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Article

Rheological Behavior of Oil Well Cement Slurries with Addition
of Core/Shell TiO2@SiO2 Nanoparticles—Effect of
Superplasticizer and Temperature
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Abstract: This study investigates the rheological behavior of oil well cement pastes
(OWCPs) modified with core/shell TiO2@SiO2 (nTS) nanoparticles and polycarboxylate-
ether (PCE) superplasticizers at different temperatures (25, 45, and 60 ◦C). Results show
that nTS particles increased static and dynamic yield stresses and the apparent viscosity
of the cement slurries due to an increased solid volume fraction and reduced free water
availability. The increase in the slurry dispersion by adding PCE superplasticizers en-
hanced the effect of the nanoparticles on the rheological parameters. Oscillation rheometry
demonstrated that nTS nanoparticles enhanced the structural buildup, while PCE retarded
hydration. Furthermore, slurries hydrated at 60 ◦C experienced higher initial values of the
elastic modulus and a faster exponential increase in this rheological parameter due to the
acceleration of the cement hydration.

Keywords: oil well cementing; rheology; polycarboxylate ether; temperature; optimization

1. Introduction
Rheological properties of cementitious materials play a key role in the petroleum

industry [1]. Before pumping into the wellbore, the cement slurry is mixed on the rig in a
cementing unit [2]. During the oil well cementing operations, the cement slurry fills the
annulus space between the rock formation and the steel casing. The main objectives of
the cement sheath are to provide zonal isolation from fluid flow and to protect the steel
casing, preventing it from corrosion [3]. Moreover, if the well presents no zonal isolation,
it will never reach its best potential as an oil or gas producer [2]. Many problems can be
found during cementing operations, such as improper casing centralization, poor bonding
between cement formation and cement casing, shrinkage, the inappropriate placement of
cement, and fluid loss [1]. Among them, channeling is the most critical one [4,5].

The study of rheological properties of cementitious materials involves the identifica-
tion of the inherent properties of fluids, including plastic viscosity, yield stress, frictional
behavior, and gel strength. Understanding these factors is crucial in determining the flow
behavior of cement slurry and establishing the relationship between the flow rate (shear
rate) and the pressure gradient (shear stress) that drives fluid movement [6]. Some studies
have shown that, in the early stages of insufficient cement hydration, volume shrinkage
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and external loads contribute to the deformation of the cement stone, leading to oil and
gas well leakage [7,8]. As a result, it is essential to develop oil well cement with suitable
rheological properties, a dense hydration product structure, and high early strength. The
rheology of the cement slurry is affected by many factors, such as the chemical composition
of cement, solid volume fraction, the specific surface area of cement, the shape of cement
grains, the type and dosage of chemical admixtures, application methods, the mixing time
and process, the nature of wellbore, etc. [9]. According to Nelson and Guillot [6], the effect
of pressure on the rheological properties of oil well cement can be neglected as its effect is
too small when compared to the temperature. Temperature has a major impact on cement
slurry rheology, but it also depends on the incorporated chemical admixtures.

In recent years, nanoparticles have shown great potential to enhance the properties
of cementitious materials, such as the heat of hydration, mechanical strength, microstruc-
ture, shrinkage, and chemical resistance [10,11]. In terms of hydration kinetics, they can
accelerate cement hydration by creating additional nucleation sites for the precipitation
and increase of calcium silicate hydrate (C-S-H) gel content. This acceleration of hydration
reduces thickening time, facilitating early strength development [12,13].

However, nanoparticles can negatively influence the viscosity of cement-based ma-
terials. Traditional cement without nanoparticles has lower viscosity, leading to a more
brittle cement bond. In contrast, nano-enhanced slurries exhibit higher viscosity due to a
solid/volume ratio increase and, in many cases, a high water adsorption of water used
in the paste preparation, which enhances their flexural performance [14]. The addition of
nanoparticles, due to their large surface area, typically reduces the workability of cement
slurry. Depending on the type and concentration of the nanomaterial, the slurry’s rheology
can change significantly, potentially making it unpumpable [15].

The addition of nanosilica to oil well cement slurry alters its rheological properties,
such as yield stress and plastic viscosity. Its large surface area increases water and chemical
admixture requirements for workability. At constant water content, higher nanosilica con-
centrations lead to higher solid volume fractions and particle packing, reducing free water
and increasing torque and friction between particles [16]. This reduces cohesion, lowering
flow spread and increasing plastic viscosity. Nanosilica particles densify the microstructure
by filling voids, though agglomerates may retain free water, reducing workability. Whether
nanosilica affects rheology depends on whether agglomerates act as fillers [17]. Nanoparti-
cles in water tend to agglomerate due to van der Waals interactions, making it challenging
to achieve a uniform dispersion when preparing cement nanocomposites [18].

Baragwiha et al. [19] investigated the addition of nano-SiO2 (15–25 nm) and nano-TiO2

(20–30 nm) to oil well cement class G in 1, 3, 5, and 7% by weight of cement (BWOC).
Polycarboxylate-ether (PCE) superplasticizer and defoamer dosages were kept constant at
1.6 and 0.2% BOWC, respectively. To avoid instant thickening, the w/b ratio varied from
0.72 to 0.78, depending on the density of the slurries, which was maintained at 1.65 g·cm−3.
The authors observed that nano-SiO2 significantly increased the apparent viscosity and
yield stress of the slurries. This behavior was attributed to the increased structure building
ability of the cement slurries. The effect of nano-TiO2 was smaller. This was because,
while the effect of nano-TiO2 is purely physical (i.e., more nucleation sites due to a high
surface area), nano-SiO2 also promoted chemical reactions with calcium hydroxide to form
additional C-S-H due to its pozzolanic nature.

To improve properties both in the fresh and hardened state, core/shell TiO2@SiO2

(nTS) nanoparticles are a good alternative [20,21]. This material consists of a mixture of
a non-reactive material (which is the core) covered by a pozzolanic material (being the
shell). In previous studies [22,23], we investigated the dispersion of TiO2 covered with
SiO2 (nTS) nanoparticles of 20–40 nm in water. After adding 1% BWOC of nTS in water,
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the mean hydrodynamic size of particles was 32.66 nm, indicating that no agglomeration
occurred. Additionally, we studied the impact of 0.5% and 1% BWOC of these particles on
oil well cement class G hydrated pastes, in the presence and absence of superplasticizers. A
decrease in porosity and portlandite content, increased hydration and C-S-H main chain
length, and an improvement in mechanical and chemical properties before and after CO2

exposure were observed. No studies on the rheological behavior of these pastes with PCE
have been carried out to date. It is therefore necessary to study the influence of these nTS
nanoparticles on the rheology of oil well cement slurries and the effect of temperature in
these mixtures. For this reason, the main objective of the present study is to investigate
the influence of these nTS particles on the rheological behavior of oil well cement class G
slurries in the absence and presence of PCE superplasticizers and at different temperatures.

2. Materials and Methods
2.1. Materials

The cement class G was provided by Lafarge Holcim Brasil S.A., (Rio de Janeiro, Brazil)
and its chemical composition was determined by XRF, as presented in Table 1.

Table 1. Cement class G chemical composition.

Oxide SiO2 CaO Al2O3 Fe2O3 MgO SO3 K2O Equivalent Na2O LOI 1 IR 2

wt.% 21.1 64.2 3.8 4.6 1.3 2.6 0.4 0.5 0.8 0.53
1 Loss of ignition. 2 Insoluble residue.

