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ABSTRACT: Waste waterglass foundry sand (WwFS) is a solid waste generated by the foundry industries that is commonly 
discarded in landfills and has urgent needs for disposal and recycling. Accordingly, this study suggests using WwFS as aggregates 
source for the preparation of alkali-activated slag mortars (AASM). Two different pre-wetting methods (24 h pre-wetting at 20°C 
and 1~6 h pre-wetting at 70°C) were used to treat WwFS and compared their performances with adding quartz sand and dried WwFS 
mortars. Compared to WwFS mortars without pre-wetting treatment, the compressive strengths of WwFS mortars containing WwFS 
pre-wetting in water at 70°C at 28d were increased by 1.3~10.0%, and the C-(A)-S-H average elastic modulus was increased by 
16%. This study confirmed the feasibility of using hot water pre-wetted WwFS as the single aggregate source for AASM, which is 
important for the large-scale utilization of WwFS.
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RESUMEN: Efecto del pretratamiento de humectación del residuo de arena procedente de la fundición de vidrio en las propiedades 
de la escoria activada alcalinamente. La arena de fundición de vidrio lixiviado (WwFS,   por sus siglas en inglés) es un residuo sólido 
generado por las industrias de fundición que comúnmente se desecha en los vertederos y tiene necesidades urgentes de eliminación 
y reciclaje. En consecuencia, este estudio sugiere utilizar WwFS como árido para la preparación de morteros de escoria activada 
alcalinamente (AASM). Se utilizaron dos métodos de prehumectación diferentes (24 h de prehumectación a 20 °C y 1 ~ 6 h de 
prehumectación a 70 °C) para tratar el WwFS y se comparó su comportamiento con el de morteros con arena de cuarzo y con WwFS 
seco. Las resistencias a la compresión de los morteros WwFS que contienen prehumectación WwFS en agua a 70 °C a 28 días 
aumentaron entre un 1,3 y un 10,0 % respecto a las obtenidas en los morteros WwFS sin tratamiento de humectación previa, y el 
módulo elástico promedio C-(A)-S-H aumentó un 16%. Este estudio confirmó la viabilidad de utilizar WwFS prehumedecidos con 
agua caliente como único árido para AASM, lo cual es importante para la utilización a gran escala de WwFS.

PALABRAS CLAVE: Materiales de escorias activadas alcalinamente; Residuo de arena procedente de la fundición de vidrio; 
Interfase; Resistencia a la compresión; Nanoindentación.
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1. INTRODUCTION

With the increasing demand for machines and 
equipment around the world, the foundry industry 
is in a flourishing period. About 112.7 million tons 
of metal castings were produced worldwide in 2018 
(1), and this figure will exceed 120 million tons in 
the next decade. Casting production generates a large 
amount of waste foundry sand (WFS), even if recy-
cled in the production process, it still yields 600 kg of 
WFS per ton of casting produced (2). Normally, WFS 
is classified into green sand and chemically bonded 
foundry sand, the latter is quartz sand bound together 
by chemical binders such as waterglass, phenolic-ure-
thanes, epoxy-resins and furfur alcohol (3-5). Over 
the years, WFS has been dumped in landfills (6-8) due 
to its high alkaline and toxic compounds (9-11) that 
bring high treatment cost, which further contributes to 
soil and groundwater pollutions (12, 13).

Therefore, the question of how to dispose of and 
utilize these hard-to-handle WFS, while minimizing 
their impact on the environment and the economy, 
has attracted considerable attention. Considering that 
WFS is harmful to mechanical properties and durabil-
ity when used as a fine aggregate in cement systems 
(14-16), and that low utilization (10-30%) is an obsta-
cle to the effective use of WFS in concrete (17, 18), 
several researchers chose to use WFS in alkali-acti-
vated slag mortars (AASM). For example, Ferrazzo 
et al. (7) found that substituting some of the sand with 
WFS, with sugar cane bagasse ash and hydrated egg-
shell lime as raw materials, AASMs were produced 
with higher strength, stiffness, and durability than 
ordinary Portland cement (OPC). Sabour et al. (19) 
demonstrated that, compared to cement-based mortar, 
AASM containing treated WFS exhibited a 158% in-
crease in compressive strength at 91 d. In addition, 
consistent with the trend of WFS in OPC, high substi-
tution rates of WFS may not be beneficial to the de-
velopment of compressive strength in AASM. Sithole 
et al. (9) reported that concrete specimens with 40% 
slag binder, 30% WFS, and 30% crushed stones in 
the mixture had the highest unconfined compressive 
strength at 90 d, i.e., replacement of fine aggregates 
with more than 30% WFS impaired the unconfined 
compressive strength of concrete specimens. Bhard-
waj et al. (20) also found that in AASM, the mixture 
with a WFS replacement level of 20% exhibited the 
highest compressive strength. When the fine aggre-
gate was completely substituted by WFS, the com-
pressive strength was only 45% of the control group. 
Although the high substitution rate of WFS has a 
slight deficiency in mechanical properties, it is still 
implied that WFS shows great potential for applica-
tion.

