be
activated and thus need longer time for reaction [93]. As the reaction
proceeds with time from 7 d to 28 d, the change in morphology of slag
becomes more obvious, along with a significant reduction in the size of
original slag particles, and some fully reacted slag can be found. During
the activation of fly ash, its morphology is also changed significantly,

Fig. 8. Typical polychromatic greyscale image of AAFS paste (t = 28 d).

Fig. 9. BSEM images of AAFS pastes at different curing ages.
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with the filling of reaction products into the original hallow within fly
ash. Furthermore, the reaction products at later curing ages are pre-
sented as a lighter grey than that at early curing ages (1 d and 3 d),
suggesting that the microstructure becomes compact at later curing
ages.

To further understand the evolution of microstructure, the reaction
degrees of fly ash and slag were calculated based on a series of analysis
on 10 BSEM images (magnification: 250×) of each sample. Combined
with the image analysis mentioned in Fig. 8, unreacted fly ash and slag
were distinguished from each image, and their volume fractions were
characterised using an open-source image analysis software called Fiji
[95]. Subsequently, the reaction degrees of fly ash and slag can be
calculated as follows:

= ×1
V
V

100%fly ash
(t)fly ash

(0)fly ash (5)

= ×1
V
V

100%slag
(t)slag

(0)slag (6)

where αfly−ash is the reaction degree of fly ash, V(t)fly−ash is the volume
fraction of unreacted fly ash at age t obtained from the BSEM image
analysis, V(0)fly ash is the initial volume fraction of fly ash (before re-
action) calculated based on the mixture quantity in Table 3 (i.e.
43.28%), αslag is the reaction degree of slag, V(t)slag is the volume frac-
tion of unreacted slag at age t obtained from the BSEM image analysis,
and V(0)slag is the initial volume fraction of slag (before reaction) (i.e.
11.19%).

Fig. 10 shows the reaction degree of fly ash and slag at different
curing ages. It can be found that the reaction degree of slag is higher
than that of fly ash, especially at early 7 d. Within the first 7 d, the
reaction degree of slag (46.66%–58.96%) is obviously higher than that
of fly ash (30.48%–44.83%), which can be attributed to the high con-
tent of vitreous phase within slag. The high reaction degree of slag is
related to the high dissolution of calcium silicates from slag, which
would promote the formation of C-A-S-H gels and N-C-A-S-H gels in
AAFS paste. In comparison, there is less dissolution of aluminate sili-
cates from fly ash due to its relatively low reaction degree. Between 7 d
and 28 d, the difference of reaction degree between slag and fly ash
becomes less, where the reaction degree of slag (74.36%) is 10% higher
than that of fly ash (64.52%). This indicates that the dissolution rate of
calcium silicates from slag becomes slow, while the dissolution rate of
aluminate silicates from fly ash increases, which would promote the
formation of N-A-S-H gels.

Fig. 11 shows the pore size distribution of AAFS pastes at different
curing ages obtained from MIP tests. The pore size decreases dramati-
cally in the early 7 d and then decreases slightly with increasing curing
age from 7 d to 28 d (see Fig. 11a). The pores with size between 5 and
30 nm exhibit obvious changes compared to other pores. Generally, the
pores with size between 2.5 and 10 nm belong to small gel pores, while
the pores with size in the range of 10 and 50 nm can be assigned to
medium capillary pores [96]. Hence, it is suggested that both gel pores
and capillary pores in AAFS pastes would be changed and refined due to
the newly formed reaction products. Additionally, the total porosity of
AAFS pastes is decreased significantly from about 28% to 10% with the
increase of curing age from 1 d to 28 d, leading to a compact micro-
structure of AAFS pastes at later curing ages (see Fig. 11b).

4.4. Mechanical properties of individual phases

4.4.1. Qualitative analysis
The characterisation of mechanical properties of different phases,

i.e., unreacted fly ash, unreacted slag and reaction products, was per-
formed based on the nanoindentation test, where the classical na-
noindentation test and grid nanoindentation test have been made. The
classical nanoindentation test helps to characterise the load-displace-
ment behaviour of different phases and understand the difference in
their mechanical properties. In this study, the classical nanoindentation
test of each phase was performed on 10 different locations to ensure the
results can possibly represent the load-displacement behaviour of each
phase. Fig. 12 shows the load-displacement curves of unreacted fly ash,
unreacted slag and reaction products. A significant difference in the
displacement and the slope of unloading portion between these phases
can be well recognised due to the dissimilarity in elastic modulus and
hardness among the corresponding material phases. The displacement
of unreacted fly ash is generally lower than that of unreacted slag and
reaction products, but the slopes of the curves for unreacted fly ash are
higher than that of unreacted slag and reaction products. This suggests
that the unreacted fly ash has the highest elastic modulus and hardness,
followed by unreacted slag and reaction products. In addition, it can be
observed that the same phase exhibits different load-displacement be-
haviour. Regarding unreacted particles, the displacement of unreacted
fly ash and slag is changed in the range of 176–385 nm and
176–449 nm, respectively, which is related to the heterogeneity of fly
ash and slag. In the terms of reaction products, the displacement is
changed from 416 nm to 706 nm, corresponding to the formation of
different reaction products.