The commercial core/shell TiO2@SiO2 nanoparticles were purchased from SkySpring
Nanomaterials. The core consists of rutile phase titanium oxide (TiO2), which is 99.5%
pure. The core is coated with a layer (shell) of silicon oxide (SiO2). The mean nanoparticle
size is 32 nm, measured by Dynamic Light Scattering (DLS) [22]. The TiO2/SiO2 ratio is
approximately 0.03, and the nanoparticles are highly hydrophilic. The transmission electron
microscopy (TEM) image and the X-ray diffraction (XRD) spectrum of nTS are shown in
Figures S1 and S2 of the Supplementary Materials, respectively. The amounts of nTS
addition were 1, 2, 3, and 4% BWOC. To maintain good workability, a PCE superplasticizer
was used (CQ Plast MR 825 superplasticizer admixture provided by Camargo Química
S.A., Pomerode, Brazil). This is a polycarboxylate-ether superplasticizer of the third
generation and follows the standard C494 [24] as a type F. The Fourier transform infrared
spectroscopy (FTIR) of PCE is shown in Figure S3 of the Supplementary Materials. The
physical properties of the powders are presented in Table 2.

Table 2. Characteristics of materials.

Material Size Specific Mass (g·cm−3) Specific Surface Area (m2·g−1)

Cement class G 7.30 µm 1 3.16 0.82 1

nTS 32 nm 2 4.23 3 ~40
1 Measured by BET (Figure S4). 2 Measured by DLS in our previous work [22]. 3 Provided by the supplier.

2.2. Mixing Procedures

The mixing proportions of oil well cement pastes (OWCPs) are presented in Table 3.
Prior to mixing, the nTS content was added to deionized water. The amount of cement was
100 g, and the w/b ratio was 0.44 for the mixtures without PCE. For the mixtures with the
PCE addition, the dosage of PCE used was 0.15 and 0.30% BWOC, and the w/b ratio was
reduced to 0.35 to avoid bleeding. Slurries were mixed at 2000 rpm for 60 s. The rheology
tests were carried out in a Kinexus Ultra+ rheometer from Netzsch (Selb, Germany).
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Table 3. Mix compositions.

Mixture Cement (g) Water (g) nTS (g) PCE (g) Solid/Volume
Fraction (%)

OWCP0.44_0nTS 100 44 0 0 41.9
OWCP0.44_1nTS 100 44 1 0 42.1
OWCP0.44_2nTS 100 44 2 0 42.3
OWCP0.44_3nTS 100 44 3 0 42.5
OWCP0.44_4nTS 100 44 4 0 42.7

OWCP0.35_0nTS_0.15PCE 100 35 0 0.15 47.6
OWCP0.35_1nTS_0.15PCE 100 35 1 0.15 47.8
OWCP0.35_2nTS_0.15PCE 100 35 2 0.15 48.0
OWCP0.35_3nTS_0.15PCE 100 35 3 0.15 48.2
OWCP0.35_4nTS_0.15PCE 100 35 4 0.15 48.4
OWCP0.35_0nTS_0.30PCE 100 35 0 0.30 47.6
OWCP0.35_1nTS_0.30PCE 100 35 1 0.30 47.8
OWCP0.35_2nTS_0.30PCE 100 35 2 0.30 48.0
OWCP0.35_3nTS_0.30PCE 100 35 3 0.30 48.2
OWCP0.35_4nTS_0.30PCE 100 35 4 0.30 48.4

2.3. Rheological Test Conditions
2.3.1. Static Yield Stress

The static yield stress was determined from the stress growth test at 25 ◦C. To ensure
repeatability, a preshear of 200 s−1 was applied for 35 s. The stabilization time was set to
10 min for structure formation. A constant shear rate of 0.1 s−1 was applied, and, with the
structure breakdown, the shear stress increased. The static yield stress value was obtained
through the initial peak of the shear stress (Figure S5 in the Supplementary Materials).

2.3.2. Flow Curves and Apparent Viscosity

Flow curves were measured on pastes at 25, 45, and 60 ◦C using concentric cylinders
geometry with roughed surfaces. A preshear was initially conducted at 200 s−1 for 35 s. A
stabilization time of 5 min to reach the target temperature was applied afterward. The upper
and lower ramps were from 0 to 100 s−1 during 2 min and 15 s each. The dynamic yield
stress was determined using the Herschel–Bulkley model (Equation (1)), which presented
the best fit.

τ = τ0 + K
.
γ

n (1)

where τ is the shear stress, τ0 is the dynamic yield stress, K is the consistency factor,
.
γ is

the shear rate, and n is the flow index.
The evolution of the apparent viscosity with shear rate was obtained from the

down curve.

2.3.3. Oscillation Tests

Oscillation measurements were conducted to study the structural build-up of the
slurries at 25 ◦C and 60 ◦C and dosages of PCE and nTS. For this, the plate–plate geometry
with rough surfaces was used, and the gap between plates was set at 1 mm. The linear
viscoelastic region (LVER) was initially determined as this is the domain where the mi-
crostructure of the cement paste is preserved. The LVER was determined by increasing the
strain at a frequency of 1 Hz [25,26]. For this, small amplitude oscillatory shear (SAOS)
tests were conducted at a strain of 5 × 10−5 up to 2.5 h. To avoid water evaporation during
the measurement, a solvent trap system was used.
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3. Results and Discussion
In oil well cementing, understanding rheological properties like static and dynamic

yield stresses, apparent viscosity, and oscillation tests is crucial for ensuring the perfor-
mance and stability of cement slurries. Static and dynamic yield stresses help assess the
slurry’s ability to resist flow under static and dynamic conditions, impacting placement
and preventing fluid migration. Apparent viscosity measures flow resistance, influencing
pumpability and placement efficiency. Oscillation tests help evaluate the viscoelastic prop-
erties, providing insight into the transition from slurry to solid, crucial for zonal isolation
and well integrity. Understanding these properties ensures efficient cementing, preventing
well failures, and optimizing production.

In the present study, the nTS content, temperature, and the presence and absence
of PCE have been considered as variables in the rheological behavior of oil well cement
slurries. The results obtained considering the aforementioned variables are described and
discussed below, specifically the following: (i) the impact of nTS and PCE on the static and
dynamic yield stress of OWCPs at room temperature; (ii) the impact of temperature and nTS
on the dynamic yield stress and apparent viscosity of oil well cement pastes; and (iii) the
study of the reactivity of oil well cement pastes containing nTS by oscillation rheometry.