For waste waterglass foundry sand (WwFS), a type 
of WFS bonded by waterglass and hardened by car-
bon dioxide, the quantity of WwFS awaiting disposal 
is huge because of its simple preparation procedures. 
Recently, Fang et al. (21, 22) discovered that one 
of the essential defects for the decreasing of com-
pressive strength is a poor interface known as sand-
wich-like interface structure (WwFS-dried waterglass 
coating-pastes) between WwFS and the surrounding 
pastes. Although the WwFS interface has an impor-
tant effect on the performance of concrete containing 
WwFS, it occupies only a small portion of the entire 
AASM system, and the dissolution and migration dis-
tance of SO3

2- in the dried waterglass layer is quite lim-
ited. Therefore, just focusing on improving the bond-
ing of the interface of WwFS is far from sufficient 
to achieve the goal of enhancing the performance of 
AASM. In AASM, the formation of binding capacity 
is dependent on the temperature of WwFS treatment 
and the type of alkaline activator (23-25). Common 
alkaline activators such as NaOH, KOH, Na2SiO3 and 
K2SiO3 are used to activate slag. Under these highly 
alkaline conditions, alkaline activators facilitate the 
dissolution of slag and the reorganization of units 
such as (SiO4)

- and (AlO4)
-, which is the process of 

binder formation in AASM (26, 27). Among them, the 
combination of NaOH and waterglass works effec-
tively because of their synergistic coupling effect (28, 
29). Huang et al. (29) studied that when using both 
NaOH and liquid waterglass as activators, AASM 
showed rapid coagulation and high strength. And he 
also pointed out that the combination of NaOH and 
waterglass would not affect their respective excitation 
effects, but rather be mutually reinforcing. Compared 
to activating the slag with NaOH alone, the addition 
of waterglass could be beneficial in providing extra 
SiO3

2- to the pore solution, which reacts with the dis-
solved ions from slag to form C-(A)-S-H gels with 
high hydration level (22).

Considering the additional alkaline environment 
provided by the dried waterglass coating, and its great 
limitation on the development of strength, this paper 
proposes utilizing different times and temperatures of 
the pre-wetted WwFS for preparing AASM. During 
the hydration process of AAS, the dried waterglass 
layer needs to absorb water from the pore solution be-
fore releasing it as needed to facilitate the transfer of 
ions such as Al and Si and the polycondensation of 
oligomers (30). The addition of pre-wetted WwFS al-
lows the water absorption step to be skipped, provid-
ing water more directly and efficiently for the hydra-
tion of slag. Subsequently, the solubility of waterglass 
increased with the rise in pre-wetting temperature, 
leading to the dissolution and release of more SiO3

2- 
from the wetted waterglass layer into the mixing wa-
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ter, activating the bonding potential of the paste ma-
trix in a broader and more homogeneous manner. The 
dissolved waterglass layer became thinner, weakening 
the defects of the sandwich structure, and the residual 
waterglass layer could still play a role in improving 
the interface. In addition, the waterglass coating of 
WwFS works as a necessary co-activator to activate 
slag together with NaOH, resulting in strength en-
hancement. In this paper, the effect of wet WwFS on 
the performances of AAS, such as fluidity, compres-
sive strength, flexural strength, scanning electron mi-
croscopy (SEM), pore structure and micromechanical 
properties, was investigated. The significant contribu-
tion of this paper is the direct use of wet WwFS as a 
raw material for the preparation of AAS, unlike other 
studies focusing on dry WwFS, with a special focus 
on the interfacial properties between WwFS and paste 
as well as the waterglass coating in the sandwich-like 
microstructures. Meanwhile, the effect of the interfa-
cial properties of wet WwFS on the micromechanical 
properties of AAS was investigated, and the nanoin-
dentation test provided more accurate information for 
the study of the different phase regions in the micro-
structure of AAS, which has not yet been addressed 
in previous studies on dry WwFS. The findings of 
this research can offer a theoretical foundation for the 
disposal and utilization of WwFS for application in 
construction materials, thus contributing to the sus-
tainable development of the city.