Regarding the grid nanoindentation test, it can be used to reflect the
mechanical properties and provide the dataset for statistical analysis.
The obtained discrete data can be converted into a mapping of micro-
mechanical properties by linearly interpolating the nodal values over
the 100 μm × 100 μm grid region with spacing of 10 μm [53]. As
shown in Fig. 13, the elastic modulus and hardness were calculated and
plotted in two-dimensional contour maps according to the load-dis-
placement curves. It can be observed that there exists a good correlation
between elastic modulus and hardness. Thus, the discussion will be
mainly focused on the elastic modulus in the following sections. Within
the contour maps of elastic modulus, the red area represents the hard
matrix with a relatively high elastic modulus, while the blue area stands
for the soft matrix with a relatively low elastic modulus. Combined with
the analysis of microstructure (see Fig. 9) and load-displacement curves
above (see Fig. 12), the contour maps of elastic modulus can be roughly
separated into three categories, i.e., unreacted particles, reaction pro-
ducts, and pores. Herein, the unreacted particles (fly ash and slag) cover
the colours from green to red due to their relatively high elastic mod-
ulus, while the pores with the lowest elastic modulus (< 0.1 GPa) are
represented as deep blue. The area with middle elastic modulus is as-
signed to reaction products, which cover the colours from blue to light
green. Similar to the microstructure characterisation in Fig. 8, the re-
action products also cover a wide range of colours in the mechanicalFig. 10. Reaction degree of fly ash and slag at different curing ages.
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property map. It also suggests the existence of complex reaction pro-
ducts, including N-A-S-H gels, N-C-A-S-H gels and C-A-S-H gels. It can
be seen from the contour map in Fig. 13 that the area with unreacted
particles is obvious in the map of elastic modulus at early curing ages
(< 3 d), while most part of contour map are occupied by the reaction
products at later curing ages (> 7 d).

4.4.2. Quantitative analysis
To further investigate the micromechanical properties of AAFS

paste, a statistical Gaussian deconvolution method was subsequently
used to determine the elastic moduli of different phases in AAFS paste.
Gaussian deconvolution method is commonly adopted to identify
clusters of data with distinct micromechanical properties based on the
obtained experimental data [34]. As shown in Fig. 14, the determina-
tion of elastic moduli of different phases includes four steps: (i) ex-
perimental fitting, (ii) Gaussian deconvolution, (iii) phases identifica-
tion, and (iv) data analysis. Firstly, as seen in Fig. 14a, the frequency
density (normalised histogram with a bin size of 5 GPa) of the experi-
mental data in terms of elastic modulus is fit by the probability density
function (PDF) using a statistical analysis software called OriginPro.
Since the PDF can be assumed as Gaussian distribution [27,97], the
experimental PDF is then deconvolved by the Gaussian distribution
curves to generate the theoretical PDF for experimental data (see
Fig. 14b). The number of Gaussian distribution curves is determined

based on the microstructural and chemical analysis mentioned in
Sections 4.1–4.3. Here, six phases including pores, three types of re-
action products, and two types of unreacted particles were identified.
Nevertheless, the elastic modulus of pore phase (< 0.1 GPa) was not
considered in the deconvolution process because its frequency density
of the measured quantity is too small to quantify. Thus, five phases
including unreacted fly ash, unreacted slag, N-A-S-H gels, N-C-A-S-H
gels, and C-A-S-H gels were considered in the Gaussian deconvolution.
Accordingly, the dataset of elastic modulus can be segmented into five
different mechanically distinct phases (see Fig. 14b). Afterwards, as
shown in Fig. 14c, these five different phases can be further identified
based on the literature of typical elastic modulus ranges for alkali-ac-
tivated materials [23,33,98], where the typical order of elastic modulus
for different phases is N-A-S-H < N-C-A-S-H < C-A-S-H < slag<fly
ash. Finally, the mean values of elastic modulus and volume fraction of
each phase can be characterised based on the Gaussian distribution
curves (see Fig. 14d).