3.1. Impact of nTS and PCE on the Static and Dynamic Yield Stress of Oil Well Cement Pastes at
Room Temperature

The static yield stress of the studied OWCPs at 25 ◦C is shown in Figure 1. This pa-
rameter was measured by shear stress-controlled protocols. Static yield stress is the needed
stress to initiate flow, and it is associated with a non-disturbed microstructure [27,28].
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The addition of 0.15% PCE admixtures enabled the decrease in the water/binder ratio
from 0.44 to 0.35 with an increase of around 25% of the static yield stress, regardless of
the amount of nTS added to the pastes. This effect of PCE is due to the steric hindrance
induced by the adsorbed polymer onto the cement particles [29,30]. The increase in the
PCE dosage up to 0.30% led to a decrease of 75% of the static yield stress in the absence of
nTS, and this positive effect is preserved when the nanoparticles are added. To compare the
impact of nTS in the three cementitious systems, with different water content and polymer
dosages, static yield stress values were normalized with respect to the yield stress of the
corresponding paste without nTS. From Figure 1b, it can be inferred that the addition of
nTS leads to a higher increase in the static yield stress in OWCPs with a l/s = 0.35 and
containing the highest amount of PCE, showing that the nanoparticles have a greater effect
as the dispersion of particles in the paste increases. This agrees with previous studies that

5



Materials 2025, 18, 239

proved that good dispersants are needed to stabilize nanoparticles, such as nano clays
or graphene oxide, and preserve their properties as hydration accelerators or viscosity-
modifying admixtures [31]. At this early reaction time (around 15 min), the amount of
hydrates can be considered neglectable, and the increase in the static yield stress induced
by nTS can be mainly explained by the increase in the solid volume fraction of the pastes,
as shown in Table 3 [32].

3.2. Impact of the Temperature and nTS on the Dynamic Yield Stress and Apparent Viscosity of the
Oil Well Cement Pastes

The effect of temperature on dynamic yield stress in the OWCP slurries (with nTS and
PCE) is shown in Figure 2. The dynamic yield stress, determined from the flow curve (see
Figures S6, S7 and S8a,c,e in the Supplementary Materials), is defined as the minimum
stress to maintain or finish the flow of a material that has suffered the breakdown of the
microstructure [33,34]. Furthermore, the apparent viscosity of the slurries at different
temperatures (with different nTS content and PCE) is presented in Table 4. All the slurries
show a shear-thinning behavior with a decrease in the apparent viscosity as the shear rate
increases (see Figures S6, S7 and S8b,d,f in the Supplementary Materials).

The addition of nTS increased both rheological parameters, dynamic yield stress, and
apparent viscosity compared to the control samples due to the increase in the solid volume
fraction (see Table 4) and the water adsorption by nTS that decreases the amount of free
water needed for flowability [35,36]. For a given nTS content and temperature, mixtures
with PCE tend to present lower values of both rheological parameters as the adsorption
of PCE onto the cement surface decreases the attractive interparticle forces that prevent
particle flocculation and releases the free water trapped within the flocs [37].

The increase in the temperature from 25 ◦C to 45 ◦C does not significantly impact
the values of dynamic yield stress and apparent viscosity; however, the low flowability of
most of the OWCPs and OWCP0.35_0.15PCE pastes at 60 ◦C did not allow us to measure
their rheological parameters. This is mainly related to the fast reactivity of the pastes at
this temperature. In contrast, all OWCP0.35_0.30PCE pastes could be tested at 60 ◦C, as
in this case, the higher dosage of PCE led to a higher amount of polymer adsorbed on
the surface reactive areas of the silicate phases and the consequent retardation of cement
hydration [38,39].

The dynamic yield stress has been plotted versus the apparent viscosity at 10 s−1 for
most of the studied pastes, containing variable amounts of nTS, PCE, and hydrated at differ-
ent temperatures. The master curve obtained (Figure 3) exhibits a linear relationship with a
high regression coefficient (R2 = 0.9822), showing a strong correlation between dynamic
yield stress and apparent viscosity. This further confirms that the observed changes in rheo-
logical behavior can be attributed primarily to the physical effect of added solids rather than
chemical interactions associated with hydration. In contrast, the rapid flow loss suffered
by OWCPs containing nTS and OWCP0.35_0.15PCE with dosages of nTS above 1% and
hydrated at 60 ◦C did not allow us to measure their rheological properties. For these pastes,
flow loss was related to the enhancement of cement hydration induced by temperature and
the presence of nanoparticles, as also shown below in the oscillation measurements.

These results show that the addition of PCE is essential to maintain low dynamic
yield stress values in slurries containing nTS at all tested temperatures. In particular, the
synergistic effect of PCE and nTS improved the flowability of the mixtures with low nTS or
high nTS with high PCE contents even at elevated temperatures, being beneficial for oil
well applications.
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Table 4. Apparent viscosity values at 10 s−1 at different temperatures.

Temperature nTS Content (%)
Apparent Viscosity (Pa·s)

OWCP0.44 OWCP0.35_0.15PCE OWCP0.35_0.30PCE

25 ◦C

0 2.17 1.85 0.38
1 2.36 2.08 0.81
2 2.94 3.68 1.83
3 3.68 3.80 2.47
4 4.41 5.55 5.17

45 ◦C

0 1.95 1.54 0.22
1 2.31 2.26 0.56
2 2.76 3.28 1.84
3 - 3.49 2.47
4 - 3.65 4.37

60 ◦C

0 2.65 1.33 0.28
1 - 2.13 0.66
2 - - 1.69
3 - - 1.87
4 - - 2.02

“-” Measurements could not be taken due to the low flowability of the pastes.
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Figure 3. Dynamic yield stress and apparent viscosity relationship.

3.3. Study of the Reactivity of the Oil Well Cement Pastes Containing nTS by
Oscillation Rheometry

To further investigate the reaction and structuration of the cement pastes, small
amplitude oscillatory shear (SAOS) measurements were conducted. The LVER graphs at
25 and 60 ◦C are presented in Figures 4 and 5, respectively. The range of strain and stress
within the viscoelastic properties of the material remains constant, regardless of the applied
strain. Until the yellow line, the material responds predictably to strain and stress and can
return to its original shape. The critical strain was found in the range between 1 × 10−5

and 5 × 10−4 Pa. This region was identified immediately before the G′/G′′ values started
to decrease and was 5 × 10−3%.
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Figure 4. Strain oscillation test conducted on slurries at 25 ◦C (a) without PCE and (b) with PCE.

The SAOS was carried out for OWCPs without and with 0.15% of PCE and dosages of
nTS up to 2% [40]. Figure 6 shows the evolution of the elastic modulus G′ over the reaction
time at a constant shear strain at 0.005% (value in the linear viscoelastic regime). At initial
times, the addition of PCE decreases the elastic modulus of the slurries with respect to the
non-admixed one, which confirms the dispersing properties of the PCE superplasticizer.
In particular, at 25 ◦C, OWCP and OWCP0.35_0.15PCE showed a G′ of 1.09 × 105 and
6.7 × 103 Pa, respectively. In contrast, at 60 ◦C, no significant differences in the G′ values
have been observed for both pastes.
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The addition of 2% nTS to OWCP0.44 increases the initial elastic modulus compared to
non-admixed slurries, inferring that the rigidity of the pastes rises with the increase in the
solid volume ratio and the consequent decrease in the interparticle distance [41]. At 25 ◦C,
the elastic modulus remains almost constant over the first 15 min of hydration. Afterward,
a steep rise in the elastic modulus is observed probably due to the gradual precipitation
of reaction products onto the pseudo-contact points between cement particles [25]. The
addition of nanoparticles does not modify the time at which G′ increases, but it reduces
the slope of the curve after 15 min of hydration. The rise in the temperature to 60 ◦C in
OWCP0.44 slurries with and without nanoparticles leads to an increase in G′ from the very
early times due to the acceleration of hydration kinetics with respect to slurries hydrated
at 25 ◦C.