2. MATERIALS AND METHODS

2.1. Materials

Shandong Kang Crystal New Material Co., Ltd. 
provided ground granulated blast slag (GGBS) that 
met S105 grade standards. The chemical composi-
tion, density and BET area of GGBS are shown in 
Table 1 and the particle size distribution of GGBS is 
presented in Figure 1. Both the aggregates for AASM 
and the raw materials for WwFS use quartz sand with 
a particle size of 380-830 μm and a chemical compo-
sition of 99% SiO2, which is milky white or colour-

less and translucent. The waterglass, model SP38, has 
a modulus of about 3.3 and was bought from Jiashan 
Yourui Refractory Co., LTD. Analytically pure KOH 
and NaOH were supplied from Tianjin Hengxing 
Chemical Reagent Manufacturing, Co., Ltd. 
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Figure 1. Particle size of GGBS.

2.2. Preparation of WwFS

The production of WwFS is usually higher in in-
dustrial production because the use of waterglass in 
the foundry process is more common. Waterglass is 
an inorganic cementitious material commonly used as 
a binder to bind sand grains during the casting process 
to form the casting model. WwFS are usually sub-
jected to a high temperature thermal field during the 
casting process, and the shells are heated differently 
due to the location of the casting, creating a tempera-
ture gradient. Using a typical WwFS treated at 100°C 
guarantees consistency in the treatment temperature 
of the waterglass layer. According to Fang (22) et al. 
that real WwFS usually contain more impurities, such 
as metallic elements and organic matter, which may 
affect the hydration process of AAS pastes. To ensure 
that the experiments were controlled, reproducible, 
and to avoid the influence of impurities such as metal-
lic elements and organics, this study chose not to use 

table 1. The density, BET area, and chemical composition of GGBS / %.

Density (kg/m3) BET area (m2/g)
Chemical composition / %

CaO SiO2 Al2O3 MgO Fe2O3 TiO2 K2O Other

2800 1535 43.8 26.4 18.3 4.8 1.1 0.9 0.8 3.9



4 • X. Shen et al.

Materiales de Construcción 74 (355), July-September 2024, e353. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2024.371123

actual waste samples, but to use laboratory-prepared 
WwFS samples and apply them to the AAS system.

In a Harbor mixer, quartz sand, waterglass, and 
KOH were mixed together for three minutes at a mass 
ratio of 100: 5: 2, as per Ref (21). Then, pure CO2 
was injected into the mixture for 10 mins at 5 L/min. 
After hardening, the mixture was cracked and dried 
at 100°C for 24 h to prepare WwFS, which was syn-
thesized as shown in Figure 2. Also, WwFS with a 
particle size of 380-830 μm was selected to keep the 
same particle size as that of the quartz sand.

Figure 2. WwFS preparation process.

Figure 3. SEM images of (a) quartz sand and (b) WwFS.

As shown in Figure 3b, compared with the sharp-
edged and smooth-surfaced quartz sand (Figure 3a), 

the surface of WwFS is encapsulated with a thicker 
layer of dry waterglass, which is mainly composed 
of Na2CO3, sodium silicate gel, and a small amount 
of KOH (31). The width of the waterglass layer is 
about 1-5 μm. WwFS is composed of quartz sand and 
the waterglass layer on the surface, so its chemical 
composition is mainly SiO2, Na2SiO3, Na2CO3 and a 
small amount of KOH. Figure 4 displays the particle 
size distribution of quartz sand and WwFS analyzed 
with the Malvern Mastersizer 2000 particle size ana-
lyzer. Obviously, the volume of WwFS is higher in 
the range of 760-1450 μm, while the volume of small 
(380-760 μm) and large (1450-2000 μm) particle siz-
es decreases. This may be explained by the mixing, 
hardening and crushing processes that increase the 
grain size of small particles and the damage to large 
sand sizes.
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Figure 4. Particle size distribution of quartz sand and WwFS.