As shown in Fig. 15, the Gaussian deconvolution was successfully
undertaken to identify the clusters of data with distinct elastic modulus
and separate different phases in the gel matrix. Taking the AAFS sample
cured for 1 d as an example (Fig. 15a), the first peak with the largest
and most frequent region is corresponding to N-A-S-H gels with elastic
modulus of around 10 GPa. The second peak is assigned to the hybrid
type gels called N-C-A-S-H with elastic modulus of around 20 GPa. The
third peak with the highest elastic modulus of around 30 GPa among
reaction products is associated with the C-A-S-H gels due to their very
densely packed structure [12]. The fourth peak of around 50 GPa is
related to the unreacted slag, while the fifth peak of around 75 GPa is
associated with the unreacted fly ash. These findings are in good
agreement with the nanoindentation load-displacement curves pre-
sented in Fig. 12, where the unreacted fly ash has the highest stiffness,
followed by unreacted slag and reaction products. The distinction of
micromechanical properties between these five phases is also clearly
presented in the cluster allocation of elastic modulus and hardness (see
Fig. 15a). Based on the Gaussian deconvolution above, the mean elastic
modulus and the volume fraction of individual solid phases are sum-
marised in Table 6. In addition, a statistical analysis is performed using
one-way analysis of variance (ANOVA) method to determine whether
there is any significant difference in elastic modulus between different
phases. In this method, the probability value (i.e. P-value) is compared
with the significance level to determine whether the observed groups
have significant differences [99]. The significance level is commonly set
as 0.05 [100]. If the P-value is lower than 0.05, there is a significant
difference between the observed groups. Otherwise, the observed
groups have no significant difference (i.e. P-value> .05). Moreover, if

Fig. 11. Pore size distribution of AAFS pastes at different curing ages.

Fig. 12. Load-displacement curves of different phases in AAFS paste (t = 1 d).
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Fig. 13. Contour map of elastic modulus and hardness of AAFS pastes at different curing ages.
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the P-value is lower than 0.01, it means that the observed groups have a
strong significant difference with each other. The results of ANOVA
tests are presented in Tables 7 and 8.

Fig. 16 shows the elastic moduli of different phases in AAFS paste at
different curing ages. There exists an obvious distinction of elastic
modulus between different phases, regardless of curing ages. The sta-
tistical analysis also indicates a strong significant difference (P-
value< .01) of elastic modulus between different phases (see Tables 7
and 8). The order of elastic modulus among these five phases is N-A-S-H
gels<N-C-A-S-H gels<C-A-S-H gels< unreacted slag<unreacted fly
ash. The elastic modulus of N-A-S-H gels is stable at 11–12 GPa during
the curing process. Regarding the N-C-A-S-H gels, the elastic modulus is
relatively low, which is about 19 GPa at 1 d and then increases slightly
to 23 GPa at 28 d. Consequently, the difference of elastic modulus
between N-A-S-H gels and N-C-A-S-H gels becomes more obvious at
later curing ages. This phenomenon can also be recognised in the
cluster allocation of elastic modulus and hardness in Fig. 15. The cluster
of N-A-S-H gels is almost overlapped with that of N-C-A-S-H gels at 1 d
(see Fig. 15a). However, the overlap area between these two gels be-
comes smaller and the boundary between them tends to be clear at later
curing ages (see Fig. 15b to d). Regarding the elastic modulus of C-A-S-
H gels, it is obviously higher than that of N-A-S-H gels and N-C-A-S-H
gels, regardless of curing age. In addition, the elastic modulus of C-A-S-
H gels is increased steadily from 28 GPa to 35 GPa with increasing
curing age from 1 d to 28 d. Regarding the unreacted particles, the
elastic modulus of unreacted slag is decreased from 50 GPa to 48 GPa,
while that of unreacted fly ash is decreased from 78 GPa to 71 GPa. As

the unreacted slag and fly ash cannot be found in the testing area at
28 d, only the 7-d data are plotted here.

Fig. 17 presents the change in volume fraction of different phases in
terms of elastic modulus against curing age. This information would
help further understand the evolution of elastic moduli of different
phases and their contribution to the overall elastic modulus of AAFS. It
can be found that the volume fraction of N-A-S-H gels is obviously
higher than that of N-C-A-S-H gels and C-A-S-H gels, regardless of
curing age. Besides, it can be observed that the volume fraction of each
phase is changed with the increase of curing age. For N-A-S-H gels, the
content decreases steadily from 65.01% to 54.76% at early 7 d, but
increases significantly at later curing ages, reaching 77.98% at 28 d. In
contrast, the amount of N-C-A-S-H gels increases steadily from 15.24%
to 37.72% with the increase of curing age from 1d to 7 d and then
decreases dramatically to 9.43% at 28 d. The volume fraction of C-A-S-
H gels is fluctuant at around 9%. The nonlinear development of mi-
cromechanical properties of different reaction products implies that the
interaction between fly ash and slag exists during the reaction process.
This phenomenon has also been found in other studies on chemical
characterisation of AAFS [13]. The content of unreacted slag and fly ash
decreases steadily with the increase of curing age.