In the presence of PCE, two main stages were observed in the evolution of G′ of
pastes hydrated at 25 ◦C. Over the first stage up to 2000 s, the progressive increase in G′ is
associated with the initial flocculation of the cement particles due to colloidal interactions
and the initial precipitation of first hydration reaction products [25,26]. Afterward, an
exponential increase in G′ is observed and related to the higher amounts of these reaction
products over this stage. The addition of the polymer retards the time of appearance of this
exponential increase with respect to OWCP0.44 pastes [39] as the polymer adsorption onto
the surface reactive sites blocks silicate dissolution. In slurries containing PCE, the rise in
the temperature leads to a higher initial G′ value and a faster increase in this parameter;
however, the presence of nanoparticles does not modify the evolution of G′ over time, as
shown in Figure 6b.
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4. Conclusions
This study evaluated the impact of core/shell TiO2@SiO2 (nTS) nanoparticles and

polycarboxylate-ether (PCE) superplasticizer on the rheological behavior of oil well cement
pastes (OWCPs) at different temperatures. The findings reveal that nTS effectively changes
the rheological properties of cement slurries by increasing static and dynamic yield stresses
and the apparent viscosity. This behavior is attributed to an increase in solid volume fraction
and a reduction in free water availability. The increase in these rheological parameters
induced by the nTS is higher as the PCE dosages increase, which confirms the greater effect
of nanoparticles in well-dispersed systems.

The increase in the temperature up to 45 ◦C induced no significant changes in the
rheological parameters. However, slurries hydrated at 60 ◦C experienced higher initial
values of the elastic modulus (measured by oscillation rheometry) and a faster exponential
increase in this rheological parameter.

The synergistic interaction between nTS and PCE emerged as a key finding. While
nTS enhanced the rheological performance by improving microstructure and particle
packing, PCE ensured dispersion and prevented agglomeration, enhancing the overall
flow properties of the slurries. This combination demonstrates significant potential for
improving oil well cement performance in high-temperature environments.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ma18020239/s1, Figure S1: TEM image of nTS; Figure S2: XRD
spectrum of nTS; Figure S3: FTIR spectrum of PCE; Figure S4: Isothermal graph of anhydrous cement
class G; Figure S5: Shear stress graphs for static yield stress determination at 25 ◦C for the mixtures
(a) without PCE, (b) with 0.15 wt.% of PCE, and (c) with 0.30 wt.% of PCE; Figure S6: Shear stress
and shear viscosity graphs for the mixtures (a,b) without PCE, (c,d) with 0.15 wt.% of PCE, and
(e,f) with 0.30 wt.% of PCE; Figure S7: Shear stress and shear viscosity graphs at 45 ◦C for the mixtures
(a,b) without PCE, (c,d) with 0.15 wt.% of PCE, and (e,f) with 0.30 wt.% of PCE; Figure S8: Shear
stress and shear viscosity graphs at 60 ◦C for the mixtures (a,b) without PCE, (c,d) with 0.15 wt.% of
PCE, and (e,f) with 0.30 wt.% of PCE.
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Abstract: Superfine cement is widely used in building reinforcement and repair, special concrete
manufacturing, and environmental protection engineering due to its high toughness, high durability,
good bonding strength, and environmental friendliness. However, there are some problems in
superfine cement slurry, such as high bleeding rate, prolonged setting time, and consolidated body
volume retraction. In this article, on the premise of using the excellent injectability of superfine cement
slurry, the fluidity, setting time, reinforcement strength, and volume expansion rate of novel expansive
superfine cement slurries with varying proportions were analyzed by adding expansion agent UEA,
naphthalene-based water reducer FDN-C, and triisopropanolamine accelerating agent TIPA. The
results show that under most mix ratios, the bleeding rate and fluidity of the novel superfine cement
slurry initially increase and decrease with rising water-reducing agent dosage. The initial setting
time generally decreases with accelerating agent dosage, reaching a minimum value of 506 min,
representing a 33.68% reduction compared to the benchmark group (traditional superfine cement).
Under normal conditions, the compressive strength of the net slurry consolidation body is positively
correlated with expansion agent dosage, achieving maximum strengths of 8.11 MPa at three days and
6.93 MPa at 28 days; these values are respectively higher by 6.7 MPa and 2.6 MPa compared to those
in the benchmark group. On the seventh day, the volume expansion rate of the traditional superfine
cement solidified sand body ranges from −0.19% to −0.1%, while that for the corresponding body
formed from the novel superfine cement is between 0.41% and 1.33%, representing a difference of
0.6–1.43%. After the on-site treatment of water and sand-gushing strata, the core monitor rate of
the inspection hole exceeds 70%. The permeability coefficient of the stratum decreases to a range
between 1.47 × 10−6 and 8.14 × 10−6 cm/s, resulting in nearly a thousandfold increase in stratum
impermeability compared to its original state. Hence, the findings of this research hold practical
importance for the future application of such materials in the development of stratum reinforcement
or building repair.

Keywords: superfine cement; setting time; reinforcement strength; volume expansion; engineering
application

1. Introduction

The stable progress of infrastructure construction in China has led to the emergence of
projects such as highways, railways, and urban subways traversing the Quaternary sand
layer. The loose structure and intricate seepage characteristics often result in disasters
such as water gushing, sand collapse, and structural water leakage. Grouting emerges as
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the predominant technical solution to prevent and manage such disasters. This method
involves injecting a solidifiable slurry into the crevices or voids of rock and soil masses to
enhance their physical and mechanical properties. However, when grouting in medium-
fine sand layers, conventional Portland cement presents issues related to its larger particle
size and higher bleeding rate. In contrast, traditional superfine cement is associated with
prolonged gel time and susceptibility to volume shrinkage of the solidified mass. Therefore,
exploring novel superfine cement slurries suitable for grouting in medium-fine sand layers
is of significant scientific importance.