The SiO3
2- released from the waterglass coating of 

WwFS has an important effect on the hydration of 
AASM. To evaluate the dissolution characteristics 
of WwFS, the absorbance of Si at 648 nm (32) was 
tested according to the method of Wang et al (21). 
Silicate standard solutions of 0, 2, 4, 8, 12, 16 and 20 
mg/L were made up using Na2SiO3·9H2O and deion-
ized water. Using a 752UV-VIS spectrophotometer, 
the absorbance of the standard solution was measured. 
The final standard curve is shown in Equation (1)  
and presented in Figure 5.

A = 0.0313C - 0.0007 [1]

Where, C is the concentration of Si and A is the ab-
sorbance of the solution.
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Figure 5. Fitting chart of absorbance of silica at different 
concentrations.

table 2. Absorbance and concentration of silicate of WwFS 
solution.

Time
WwFS20 WwFS70

Absor-
bance

Concentration of 
silicate (mg/L)

Absor-
bance

Concentration of 
silicate (mg/L)

1h 0.160 5.13 0.386 12.36
3h 0.272 8.72 0.893 28.54
6h 0.325 10.41 1.239 39.62
24h 0.471 15.08 1.319 42.17

Testing solutions were collected at 1, 3, 6, and 
24 hours by adding 500 g of WwFS20 or WwSF70 
to 500 mL of deionized water, respectively. The ab-
sorbance and silicate concentration of each solution 
are shown in Table 2. This suggested that the disso-
lution rate of WwFS70 is obviously higher than that 
of WwSF20, which may influence the hydration and 
mechanical properties of AASM.

2.3. Mix proportion and sample preparation

Six mixtures were designed to explore the influ-
ence of the pre-wetting methods of WwFS on AASM 
performance, 0.55 was the ratio of activator to binder. 
As shown in Table 3, dried WwFS was used to re-
place all of the quartz sand in WwFS1. WwFS20 and 
WwFS70 represent WwFS immersed in water at 20°C 
and 70°C, respectively. The last number in the desig-
nation denotes the time that WwFS was immersed in 
water. Also, WwFS701, WwFS703 and WwFS706 can 
be considered as the experimental groups, and the 
other three groups as the control groups.

Fresh AAS mortars were prepared by the follow-
ing process. Initially, NaOH was weighed and add-
ed into the water and mixed to exotherm it to room 
temperature, then WwFS was added and soaked for 
different times at two temperatures. Dry materials 
were mixed for three minutes using a Harbor mixer, 
and then wet materials (water for soaking WwFS and 
wet WwFS) were added and mixed for 3 mins. Two 
groups, WwFS0 and WwFS1, directly mixed slag, 
NaOH solution and sand for three minutes.

table 3. Mixing proportions of mortars / kg/m3.

Mixtures GGBS Water NaOH WwFS Quartz 
Sand

WwFS0 322.6 177.4 16.64 0 500

WwFS1 322.6 177.4 16.64 500 0

WwFS2024 322.6 177.4 16.64 500 0

WwFS701 322.6 177.4 16.64 500 0

WwFS703 322.6 177.4 16.64 500 0

WwFS706 322.6 177.4 16.64 500 0

2.4. Test methods

2.4.1. Fluidity

A STNLD-3 fluidity tester was used to measure the 
fluidity of AASM in compliance with ASTM C1437 
(33). Three samples of each mixture were tested and 
averages were given.

2.4.2. Compressive strength

According to ASTM C192 (34), fresh mortar was 
formed in cubic molds of 50 mm size and after vibra-
tion the specimens were continuously cured for 3d, 7d 
and 28d. Finally, three specimens of above age were 
selected for compressive strength testing. 

2.4.3. Flexural strength

The flexural strength of AASM was measured ac-
cording to ASTM C348 (35). In addition, three sam-
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ples were selected at each age, and the test ages were 
3, 7, and 28 days, respectively. 

2.4.4. Mercury intrusion porosimetry 

The pore structure of AASM was analyzed at 28 
days using an AutoPore IV 9510 mercury intrusion 
porosimetry (MIP) analyzer. Test samples were col-
lected from flexural strength testing.

2.4.5. Microstructure analysis

Using a Flex1000 scanning electron microscopy 
(SEM), the effect of different pre-wetting methods 
upon the microstructure of AASM was investigated.