4.5. Effective mechanical properties of AAFS paste

Continuum micromechanics provides a link between the mechanical
properties of individual phases at micro-scale and AAFS paste at macro-
scale. Here, the effective mechanical properties of AAFS paste including

Fig. 14. Schematic diagram for the determination of elastic modulus of different phases in AAFS paste (t = 1 d).
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effective bulk modulus (Keff) and effective shear modulus (Geff) were
calculated using the self-consistent continuum micromechanics model
given as follows [50]:
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where fi is the volume fraction of the ith phase, Ki is its bulk modulus,
and Gi is its shear modulus. A reference medium is regarded as the 0th
phase, which is equal to the homogenised medium itself in the self-
consistent model, leading to K0 = Keff and G0 = Geff after several
iterations.

In addition, the effective elastic modulus (Eeff) for AAFS paste can be
calculated based on its Keff and Geff as:

=
+

E 9K G
3K Geff

eff eff

eff eff (11)

Here, five different phases were identified and conducted to
homogenise the effective modulus of AAFS paste. Based on the obtained
K and G of individual phases (see Table 9), Keff and Geff of AAFS pastes
at various curing ages were calculated and presented in Table 10. Eeff

was also calculated based on Keff and Geff (see Table 10). It can be ob-
served that Eeff and Keff are fluctuant in the range of 14.69–16.80 GPa
and 8.16–9.33 GPa, respectively, while Geff is stable between 6.12 GPa
and 7 GPa.

5. Discussion

The heterogeneous microstructures of AAFS paste can be divided
into different levels with multiscale (Level 0 to Level II) and multiphase
(pores, reaction products and unreacted particles), which are strongly
associated with the micro-scale and macro-scale mechanical properties.
The characterisation of micromechanical properties enables us to build
the links between microstructure and mechanical properties and pro-
vides a better understanding of the influences of different phases on the
overall performance of paste matrix [22,48]. In the following subsec-
tions, the microstructure-mechanical property relationships in AAFS
paste at different levels are discussed in detail.

5.1. Microstructure-mechanics relationship from Level 0 to Level I

The combination of nanoindentation, NMR and FTIR test results

provides a strong evidence that the microscopic performance of AAFS
paste at Level I is determined by two factors that occur at different
scales: (1) the physical chemistry within solid gel particles at Level 0,
and (2) the gel porosity within gel matrix at Level I. These two char-
acteristics determine the elastic modulus of different phases in gel
matrix. As seen in Fig. 16, the distinction of elastic modulus between
different phases is clear and follows an order of N-A-S-H gels<N-C-A-
S-H gels<C-A-S-H gels< unreacted slag< unreacted fly ash.

Regarding the first factor, previous studies have noted that the na-
nostructure and chemical composition of solid gel have strong con-
nections with its elastic modulus [101]. Generally, the elastic modulus
of solid gel with crystalline structure (order structure) is obviously
higher than that of the solid gel with amorphous structure (disorder
structure) [101]. The implication is that the level of structural disorder
would determine the elastic modulus of solid gel. Thus, the unreacted
particles with the highest elastic modulus might be attributed to their
compact nonactivated crystal solid. The unreacted fly ash has the
highest elastic modulus (above 70 GPa), followed by unreacted slag, the
elastic modulus of which is around 50 GPa. Regarding the reaction
products, the occurrence of crystalline phase can be observed in C-A-S-
H gels of AAS [82], while there is almost none in N-A-S-H gels of AAF
cured at ambient temperature [102]. This suggests that the C-A-S-H gels
with a high elastic modulus of around 30 GPa can be ascribed to their
comparatively low level of structural disorder, while the N-A-S-H gels
with a low elastic modulus of around 10 GPa are highly related to their
high level of structural disorder. The N-C-A-S-H gels with a middle
elastic modulus of around 20 GPa between N-A-S-H gels and C-A-S-H
gels are associated with their middle level of structural disorder. The
Ca-substituted N-A-S-H gels (N-C-A-S-H gels) may have a mineral fea-
ture between N-A-S-H gels and C-A-S-H gels, which retain the original
3D aluminosilicate framework structure but tend to have a similar
composition with C-A-S-H gels [36].