Currently, numerous scholars have conducted significant experimental studies on
the modification of superfine cement materials. Han Fenglei et al. [1] investigated the
effects of the total volume fraction of SiO2 gas glue and sand particles at 60% on the
flowability, dry density, water absorption, thermal conductivity, mechanical properties,
and microstructure of superfine cement-based materials. The results showed that with the
increase of aerogel content from 0% to 60%, the material fluidity decreased by 7.3–22.3%,
and the dry density gradually decreased while the water absorption increased. Zhang
Jianwu et al. [2] explored the influence and mechanism of soluble P2O5 on the early-age
hydration behavior of superfine sulfoaluminate cement, finding that soluble P2O5 has a
minor effect on setting time but can significantly increase the formation of early calcarenite.
When the soluble P2O5 content was between 0% and 1.5%, the early strength of superfine
sulfoaluminate cement-based double liquid grouting materials increased with the soluble
P2O5 content. Zhao Weiquan et al. [3] investigated the pH value of superfine cement
slurry at different ages under silica fume content conditions and a water–binder ratio set
at 1.4. They determined that when silica fume content is more than 40%, SiO2 content is
more than 50%, and the Ca/Si molar ratio of C-S-H gel is less than 0. 8, the pH value of
the consolidation body is less than 11. Tongqiang Xiao et al. [4] to solve the problem of
grouting reinforcement of micro-fractures surrounding rock in deep roadways, the influence
characteristics of auxiliary materials and additives on slurry flow were analyzed, and the
composition and proportion of superfine cement-based composite grouting materials
were determined: superfine cement accounted for 89.4%, superfine coal ash accounted
for 5%, ultrafine mineral powder accounted for 5%, naphthalene water reducing agent
accounted for 3~5‰, and lignin sulfonate calcium accounted for 1~3‰. When the water-
cement ratio is 1.0 and the water reducer content is 3 ‰, the slurry has the advantages
of strong permeability, strong fluidity, and low water bleeding rate. Dongyue Zhang
et al. [5] examined the effect of superfine cement content on the strength and microstructure
characteristics of solidified materials through uniaxial compression tests, fragment fractal
dimension analysis, mercury intrusion porosimetry experiments, and scanning electron
microscopy. The results showed that the superfine cement content increased from 0% to
70% when the water–cement ratio was 0.45:1, the compressive strength of the grouted
specimens increased from 16.7 MPa to 26.3 MPa, and the fractal dimension decreased from
1.8645 to 1.2301. Shengnan Xu et al. [6] investigated various methods, including mechanical
grinding, sulfate activation, and alkali activation, to enhance the reactivity of mineral
admixtures. They also analyzed the evolution process of cementitious materials from
microstructure to macroscopic mechanical behavior using a laser granularity analyzer and
scanning electron microscopy. It is concluded that under the condition that the compressive
strength is not lower than that of the control group (without mineral admixture), the
content of mineral admixture can be increased to 50%, 70%, and 90% after mechanical
grinding, sulfate activation, and alkali activation, respectively. Hao Li et al. [7] utilized oil
well cement and superfine cement as raw materials to produce a composite material with
excellent compressive and tensile strength by incorporating green carbonation calcium and
steel fibers. The strength test results on day 28 showed that the compressive and tensile
strength of the material increased from 44 MPa to 74 MPa and from 3.6 MPa to 18.3 MPa
compared with the material without the addition of micron-size green silicon carbide. Fei
Wang et al. [8] developed the modified coral aggregate concrete, and the effect of using
modified superfine cement on its workability and strength is investigated. Experimental
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results show that the strength of the modified coral aggregates cured for a short duration is
slightly lower than that of unmodified coral aggregates, whereas that cured for 28 days is
approximately 20% higher than that of unmodified coral aggregates. Longji Wu et al. [9]
developed a novel polyacrylate emulsion-modified superfine cement slurry composed of
superfine cement, polyacrylic ester butadiene, defoaming agent, and accelerating agent;
they compared the workability, mechanical properties, and microstructure of modified
superfine cement slurries with different proportions.

Meanwhile, considerable research has been conducted on treating sandy soil layers
with superfine cement. Murat Mollamahmutoglu et al. [10] investigated the compressive
strength, permeability, expansion potential, and compressibility of high plasticity clay
modified by slag-based superfine cement. They observed that wet curing and air drying
conditions enhanced the strength of high plasticity clay when treated with slag-based
superfine cement while slightly reducing permeability, expansion potential, and compress-
ibility. Xiaoli Liu et al. [11] performed a theoretical analysis on sleeve valve grouting in
sandy soil stratum using the discrete element method to simulate the diffusion behavior of
Bingham fluids under varying pressures and to establish the relationship between grouting
pressure, diffusion radius, and initial fracture pressure. Wenshuai Li et al. [12] enhanced
the samples’ early shear strength, microstructure, and slurry viscosity by incorporating
different particle sizes of cement and nano-SiO2. Results showed that the optimal superplas-
ticizer dose levels of 1.5% and 0.75% were recommended for superfine cement grouts with
and without nano-SiO2 addition, respectively. Eybhan et al. [13] measured the viscosity,
bleeding capacity, setting time, strength, and permeability of superfine cement and fine
fly ash mixtures with varying water–cement ratios. Their findings indicated that adding
fly ash can enhance the compressive strength of the slurry. Jian Zhang et al. [14] discussed
the feasibility of silty fine sand as a substitute sand source for backfill grouting liquid, and
research shows that the grouting liquid with the best performance has advantages in terms
of 7 d and 28 d strength, bleeding rate, and cementation strength. The stability of this
grouting liquid is good, and 44.6% of costs can be saved. Fei Ye et al. [15] investigated the
engineering characteristics of wind and sand tunnels using the Shenmu No. 1 tunnel as
a case study. They determined the proportion of superfine cement slurry and modified
water glass slurry. Yuke Wang et al. [16] compared three traditional grouting materials
with a self-developed permeable polymer, analyzing the slurry viscosity, setting time, the
strength of the silty sand consolidation body, water stability, and permeability coefficient.
Regarding water stability, the specimens reinforced with the permeable polymer showed a
minimal reduction of 10.87% after 7 days of immersion, exhibiting excellent water stability.
Ying Cui et al. [17] prepared high-performance grouting materials (DS slurry) for water-
rich silty fine sand stratum using water glass as the base material and diacid ester as the
curing agent. The reaction mechanism between the water glass and the curing agent was
studied using infrared spectroscopy and scanning electron microscopy, concluding that
DS grouting exhibits adjustable setting time, high strength, and good durability. Grzegorz
Ludwik Golewski [18] proposed a most commonly used mineral additive (i.e., fly ash (FA))
combined with nano-silica (NS) as a partial substitute for ordinary Portland cement (OPC)
binder. The study found that after adding 15% FA and 5% NS additives to the binder, all
mechanical parameters of concrete increased by about 20%.

In the past, another slurry was often introduced to improve the performance of
ultrafine cement slurry to form a two-liquid grouting mode. At the same time, the research
content is less related to the volume change of net slurry solidified body and solidified
sand body of ultrafine cement slurry. This study aims to tackle the challenges of high water
bleeding rate, prolonged setting time, and susceptibility to volume shrinkage in traditional
superfine cement slurry while ensuring excellent injectability in medium-fine sand layers.
By incorporating expansion agent UEA, naphthalene-based water reducer FDN-C, and
triisopropanolamine accelerating agent TIPA, the fluidity, gel time, reinforcement strength,
and volume expansion rate of novel superfine cement slurries with varying proportions
are analyzed. Subsequently, focusing on medium-fine sand, the research investigates
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the diffusion distance, reinforcement strength, and volume expansion rate of the novel
superfine cement slurry within this stratum. Ultimately, the practical application has
confirmed the engineering viability of the novel expansive superfine cement.

2. Materials and Methods
2.1. Raw Materials

The cement utilized in the experiment is superfine cement produced by Sino-German
Xinya Factory in Jinan, China. The fineness is 800 mesh, the specific surface area is
800 m2/kg, and the average particle size is 5 µm. The main characteristics of 800-mesh
superfine cement include high strength, low permeability, good durability, and environ-
mental protection. Because of its small particle size and large specific surface area, the
strength of ultrafine cement is higher than that of ordinary cement.

The expansion agent used was the UEA concrete expansion agent, produced by
Huayu Building Materials Factory in Nanchang, China. The main components are calcium
sulphoaluminate clinker, alunite, and gypsum. The appearance is a grayish-white powder,
the specific gravity is 2.8–3.0, and the specific surface area is not less than 250 m2/kg.
The main characteristics of UEA concrete expansion agents include preventing shrinkage
cracking, generating chemical pressure, low dosage, and low alkali content. For example,
when the outside completely constrains the mortar consolidation body mixed with the
UEA expansion agent, its expansion force will act internally. Ettringite crystals fill the pores
to form a very dense, non-shrinkage mortar.