2.4.6. Grid nanoindentation

Nanoindentation testing was used to examine the 
mechanical property of ITZ in the microstructure 
between WWFS and pastes. First, the samples were 
cut after testing for flexural strength at 28d and cast 
into a capsule of 30 mm diameter epoxy resin. The 
specimens were smoothed with 400, 800 and 1200 
grit SiC sandpaper by using a Buehler AutoMet250 
Pro polisher, followed by polishing of the specimens 
with 6 µm, 3 µm and 1 µm diamond suspensions on 
felt. The KLA-iMicro nanoindenter was used to make 
121 indentations in an 11 × 11 grid with a spacing of 
10 µm and 231 indentations in an 11 × 21 grid with a 
spacing of 10 µm. Figure 6 shows the region of 231 
indentations covering the aggregate (quartz sand or 
WwFS) at the bottom of the figure and AAS paste at 
the top.

The indentation process involved a linear increase 
in load to 1 mN, achieved through multiple partial 
unloading steps, followed by a 2 s period of load sta-
bility, and eventually a linear decrease to zero over 5 
seconds. It was assumed that the Poisson ratio of the 
prepared specimens was 0.18. To address concerns 
related to creep, surface roughness, and size effects, 
each indentation underwent multiple cycles of partial 
loading and unloading, as recommended in the litera-
ture (36). For every indentation, the stiffness was cal-
culated using a specific unloading phase that varied 
from 95% to 50% of the maximum load. The method 
for calculating the elastic modulus of the indentation 
was in accordance with the approach detailed in the 
literature (37).

Figure 6. Nanoindentation region of AASM.

3. RESULTS AND DISCUSSION

3.1. Fluidity of mortars

The fluidity of AAS mortars is shown in Figure 7. 
It is clear that the use of dried WwFS to replace quartz 
sand reduces the flow of the mortar by 12.7% com-
pared to WwFS0. WwFS is fine and porous and has a 
larger specific area than quartz sand (12, 38), which 
increases the water required for particle lubrication 
and, thus, reduces the fluidity of the mortar. When 
WwFS2024 was added, the fluidity of the AAS mor-
tar increased by 10.4%, in comparison to WwFS1. 
Since the water absorbed by WwFS can participate 
in the lubrication between particles (39), the fluidity 
of the mortar increases. Furthermore, the fluidities of 
all WwFS70-added AAS mortars were lower than that 
of WwFS1, and the longer the pre-wetting time, the 
lower the fluidity. Specifically, with increasing the 
pre-wetting time from 1 h to 6 h, the fluidity decreased 
by 2.1% to 29.2% compared to WwFS1. The decrease 
in the fluidity of WwFS70-incorporated mortars may 
indicate that the presence of WwFS accelerated the 
early hydration of AASM. It could be attributed to 
the properties of WwFS, as WwFS70 is not only rich 
in hydrophilic silica (40), but also WwFS70 is coated 
with high silica modulus waterglass and KOH, which 
may release OH- during the process of hot-water im-
mersion to increase the pH conditions of pore solu-
tions (41). The increased alkalinity in AAS system 
may accelerate the dissolution process of GGBS and 
promote the polycondensation of flocculated products 
(42). Consequently, higher alkaline conditions result 
in a faster rate of generation of hydration products, 
which decreases the fluidity of AASM (43).
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Figure 7. Fluidity of AASM.

3.2. Compressive strength

The compressive strength of AAS mortars is depict-
ed in Figure 8. When WwFS was used to replace all 
quartz sand, the compressive strength of AASM at all 
ages increased significantly by 22.1% to 30.8% com-
pared to WwFS0. This may be attributed to the dried 
waterglass layer that can release a small amount of 
SiO3

2- into AAS paste, providing an additional source 
of Si for the formation of hydration products (44). 
The compressive strength of WwFS2024 was reduced 
at all ages compared to WwFS1. This suggests that 
the water absorbed by wet WwFS increased the local 
w/b ratio of AASM (45), although the water released 
from pre-wetted WwFS may have contributed to the 
hydration of the slag, but high w/b dominated the neg-
ative effect on compressive strength. When incorpo-
rating WwFS70 into AASM, the compressive strength 
of AAS mortars was higher than that of WwFS1 and 
WwFS0 at all ages. As the pre-wetting time increased 
from 1 h to 6 h, the compressive strength of WwFS70 
increased by 4.5~10.7% at 3d, 3.7~14.2% at 7d, and 
1.3~10.0% at 28d, in comparison with WwFS1. This 
finding is associated with the dissolution of the water-
glass coating with high solubility and the release of 
ions. Pre-wetting WwFS in hot water dissolved and 
released more SiO3