Regarding the second factor, previous research has shown that gel
porosity would directly affect the micromechanical properties of gel
matrix at Level I [34]. Depending on the distinction of porosity, the C-S-
H gels in PC paste can be divided into two types: low density and high
density [103]. It was reported that the low-density C-S-H gels have a
relatively low elastic modulus due to their high porosity [104]. The
high-density C-S-H gels have a comparatively high elastic modulus
because of their densely packed structure and low porosity [104]. This
indicates that gel porosity would determine the elastic modulus of gel
matrix. Therefore, the difference of elastic modulus between C-A-S-H
gels, N-A-S-H gels and N-C-A-S-H gels might be also ascribed to their
different gel porosity. It was found that the C-A-S-H gels in AAFS paste
have a similar structure with high-density C-S-H gels in PC paste [12].
This implies that the C-A-S-H gels also have a less porous structure,
leading to a high elastic modulus. Regarding the N-A-S-H gels, it was
reported that they have similar mechanical properties to the low-den-
sity C-S-H gels in PC paste [98]. This suggests that the N-A-S-H gels with
low elastic modulus might also relate to the relatively high porosity,
which is probably a result of their syneresis process [22]. The syneresis
of N-A-S-H gels would cause the expulsion of entrained water and

Fig. 15. Gaussian mixtures deconvolution of elastic modulus of AAFS pastes at different curing ages (left – cluster allocation of elastic modulus and hardness; right –
deconvolved elastic modulus corresponding to different phases).

Table 6
Elastic modulus (GPa) and volume fraction of individual solid phases in AAFS paste at different curing ages.

Phases 1-d 3-d 7-d 28-d

A. N-A-S-H gels 11.96 ± 1.42 (65.01%) 10.66 ± 0.10 (63.44%) 12.57 ± 0.17 (54.76%) 12.22 ± 0.17 (77.98%)
B. N-C-A-S-H gels 18.99 ± 3.44 (15.24%) 21.45 ± 0.22 (16.62%) 21.40 ± 0.34 (37.72%) 22.72 ± 1.13 (9.43%)
C. C-A-S-H gels 28.02 ± 2.79 (8.89%) 34.53 ± 0. 28 (14.79%) 33.06 ± 0.37 (3.28%) 34.94 ± 0.57 (12.59%)
D. Unreacted slag 49.75 ± 0.69 (7.53%) 49.14 ± 0.69 (3.43%) 48.20 ± 0.30 (2.48%) –
E. Unreacted fly ash 78.68 ± 0.52 (3.33%) 74.70 ± 0.97 (1.72%) 70.69 ± 0.94 (1.76%) –
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produce gel shrinkage, which would consequently lead to a high por-
osity [98]. The N-C-A-S-H gels with middle elastic modulus among the
reaction products are possibly associated with their middle level of
porosity.

In addition, the change in chemical composition and internal
structure of solid gel particles at Level 0 would affect the evolution of
elastic modulus of individual phases at Level I. As can be seen in Fig. 16
that the elastic modulus of N-A-S-H gels is stable at 11–12 GPa during
the curing ages between 1 d and 28 d, while the elastic moduli of N-C-A-
S-H gels and C-A-S-H gels are increased steadily from 19 GPa to 23 GPa
and from 28 GPa to 35 GPa, respectively. Meanwhile, the elastic moduli
of unreacted slag and fly ash are decreased steadily. According to the
NMR analysis presented in Table 3, the chemical composition of N-A-S-
H gels is stable during the curing process, in which the Al/Si ratio is
steady at around 0.5. Such stable composition might be associated with
their constant elastic modulus. Besides, it can be seen from the FTIR
results in Fig. 7 that the position of the main band for reaction products
in AAFS paste (i.e. 980 cm−1) is at lower wavenumber than that in AAF