The water-reducing agent used was naphthalene water-reducing agent FDN-C, which
is produced by Shandong Wanshan Chemical Co., Ltd., Weifang, China. It is a yellowish
powder with a density of 80 g/cm3, a purity of 99%, a chloride ion content of <0.5%, and
a sulfate content of <18%. The main characteristics of naphthalene water-reducing agent
FDN-C include solubility in water and stable physical and chemical properties. It also has
high dispersion and low foaming, which can significantly improve the fluidity of concrete.
The strength and early strength of concrete after adding FDN-C are remarkable; the strength
of one day and three days is increased by 60–95%, and the strength of twenty-eight days is
increased by 25–40%.

The rapid setting admixture used was the triisopropanolamine accelerating agent
TIPA, produced by the Jinyu Chemical Plant in Dehui, China. The molecular formula is
C9H21NO3, a white crystal with a density of 0.994 g/mL and a solubility of 83 g/100 mL
in water at 20 ◦C. The characteristics of triisopropanolamine accelerator mainly include:
(1) It can improve the density of concrete by inhibiting the occurrence of hydration reaction,
thereby enhancing the strength and durability of concrete. (2) It can increase the ductility
and tensile strength of concrete, make the concrete material more flexible, and reduce the
occurrence of concrete cracks. (3) It can form a three-dimensional network structure during
the hardening process of concrete to prevent cracks in the concrete during drying shrinkage.

2.2. Test Methods and Plan

The flowability of the slurry was evaluated using the XN-Φ36 mm × 60 mm × 60 mm
Cement paste flow conical die, as described in the Testing Methods of Cement and Concrete
for Highway Engineering [19]. The setting time of the slurry was determined with a Vicat
apparatus, following the testing method outlined in Test Methods for Water Requirement
of Normal Consistency, Setting Time, and Soundness of the Portland Cements [20]. The
compressive strength of the consolidation body was assessed using a material strength
comprehensive tester, the testing method specified in Test Method for Axial Compressive
Strength of Cement Concrete Cylinder [21]. The expansion volume of the specimen was
measured using a comparator, following the testing method outlined in the Test Method for
Determining Expansive Ratio of Expansive Cement [22]. The test plan is shown in Figure 1.
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3. Laboratory Test and Analysis
3.1. Orthogonal Experiment Design

Under the condition of a water–cement ratio of 1:1 (water 400 g, superfine cement
400 g), after conducting extensive research on the literature, the dosage ranges of the
expansion agent UEA, naphthalene-based water reducer FDN-C, and triisopropanolamine
accelerating agent TIPA were initially selected (are shown in Table 1). Following the concept
and method of orthogonal experimental design, a three-factor, three-level experimental
design was implemented (shown in Table 2).

Table 1. Orthogonal test design table.

Level

Factor

UEA
(Expansion Agent)/g

FDN-C
(Water Reducer)/g

TIPA
(Accelerating Agent)/g

1 20 (5%) 0.4 (0.1%) 1.2 (0.3%)
2 30 (7.5%) 0.6 (0.15%) 2.6 (0.65%)
3 40 (10%) 0.8 (0.2%) 4 (1%)

Note: Percentages in parentheses represent each admixture’s dosage relative to cement mass (400 g).

Table 2. Experiment scheme.

NO. U/g F/g T/g NO. U/g F/g T/g NO. U/g F/g T/g

1 0 0 0 11

30

0.4
1.2 20

40

0.4
1.2

2

20

0.4
1.2 12 2.6 21 2.6

3 2.6 13 4.0 22 4.0
4 4.0 14

0.6
1.2 23

0.6
1.2

5
0.6

1.2 15 2.6 24 2.6
6 2.6 16 4.0 25 4.0
7 4.0 17

0.8
1.2 26

0.8
1.2

8
0.8

1.2 18 2.6 27 2.6
9 2.6 19 4.0 28 4.0

10 4.0
Note: Expansion agent UEA, naphthalene-based water reducer FDN-C, and triisopropanolamine accelerating
agent TIPA are designated U, F, and T, respectively.
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3.2. Analysis of Bleeding Rate and Fluidity of Slurry

The study aimed to investigate the influence of naphthalene sulfonate superplasticizer
FDN-C on the bleeding rate and fluidity of novel superfine cement slurry. Data analysis
was conducted using specific groups (1, 4, 7, 10, 13, 16, 19, 22, 25, and 28) as representa-
tives. Detailed results are presented in Figure 2. In Figure 2, the expansion agent UEA,
naphthalene-based water reducer FDN-C, and triisopropanolamine accelerating agent TIPA
are represented as U, F, and T respectively. For example, U30F0.6T2.6 indicates that the UEA
dosage is at a level of 30 g, while the dosages for FDN-C and TIPA are at levels of 0.6 g and
2.6 g, respectively; U20T4.0 indicates a UEA dosage of 20 g with varying dosages for FDN-C
(ranging from 0 g to 0.8 g) and a TIPA dosage of 4 g.
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Figure 2. (a) Curve of variation in slurry water bleed; (b) curve of slurry fluidity variation.

Figure 2a demonstrates that the initial water bleed of the benchmark group (traditional
superfine cement) is 27 mL. When considering the U20T4.0 ratio, the water bleed rate of the
slurry initially decreases, then increases with the rise in water reducer dosage, reaching a
minimum of 19 mL. For the U30T4.0 and U40T4.0 ratios, the water bleed rate of the slurry
first increases, then decreases as the water reducer dosage increases, with minimum values
of 26 mL and 24 mL, respectively. In Figure 2b, the initial flowability of the benchmark
group is 215 mm. The flowability of the novel superfine cement slurry with U20T4.0, U30T4.0,
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and U40T4.0 ratios all exhibit an increasing trend followed by a decreasing trend with the
increased water reducer dosage, peaking at 235 mm. Notably, the U40T4.0 ratio shows a
significant decrease in flowability, reaching a minimum value of 203 mm, which is 5.6%
lower than that of the benchmark group.

The analysis indicates that introducing a water reducer into the superfine cement
slurry leads to the dispersion of superfine cement particles, which is attributed to the static
repulsion induced by the water reducer. This dispersion improves the suspension stability
of the cement particles, thereby reducing the bleeding rate of the slurry. Furthermore,
the adsorption film formed by the water reducer on the surface of superfine cement
particles demonstrates a favorable lubricating effect, effectively reducing inter-particle
sliding resistance and enhancing slurry flowability [16,23]. However, studies have indicated
that exceeding a certain threshold in water reducer dosage may decrease slurry flowability.
In conclusion, the slurry ratio with a low bleeding rate and high fluidity was initially
selected, meeting the requirements in groups 4, 7, 10, 13, 16, 19, 22, and 25.

3.3. Setting Time Analysis

This study conducted a comparative analysis of the test results from groups 1, 2, 3,
4, 11–13, and 20–25 to investigate the impact of the accelerating agent TIPA on the setting
time of the novel superfine cement slurry. Detailed findings are presented in Figure 3.
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Figure 3. Curve of setting time and its experimental setup.

The analysis presented in Figure 3 illustrates a general reduction in the initial set-
ting time as the dosage of the accelerating agent TIPA increases. Only the slurry with
the U40F0.6T1.2 ratio exhibited an initial setting time that exceeded the benchmark group
(763 min). The U30F0.4T4.0 ratio achieved the shortest initial setting time of 506 min, repre-
senting a 33.68% reduction compared to the benchmark group. Similarly, the U40F0.4T4.0
ratio reached a minimum initial setting time of 550 min, 27.92% shorter than the benchmark
group value. Consequently, incorporating TIPA as a rapid-setting admixture significantly
reduces the initial setting time of superfine cement slurry.