2- from the wetted waterglass layer 
into the mixing water, not just confined around the 
WwFS, but in a broader and more homogeneous way 
activating the binding potential of the paste matrix. 
Moreover, WwFS70 could release SiO3

2- and some 
KOH from the WwFS coating on the quartz parti-
cles into the pore solution, working as an auxiliary 
activator and forming a synergistic activating effect 

with NaOH on GGBS. Based on previous research 
by Wang et al. (21), the dried waterglass coating of 
WwFS could be a primary limiting factor in AASM 
compressive strength development. However, the wa-
terglass layer of WwFS dissolved in hot water became 
thinner, weakening the defects of the sandwich struc-
ture, while the residual waterglass layer still played 
a role in improving the bonding between aggregate 
and paste (46, 47). Hence, more hydration products 
could be generated in the interfacial transition zone 
(ITZ), resulting in a denser ITZ between WwFS and 
the surrounding paste, thus increasing the compres-
sive strength of AASM.
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Figure 8. Compressive strength of AASM.

3.3. Flexural strength

The flexural strength of AAS mortars is present-
ed in Figure 9. It is clear that the development trend 
of flexural strength is similar to that of compressive 
strength of AAS mortars with different pre-wetted 
WwFS treatment methods. The flexural strength of 
WwFS1 is higher than that of WwFS0 by approxi-
mately 16.2~20.0% at all ages. Although the flexural 
strength of WwFS2024 is lower than that of WwFS1 
due to its high w/b, it is still higher than the flexural 
strength of WwFS0. In addition, the flexural strength 
of mortar at all ages increases with the increase of 
soaking time when the pre-wetting temperature of 
treated WwFS is kept at 70°C. At 28d, the flexural 
strength of WwFS70 is increased by 3.1~18.3% com-
pared to WwFS0, where WwFS706 possesses the high-
est flexural strength. The increase in flexural strength 
is attributed to the waterglass coating on WwFS70, 
which is highly soluble as shown in Table 2. WwFS 
can release SiO3

2- into the pore solution around the 
paste, providing additional Si species for the gener-
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ation of hydration products (48). As a result, more 
stress-bearing hydration products can be produced 
and the microstructure of AAS can be densified, re-
sulting in higher flexural strength.
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Figure 9. Flexural strength of AASM.

3.4. Pore structure

Figure 10a presents the pore structure of AAS mor-
tars. The pore size distributions are very similar for all 
groups, with a distinct single peak around 10 nm and 
a flat profile after 100 nm. After adding WwFS1, the 
peak increased obviously compared to WwFS0. This 
may be associated with the inherent sandwich-like 
structure of WwFS, where the interface between the 
paste and aggregate changes from dual to ternary, 
leading to additional pores in the microstructure sys-
tem (21). The mortar with the addition of WwFS2024 
was similar to that of WwFS1, which suggests that 
room temperature pre-wetting for 24 h did not im-
prove the pore structure. The free water and water-
glass released by WwFS2024 could probably produce 
a denser ITZ, but the effect is rather weakened by the 
locally high w/b. By contrast, with the increase of hot 
water pre-wetting time, the peak of WwFS70 exhibited 
a tendency to gradually decrease and move to the left, 
indicating that WwFS70 refined the pore structure of 
AASM. Generally, pores smaller than 10 nm mainly 
consist of gel pores and pores between gel units, the 
lowest peak of WwFS706 means that soaking WwFS 
in hot water results in tighter connection between 
generated gel (49-52). Moreover, it is also possible 
that waterglass has entered the paste, generating extra 
hydration products that fill the pores and cracks, fur-
ther densifying the ITZ. 
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Figure 10. Pore structure of 28d AASM: (a) pore sizes 
distribution; (b) cumulative pore volume.

Figure 10b further shows the cumulative volume 
of pores in the three zones. It is evident that replacing 
quartz sand with WwFS increased the total pore vol-
ume of the mortar by 3.3%, indicating that the sand-
wich structure introduced more pores into AASM. 
Incorporating pre-wetted WwFS not only reduced 
the total porosity and macro pores volume, but also 
optimized the gel pores and capillary pores volume. 
However, the improvement in the pore structure of 
mortars by pre-wetting WwFS at 20°C was limited, 
with a slight reduction in the total porosity of mortars 
containing WwFS2024 compared to WwFS1. With the 
addition of WwFS70, the volumes of all three pore 
size zones decreased, especially the total porosity 
of WwFS706 decreased by 30.4% compared to that 
of WwFS1. Therefore, since the refined pore struc-
ture could be produced in AASM using WwFS70, the 
hypothesis about the auxiliary activation of slag by 
WwFS70 is further substantiated.
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Figure 11. SEM images of 28d AASM: (a) WwFS0; (b) WwFS1; (c) WwFS2024; (d) WwFS701; (e) WwFS706.
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3.5. Microstructure analysis