paste based solely on fly ash (i.e. 1020 cm−1), indicating that the
presence of Ca released from slag would affect the formation of N-A-S-H
gels [9]. The presence of Ca tends to hinder the crystallization of N-A-S-
H gels and leads to a high level of structural disorder, leading to a re-
latively low elastic modulus of N-A-S-H gels [13]. In comparison, the
change in chemical composition of C-A-S-H gels is obvious, where the
Al/Si ratio is increased significantly from 0.29 to 0.40. This suggests
that the silicate tetrahedron of C-A-S-H solid gel particles would be
substituted by the aluminate species during the reaction process, which
is consistent with the FTIR observations. As shown in Fig. 7, the band of
Al-O-Si bonds within C-A-S-H gels becomes sharper with the increase of
curing ages, implying the higher Al content within the silica network of
C-A-S-H gels [86]. In addition, the internal structure of C-A-S-H gels is
also changed apparently during the curing process. As seen in Fig. 6, the
amount of Q1 sites is decreased dramatically from 18.15% to 7.09% as
the curing age increases from 1 d to 28 d, while the content of Q2(1Al)
sites is increased from 25.41% to 28.06%. These structural changes
would increase the Q sites connectivity, the cross-linking degree and
the crystalline order [105]. Furthermore, the packing density of C-A-S-
H gels might be also changed with the increase of curing age. It is
known that the C-A-S-H particles are linked together by condensation
[41,106] and the packing efficiency at the surface of particles would be
improved with the progress of reaction, giving a high value of density
and filling the pore space. These multiple effects known as the chemical
composition and internal structure in C-A-S-H gels would consequently
improve their elastic modulus. Furthermore, the internal structure of N-
C-A-S-H gels is also altered during the reaction process. The silicate
tetrahedron of N-C-A-S-H solid gel particles would be also substituted
by the aluminate species during reaction process, corresponding to the
increase of Al/Si ratio of N-C-A-S-H gels from 0.20 to 0.29. These
structural changes are related to the improvement of elastic modulus in
N-C-A-S-H gels. The slight decline of elastic moduli of unreacted slag
and fly ash can be explained by the decrease of particle size due to the
artificial influence in sample preparation. The slag and fly ash particles
with a lower size would substantially have a higher surface-to-volume
ratio, which may promote the precipitation of reaction products on the
surface of these particles. The relatively soft matrix (i.e. reaction pro-
ducts) attached on the surface of particles would change the load-dis-
placement behaviour of particles during indentation loading, and con-
sequently affect the elastic moduli of unreacted slag and fly ash.

Moreover, there are transformations between different reaction
products during the reaction process, which would affect the evolution
of their elastic moduli. As seen in Fig. 17, the volume fraction of N-A-S-
H gels is decreased from 65.01% to 54.76% at early 7 d, while the

Table 7
Statistical significance of elastic modulus between N-A-S-H gels (A), N-C-A-S-H
gels (B) and C-A-S-H gels (C).

Curing age (d) Groups F-value p-value Significance

1 A&B 19.86 1.51 × 10−5 ⁎⁎

B&C 33.51 5.95 × 10−8 ⁎⁎

A&C 101.06 0 ⁎⁎

3 A&B 32.77 4.82 × 10−8 ⁎⁎

B&C 54.02 3.86 × 10−11 ⁎⁎

A&C 198.89 0 ⁎⁎

7 A&B 16.87 6.03 × 10−5 ⁎⁎

B&C 53.69 5.03 × 10−11 ⁎⁎

A&C 144.78 0 ⁎⁎

28 A&B 44.69 3.79 × 10−10 ⁎⁎

B&C 87.70 4.11 × 10−15 ⁎⁎

A&C 416.56 0 ⁎⁎

⁎⁎ Strong significant difference.

Table 8
Statistical significance of elastic modulus between unreacted fly ash and slag.

Curing age (d) F-value p-value Significance

1 35.95 1.45 × 10−5 ⁎⁎

3 21.44 4.71 × 10−4 ⁎⁎

7 30.80 5.56 × 10−5 ⁎⁎

⁎⁎ Strong significant difference.

Fig. 16. Elastic modulus of different phases in AAFS paste at different curing ages.

G. Fang and M. Zhang Cement and Concrete Research 135 (2020) 106141

16



volume fraction of N-C-A-S-H gels is increased from 15.24% to 37.72%.
This suggests that part of N-A-S-H gels have been transformed to N-C-A-
S-H gels via interchanging between Ca and Na, due to the strong po-
larising power of the aqueous Ca ion relative to the Na ion [36]. The
substitution of Ca would drive the precipitation of N-C-A-S-H solid gel
and contribute to the development of a comparable structure to C-A-S-H
solid gel, leading to a higher elastic modulus [9,36]. At later curing ages
(7–28 d), the volume fraction of N-A-S-H gels increases significantly
from 54.76% to 77.98%, which implies that the effects of mobile Ca ion
on the formation of N-A-S-H gels become less. This is mainly because of
the reduction of free Ca releasing from slag due to the low content of
slag (25% of the total precursors). At the same time, the volume frac-
tion of N-C-A-S-H gels is decreased from 37.72% to 9.43%, while that of
C-A-S-H gels is increased from 3.28% to 12.59%. This indicates the
transformation between N-C-A-S-H gels and C-A-S-H gels, where the Na
in N-C-A-S-H gels is continually replaced by Ca and eventually lead to
the formation of C-A-S-H gels [107]. However, it is worth noting that
the transformation from N-C-A-S-H gels to N-A-S-H gels is difficult to
happen due to the strong binding of Ca within N-C-A-S-H gels. During
the formation of N-C-A-S-H gels, the polarising effect of Ca ion would

distort the Si-O-Al bonds and subsequently form the stable Si-O-Ca
bonds [108]. These stable Si-O-Ca bonds are difficult to be distorted by
the presence of Na ion, because the polarising power of Na ion is
weaker than that of Ca ion.