Analysis indicates that when the dosage ranges from 0.3% to 1.0%, triisopropanolamine
(TIPA) diminishes the interfacial tension between superfine cement particles and water,
accelerates the hydration process, and interacts with tricalcium aluminate (C3A) to facilitate
the formation of calcium sulfoaluminate (AFt), ultimately reducing the setting time of the
slurry [24–27]. Consequently, this study made a preliminary selection for the slurry mixture
with an initial setting time shorter than the benchmark group, meeting requirements for
groups 2–4, 11–13, 20–22, and 24–25.
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3.4. Investigation of Volume Expansion and Compressive Strength of Net Slurry
Consolidation Body
3.4.1. Analysis of Volume Expansion of Net Slurry Solidified Body

To address the issue of volume shrinkage in the later stages of the solidification body
for net superfine cement slurry, varying dosages of expansion agent UEA were introduced.
The expansion rates of specimens at the age of day 3, day 7, day 14, and day 28 for groups
1, 2, 3, 4, 13, 22, and 25 were determined using a comparator, as shown in Figure 4.
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Figure 4 illustrates that the volume of the net slurry consolidation body in the bench-
mark group experienced a slight shrinkage (approximately −0.2%) from day 3 to day 7.
In contrast, the volume of the net slurry consolidation body expanded significantly in
the U40F0.6T4.0 and U20F0.4T4.0 groups. The volume of the other groups did not expand
compared with the original volume, but compensation for previous volume shrinkage
occurred. With the curing period extended, this study significantly enhanced the expansion
performance of the novel superfine cement solidification body. For instance, on day 14,
the volume expansion rate of U20F0.4T4.0 reached 1.2%, which was 0.8% higher than that
of the benchmark group, and on day 28, the volume expansion rate of U20F0.4T1.2 was
1.4%, which was 1.0% higher than that of the benchmark group. Notably, when using an
expansion agent dosage of 40 g (10%), the U40F0.6T4.0 ratio exhibited the highest volume
expansion, with rates on day 3, day 7, day 14, and day 28 of 0.747%, 0.831%, 1.343%, and
1.164% respectively, which were 0.803%, 0.992%, 0.956%, and 0.528% higher than those of
the benchmark group.

Analysis indicates that adding expansion agent UEA to superfine cement slurry
enhances the compaction of the net slurry consolidation body by increasing the formation
of calcium stones. The delayed formation of calcium scleral crystals mitigates the increase
in capillary tension, leading to a significant increase in the volume expansion rate of the
solidified body. Moreover, the generation of calcium stone is proportional to the content of
the expansion agent, thereby correspondingly enhancing the effect of volume expansion.

3.4.2. Analysis of Compressive Strength of Net Slurry Consolidation Body

After completing the expansion volume test of the net slurry consolidation body for
each group of new superfine cement, the compressive strength of the cylindrical specimens
at day three and day 28 ages is determined using a comprehensive material strength tester,
as shown in Figure 5.
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Figure 5. (a) Day 3 compressive strength curve of net slurry solidified body; (b) day 28 compressive
strength curve of net slurry solidified body.

According to Figure 5a, the compressive strength of the benchmark group was
1.41 MPa on the third day of curing age, and it shows a positive correlation between
the compressive strength of the new superfine cement net slurry consolidation body and
the dosage of the expansion agent UEA. When the ratio is U30F0.6T4.0, the third-day com-
pressive strength of the net slurry solidified body peaks at 8.11 MPa. The trend of the
F0.4T2.6 and F0.4T4.0 ratios are essentially similar. As shown in Figure 5b, the 28th-day com-
pressive strength of the benchmark group was 4.33 MPa, while the compressive strength of
the U30F0.4T2.6 ratio reached a peak of 6.93 MPa, demonstrating a 60% increase in strength
compared to the benchmark group. In most cases, there is a positive correlation between
expansion agent dosage and 28th-day compressive strength; however, under the specific
condition with an expansion agent dosage of 20 g, the strengths of the F0.4T2.6 and F0.4T4.0
are 4.07 MPa and 3.50 MPa, respectively, which are 6% and 19.17% lower than the initial
values, indicating that these ratios are suboptimal.

Analysis suggests that the UEA expansion agent contains active components, such as
Al2O3 and CaSO4, which react with the Ca(OH)2 in the superfine cementitious material
to generate calcium stone (AFt). This process accelerates the early hydration rate of the
new superfine cement slurry, increasing the internal stress of the slurry and enhancing the
compressive strength of the consolidation body [28–30].

Based on a comprehensive analysis of the indicators, groups 4, 13, 22, and 25 have
been selected as the optimal mix ratios for subsequent field testing to assess the actual
grouting effect of the new expansion superfine cement material.

3.5. Scanning Electron Microscope Analysis of Net Slurry Consolidation Body

Group 1, Group 4, Group 13, Group 22, and Group 25 specimens were cured for seven
days and dried at 20~25 ◦C for one day to make specimens with side lengths < 8 mm and
thicknesses < 5 mm. The microstructure was analyzed by scanning electron microscopy
(SEM), as shown in Figure 6. Due to space limitations, only the element analysis diagram
of Group 22 is shown, as shown in Figure 7.
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Figures 6 and 7 show that Group 1 is the microstructure of a pure cement consolidation
body. The matrix contains spherical condensation hydration products, which are considered
to be C-S-H gel. The loose gel structure is due to the consolidation body’s high porosity
under a high water–cement ratio, which decreases strength.
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With the increase of the content of the expansion agent and accelerator, the volume
of hydration gel decreases, but the number increases and the matrix is denser. On the
one hand, the calcium sulphoaluminate clinker in the expansive agent can be rapidly
hydrated, generating many hydration products while consuming calcium hydroxide, accel-
erating the hydration reaction rate of Portland cement. On the other hand, the accelerator
triisopropanolamine can accelerate the dissolution of aluminum-containing minerals, sig-
nificantly promote the hydration process, increase the formation of hydration products,
and help improve the microstructure’s compactness. When the expansion agent content
increases to 10%, the volume of the hydration product increases, the gap between the
products cannot be effectively filled, and the compactness of the matrix decreases; this is
attributed to the excessive expansion agent (effective components such as calcium sulphoa-
luminate clinker and gypsum) participating in the reaction. The matrix is subjected to
the expansion stress of the excessive expansion product, and defects such as voids appear
inside, resulting in a loose structure.

After the content of the naphthalene water-reducing agent increases, the bleeding
rate of the material increases, the actual water–cement ratio decreases, and the free water
amount involved in the hydration reaction decreases. Compared with Group 22, the
internal product structure of Group 25 changed from gel to lamellar, which improved the
pores. However, the hydration products could not fill the whole matrix, resulting in more
structural voids and lower compactness.

4. Field Model Test
4.1. Test Materials

Sand samples near Xindong Station in Jinan were utilized as test objects for field
model grouting tests. Various graded particle sizes were obtained through sieving tests,
and the fineness modulus was calculated according to Formula (1). The average value was
determined through three calculations, leading to the classification of the field sample as
medium sand, as shown in Table 3.