The typical SEM images of 28d AASM are shown 
in Figure 11. From Figure 11(a), cracks with a width 
as high as 20 μm were found between the quartz sand 
and the surrounding paste, which indicates that the in-
terface is a typical physical interface with poor bond-
ing. After substituting quartz sand with WwFS, the 
cracks between WwFS1 and AAS paste were clearly 
narrowed. Since the layer of dried waterglass on the 
surface of WwFS1 may dissolve into the surround-
ing paste in small amounts, it promoted the hydra-
tion of slag, leading to an enhanced bonding effect 
between WwFS1 and AAS paste. The paste around 
WwFS2024 is loose and porous, as shown in Figure 
11(c), attributed to a significant local increase in w/b 

near WwFS. This results in the deterioration of the 
microstructure (53), consistent with the decrease in 
compressive strength of WwFS2024 in Figure 8. In 
contrast, AASM with the addition of WwFS701 ex-
hibited a large number of hydration products in the 
microstructure, such as C-(A)-S-H gels. Dissolved 
SiO3

2- and KOH from the hot water-soaked water-
glass layer could be released into the mixing water as 
a source of coactivator in addition to NaOH. More-
over, the pre-wetted waterglass coating could func-
tion as reactive aggregates, with the dissolution and 
permeation of SiO3

2- and some KOH facilitating the 
hydration of the surrounding slag particles, producing 
additional hydration products. The enhanced dense 
ITZ structural layer was observed in WwFS706 with 
tight interfaces and no cracks generated, as shown in 

Figure 12. Contour mappings of the elastic modulus in AAS interface: (a) WwFS0; (b) WwFS1; (c) WwFS2024; (d) WwFS701;  
(e) WwFS706.
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Figure 11(e). In conclusion, the improved bonding 
between WwFS and surrounding paste by hot water 
pre-wetting of WwFS can be confirmed, consequently 
influencing the compressive strength and pore struc-
ture of AAS mortar.

3.6. Nanoindentation analysis (interface and paste 
around WwFS)

Figure 12 shows the contour mapping of the elastic 
modulus of AAS mixtures determined by nano-inden-
tation method, respectively. The average elastic mod-
ulus of AASM along the Y axis in Figure 12 was cal-
culated to investigate the variations in ITZ properties 
after incorporating pre-wetted WwFS, as shown in 
Figure 13. There is no weak zone between the quartz 
sand and paste, and the elastic modulus is approxi-
mately 30~50 GPa. Since the dried waterglass layer 
may cause the discontinuity of the interface structure, 
a weak transition zone was found in WwFS1. The ITZ 
thickness of AAS mortar with the addition of WwFS 
is about 60 μm. For WwFS2024, ITZ has the lowest 
elastic modulus. However, the ITZ with the addition 
of WwFS70 was enhanced with an increase in elastic 
modulus, and in particular, the elastic modulus of ITZ 
with WwFS706 tended to be closer to that of WwFS0. 
This implies that hot water immersion treatment of 
WwFS did promote slag hydration, generating more 
hydration products in the interface. Meanwhile, these 

results further proved that WwFS706 can achieve bet-
ter bonding between AASM matrix and aggregate, 
and also contribute to the strength of mortars.
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Figure 13. Distributions of averaged elastic modulus in ITZ.

Figure 14 presents the contour mapping of elastic 
modulus of pastes around AAS aggregates. The red 
areas represent unhydrated GGBS or aggregates with 
an elastic modulus more than 60 GPa (54), while the 
areas less than 60 GPa are considered to be hydration 
products. In Figs. 14d and 14e, the red (>60 GPa) areas 
are significantly decreased and the cyan (20~30 GPa) 
and green (30~40 GPa) areas are  increased, which 

Figure 14. Nanoindentation results of AASM pastes around WwFS: (a), (b), (c) elastic modulus mapping for WwFS0, WwFS1, 
WwFS2024, WwFS701 and WwFS706.