5.2. Microstructure-mechanics relationship from Level I to Level II

According to the experimental results obtained from nanoindenta-
tion, MIP and SEM tests as well as the theoretical results based on the
self-consistent continuum micromechanics model, the macroscopic
performance of AAFS paste at Level II is dominated by two factors that
exist at different scales: (1) the microscopic properties of reaction
products at Level I, and (2) the characteristics of pore structure at Level
II [26].

Regarding the reaction products, the micromechanical properties of
reaction products are expected to determine the macroscopic perfor-
mance of AAFS paste as the reaction products dominate the volumetric
proportion of paste matrix. As shown in Fig. 18a, the overall elastic
modulus of reaction products is fluctuant between 16.62 GPa and
17.62 GPa as the curing age increases from 1 d to 28 d. This phe-
nomenon is similar to the development of elastic modulus in N-A-S-H
gels but is different compared with the development in N-C-A-S-H gels
and C-A-S-H gels. The elastic modulus of N-A-S-H gels is fluctuant be-
tween 11 GPa and 12 GPa. Nevertheless, the elastic moduli of N-C-A-S-
H gels and C-A-S-H gels are increased from 19 GPa to 23 GPa and from
28 GPa to 35 GPa, respectively. This suggests that the overall elasticity
of reaction products is primarily represented by the elastic moduli of N-
A-S-H gels. It is mainly because of the existence of high-volume N-A-S-H
gels, in which their volume occupies 54.76–77.98% of AAFS paste (see
Fig. 17). Furthermore, it can be seen from the data in Table 10 that the
overall homogenised elastic modulus of AAFS paste is also fluctuant
during the curing process. The effective elastic modulus and bulk
modulus of AAFS paste fluctuate in the range of 14.69–16.80 GPa and
8.16–9.33 GPa, respectively, while the effective shear modulus is stable
at 6.12–7.00 GPa. This indicates that the macroscopic elasticity of AAFS
paste has a strong relation with the elasticity of reaction products.
Besides, since the N-A-S-H gels dominate the volumetric proportions of
reaction products, their contribution to the macroscopic elastic per-
formance is therefore significant. It implies that the volume fraction of
different reaction products would also affect the macroscopic elasticity
of AAFS paste. However, the connection between the hardness of re-
action products and macroscopic strength of AAFS paste is not strong.
As seen in Fig. 18b, the overall hardness of reaction products is in-
creased slightly from 1.02 GPa to 1.45 GPa with the increase of curing

Fig. 17. Volume fraction of elastic modulus of different phases in AAFS paste at different curing ages.

Table 9
Bulk modulus (K) and shear modulus (G) of individual solid phases in AAFS
paste at different curing ages (GPa).

Phases 1-d 3-d 7-d 28-d

K G K G K G K G

A. N-A-S-H gels 6.64 4.98 5.92 4.44 6.98 5.24 6.79 5.09
B. N-C-A-S-H

gels
10.55 7.91 11.92 8.94 11.89 8.92 12.62 9.47

C. C-A-S-H gels 15.57 11.68 19.18 14.39 18.37 13.78 19.41 14.56
D. Unreacted

slag
27.64 20.73 27.30 20.48 26.78 20.08 – –

E. Unreacted fly
ash

43.71 32.78 41.50 31.13 39.27 29.45 – –

Table 10
Effective elastic modulus (Eeff), effective bulk modulus (Keff) and effective shear
modulus (Geff) of AAFS paste at different curing ages (GPa).

1-d 3-d 7-d 28-d

Eeff 16.13 15.33 16.80 14.69
Keff 8.96 8.51 9.33 8.16
Geff 6.72 6.39 7.00 6.12
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age from 1 d to 28 d, which is different compared with the rigorous
increase of compressive strength in AAFS paste. The compressive
strength is increased dramatically from 18.5 MPa to 53.7 MPa with
increasing curing age from 1 d to 28 d [47].

Regarding the pore structure, the change in pore size and porosity
would directly affect the development of macroscopic mechanical
properties of AAFS paste [46]. As seen in Fig. 11, the total porosity of
AAFS paste is decreased dramatically from about 28% to 10% at early
curing ages (< 7 d). Meantime, the pore size is refined continuously
during these early ages. Afterwards, the pore structure is changed
slightly during the later curing ages between 7 d and 28 d. The devel-
oping trend of pore structure is similar to that of compressive strength
in AAFS paste. According to the authors' previous research [47], the
compressive strength increases significantly from 18.5 MPa to 39.8 MPa
between 1 d and 7 d, while it increases less significantly from 39.8 MPa
to 53.7 MPa between 7 d and 28 d. This implies that the refinement of
pore structure might be associated with the improvement of compres-
sive strength, which is consistent with other research [34,46]. Never-
theless, the effects of pore structure on the macroscopic elasticity of
paste matrix are less significance. The effective elastic modulus, bulk
modulus and shear modulus of AAFS paste are fluctuant during the
curing process (see Table 10), which are different compared with the
continued refinement of pore structure (see Fig. 11).

The discussion presented above demonstrates that the macroscopic
performance of AAFS paste is highly dependent on the microscopic
properties of reaction products and the features of pore structure. The
macroscopic elasticity is primarily influenced by the elasticity of reac-
tion products and their relative volumetric proportions, while the
macroscopic strength is mainly determined by the porosity and pore
size distribution.

6. Conclusions

In this paper, a series of tests including NMR, FTIR, MIP, SEM and
nanoindentation were carried out to investigate the microstructure and
micromechanical properties of AAFS paste cured at ambient tempera-
ture from nano-scale to micro-scale. The multiscale features of AAFS
paste are clarified according to three scales: solid gel particle at Level 0,
gel matrix at Level I, and AAFS paste at Level II. According to the ex-
perimental results, the main conclusions can be drawn as follows:

• The microscopic properties of AAFS paste at Level I are dependent
on the structural disorder level of solid gel particles at Level 0 and
the porosity of gel matrix at Level I. The solid phase with low level
of structural disorder and gel porosity tends to have a high

microscopic mechanical property. Here, the elastic modulus of in-
dividual solid phases follows an order of N-A-S-H gels<N-C-A-S-H
gels<C-A-S-H gels< unreacted slag< unreacted fly ash. The un-
reacted fly ash and slag with highly dense nonactivated crystal solid
have a higher elastic modulus than the reaction products. Due to
their relatively low level of structural disorder and gel porosity, the
C-A-S-H gels have the highest elastic modulus among the reaction
products, followed by N-C-A-S-H gels and N-A-S-H gels.

• The change in chemical composition and internal structure of solid
gel particles at Level 0 would affect the evolution of elastic modulus
of solid phase at Level I. In detail: (1) The elastic modulus of N-A-S-
H gels is stable at 11–12 GPa regardless of curing age. It is associated
with the stable chemical composition of N-A-S-H solid gel particles,
in which the Al/Si ratio is steady at 0.5. Meanwhile, the presence of
Ca released from slag would hinder the crystallization of N-A-S-H
gels, which would lead to a high structural disorder level and a low
elastic modulus. (2) The elastic modulus of C-A-S-H gels is increased
from 28 GPa to 35 GPa as the curing age increases from 1 d to 28 d,
which can be attributed to the increase of packing density, crystal-
line structure and cross-linking degree. These changes in structure
are ascribed to the substitute of aluminate species, in which the Al/
Si ratio is increased from 0.29 to 0.40. (3) The increase of elastic
modulus of N-C-A-S-H gels from 19 GPa to 23 GPa is associated with
their structure arrangement. During the reaction process, part of Na
within N-C-A-S-H solid gel are replaced by Ca, which would drive
the precipitation of N-C-A-S-H solid gel and contribute to the de-
velopment of a structure comparable to C-A-S-H solid gel.

• The macroscopic performance of AAFS paste at Level II is highly
dependent on the microscopic properties of reaction products at
Level I and the characteristics of pore structure at Level II. The
elasticity of reaction products and their relative volumetric pro-
portions mainly determine the macroscopic elasticity, while the
porosity and pore size distribution play a dominant role in affecting
the macroscopic strength.

Nevertheless, it is worth noting that the relationship between mi-
crostructure and micromechanical properties of AAFS paste might be
reshaped by the change of mix proportions, as the change of mix pro-
portions would affect the reaction process and lead to some changes in
the chemical composition and internal structure of reaction products.
Consequently, the micromechanical properties of gel matrix would be
altered. Therefore, it is vital to consider the effects of different mix
proportions on the micromechanical properties of AAFS paste. This is a
subject of ongoing work and will be presented in a future publication.

Fig. 18. Elastic modulus and hardness of reaction products in AAFS paste at different curing ages.
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