0 20 40 60 80 100
0

20

40

60

80

100

Y
 a

xi
s /

 μ
m

X axis / μm

10

20

30

40

50

60

E (GPa)(a)

0 20 40 60 80 100
0

20

40

60

80

100(b)

Y
 a

xi
s /

 μ
m

X axis / μm

10

20

30

40

50

60

E (GPa)

0 20 40 60 80 100
0

20

40

60

80

100(c)

Y
 a

xi
s /

 μ
m

X axis / μm

10

20

30

40

50

60

E (GPa)

0 20 40 60 80 100
0

20

40

60

80

100(d)

Y
 a

xi
s /

 μ
m

X axis / μm

10

20

30

40

50

60

E (GPa)

0 20 40 60 80 100
0

20

40

60

80

100(e)

Y
 a

xi
s /

 μ
m

X axis / μm

10

20

30

40

50

60

E (GPa)



12 • X. Shen et al.

Materiales de Construcción 74 (355), July-September 2024, e353. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2024.371123

suggests that WwFS706-added mortars had a higher 
degree of hydration with less unhydrated GGBS.
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Figure 15. Comparison of indentation properties of four different 
phases of hydrates for AASM: (a) Elastic modulus; and (b) 

Volume fraction.

Figure 15 illustrates the deconvolution results of 
elastic modulus and volume fraction of pastes around 
AAS aggregates. According to previous studies, the 
elastic modulus was divided into four stages in order 
from low to high, i.e., porous phase (PP), low-den-
sity C-A-S-H (LD), high-density C-A-S-H (HD) and 
unreacted GGBS (UG). The average elastic modulus 
of C-A-S-H for each mixture is presented in the in-
set table in Figure 15a. After replacing quartz sand 
with WwFS, the average elastic modulus of both LD 
and HD was higher than that of WwFS0. Compared 
to WwFS1, the C-A-S-H average elastic modulus 
is increased for all of WwFS70, although WwFS2024 
is slightly lower. The average elastic modulus of 

C-A-S-H increased from 32.66 GPa for WwFS1 to 
37.88 GPa for WwFS706, indicating that the addition 
of WwFS706 densified the microstructure of the hy-
dration products. In Figure 15b, the hydration prod-
ucts with the largest volume fraction in WwFS701 and 
WwFS706 are both HD. WwFS706 shows a decrease in 
PP volume fraction from 26% to 19% and an increase 
in HD volume fraction from 26% to 37% compared to 
WwFS1, suggesting that WwFS706 promotes the for-
mation of more HD in AAS. The above findings fur-
ther demonstrate the synergistic effect on activating 
the slag between NaOH and sodium silicate dissolved 
into the mixing water, which contributes to improving 
the compressive strength of AAS mortars, consistent 
with the results of MIP.

4. CONCLUSIONS

This study investigates the replacement of quartz 
sand by WwFS at two different pre-wetting methods 
(24 h pre-wetting at 20°C and 1~6 h pre-wetting at 
70°C) and compares their performances with those 
of added quartz sand and dried WwFS mortars. The 
experimental results demonstrated that the addition 
of dried WwFS resulted in lower fluidity and higher 
compressive strength than WwFS0 due to the dried 
waterglass layer that can release a small amount of 
SiO3

2- into AAS paste. Although the pre-wetted WwFS 
improved fluidity, the increase in local w/b led to a 
decrease in the compressive strength of WwFS2024. 
In contrast, the addition of WwFS70 achieved higher 
compressive and flexural strengths and denser pore 
structure than WwFS1. On the one hand, the solubili-
ty of waterglass increased with increasing pre-wetting 
temperature, leading to the dissolution and release of 
more SiO3

2- from the wetted waterglass layer into the 
mixing water, which activated the bonding potential 
of the paste matrix in a broader and more homoge-
neous manner and promoted the generation of addi-
tional hydration products. As the pre-wetting time 
increased from 1 h to 6 h, the compressive strength 
of WwFS70 increased by 4.5~10.7% at 3d, 3.7~14.2% 
at 7d, and 1.3~10.0% at 28d, in comparison with 
WwFS1. On the other hand, the dissolved waterglass 
layer becomes thinner, weakening the defects of the 
sandwich structure, while the residual waterglass lay-
er still plays a role in improving the interface. The 
hydration of the slag was improved in WwFS706-add-
ed mortars, with fewer and smaller unhydrated slag 
particles around WwFS, and no obvious ITZ in the 
microstructure.
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