MX =
(A2 + A3 + A4 + A5 + A6)− 5A1

100 − A1
(1)

A1, A2, A3, A4, A5, and A6 represent the cumulative percentages of sieve residue for 4.75
mm, 2.36 mm, 1.18 mm, 0.60 mm, 0.30 mm, and 0.15 mm sieves, respectively.

Table 3. Grain grading of sand sample.

Sand Sample
Number

Mass of Particles with Different Particle Sizes (g)

≥4.75
mm

4.75~2.3
mm

2.36~1.18
mm

1.18~0.6
mm 0.6~0.3 mm 0.3~0.15

mm
<0.15
mm

Fineness
Modulus

1 0 7.6 88.4 98 111.5 137.2 48.8 3.04
2 0 1.7 89.8 133 123.2 107.2 40.7 3.14
3 0 1.9 66.1 137.9 128.2 106.3 45.6 3.0

4.2. Model Test Scheme

The field model grouting tests were conducted using the optimal mix ratio determined
from laboratory experiments to investigate the diffusion effect and reinforcement perfor-
mance of a novel expansion superfine cement slurry in sand layers. The experimental
materials included ordinary Portland cement, 800-mesh superfine cement, and novel ex-
pansion superfine cement (Groups 4, 13, 22, and 25), with water–cement ratios designed
at 1:1, 1.1:1, and 1.2:1 respectively, as shown in Table 4. The grouting final pressure was
set at 2.0 MPa to analyze the slurry’s diffusion distance, sand body reinforcement strength,
and volume expansion rate under varying conditions. The test scheme of the field model is
shown in Table 5.
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Table 4. Experimental factors and parameters.

Level
Factor

Water–Cement Ratios Different Materials

1 1:1 ordinary Portland cement
2 1.1:1 800-mesh superfine cement
3

1.2:1

U20F0.4T4.0 (Group 4)
4 U30F0.4T4.0 (Group 13)
5 U40F0.4T0.4 (Group 22)
6 U40F0.6T4.0 (Group 25)

Table 5. Field model test scheme.

NO. W/C Materials NO. W/C Materials NO. W/C Materials

A

1:1

ordinary
Portland
cement

A1

1.1:1

ordinary
Portland
cement

A 2

1.2:1

ordinary
Portland
cement

B
800-mesh
superfine
cement

B1

800-mesh
superfine
cement

B 2

800-mesh
superfine
cement

C U20F0.4T4.0 C1 U20F0.4T4.0 C 2 U20F0.4T4.0
D U30F0.4T4.0 D1 U30F0.4T4.0 D 2 U30F0.4T4.0
E U40F0.4T4.0 E1 U40F0.4T4.0 E 2 U40F0.4T4.0
F U40F0.6T4.0 F1 U40F0.6T4.0 F 2 U40F0.6T4.0

Seamless steel pipes were modified with a diameter of Φ 108 mm and a length of
1~2 m. One end was designed as the slurry inlet with a pressure gauge installed and the
other as the slurry outlet with a pressure relief valve installed. Additionally, slurry outlets
were set at intervals on the side wall of the seamless steel pipe, each equipped with a
one-way valve.

4.3. Experimental Process

First, a layer of mold release agent was uniformly applied on the inner wall of the
seamless steel pipe. Subsequently, the initial mass of the steel pipe was measured, and the
steel pipe was then filled with on-site sand samples five times, with compaction performed
after each filling. The filling mass of the sand sample was controlled to be 16.42 kg. Next, a
water pressure test was conducted to evaluate the test device’s sealing performance and
determine the sand sample’s initial permeability coefficient. Finally, a slurry was prepared
based on the designed ratios and used to conduct field model grouting tests on the sand
samples.

4.4. Test and Analysis of Compressive Strength of Solidified Sand Body

The solidified sand bodies resulting from penetration grouting in each group were
numbered sequentially from the inlet to the outlet, the slurry diffusion distance was
measured, and the solidified sand bodies were allowed to cure for a specified age of 7 days
before conducting the unconfined compressive strength test. For solidified sand bodies with
length–diameter ratios not equal to 2, conversion was carried out according to Formula (2).

σC =
8σL

7 + 2 D
H

(2)

where σc represents the specimen’s uniaxial compressive strength (MPa) with the length-
diameter ratio of 2, while σL denotes the uniaxial compressive strength (MPa) of non-
standard specimens; additionally, D refers to the diameter (cm), and H refers to the height
(cm) of the samples.
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4.4.1. Strength Analysis of Cement-Solidified Sand Bodies with Varying Particle Sizes

A comparative analysis was conducted utilizing ordinary Portland cement and
800-mesh superfine cement to evaluate the strength of the solidified sand body, with the
test results illustrated in Figure 8.
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Figure 8. The compressive strength curve of the solidified sand body with ordinary Portland cement
and 800-mesh superfine cement.

As illustrated in Figure 8, it is evident that the diffusion range of ordinary Portland
cement in Group A is confined to 20–40 cm, whereas Groups A1 and A2 exhibit a more
comprehensive diffusion range of 40–60 cm. Furthermore, the 800-mesh superfine cement
in Group B demonstrates a spreading distance of 60–80 cm, while Groups B1 and B2 can
spread up to 80–100 cm. Analysis indicates that the spreading distance of the slurry is
correlated with its injectability; specifically, higher water–cement ratios or smaller cement
particle sizes result in increased spreading distances.

In the 20–40 cm section, Group B1 exhibits the highest compressive strength at 1.8 MPa,
followed by Group B (1.7 MPa), Group A2 (1.33 MPa), Group B2 (1.15 MPa), Group A1
(0.98 MPa), and Group A (0.7 MPa). In the 40–60 cm section, Group B1 demonstrates a
maximum compressive strength of 0.89 MPa, followed by Group B (0.8 MPa), Group B2
(0.64 MPa), Group A2 (0.54 MPa), and Group A1 (0.3 MPa). Comparison of Group B1
with Group B, or comparison of Groups A2, A1, and A under the same type of cement
but different water–cement ratios, reveals that a higher water–cement ratio enhances
injectability, retains more cement particles, and increases the strength of the solidified sand
body. In comparison of Group B1 with Group A1, or comparison of Group B with Group
A, it is concluded that at the same water–cement ratio but different cement types, smaller
cement particle size leads to improved slurry injectability and higher retention of cement
particles in the sand medium enhances the strength of the solidified sand body.

Consequently, injectability is directly related to the slurry’s diffusion distance and the
strength of the solidified sand body. A higher water–cement ratio or smaller cement particle
size results in a longer diffusion distance for the slurry. Simultaneously, maintaining a
greater mass of cement within a specific diffusion range in the sand stratum leads to
increased strength of the solidified sand body.

4.4.2. Strength Analysis of Novel Superfine Cement-Solidified Sand Bodies with
Varying Ratios

The solidified sand body strengths of U20F0.4T4.0 and U40F0.6T4.0 were selected for
comparative analysis to study the impact of the novel expansion superfine cement rein-
forcement sand medium. The experimental results are depicted in Figure 9.
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Figure 9. Reinforcement strength curve of novel superfine cement with different proportions.

Figure 9 illustrates that the diffusion distance of Group C is only 40–60 cm, whereas
other groups exhibit a diffusion distance of 80–100 cm. Along the slurry’s diffusion distance,
the overall trend in reinforcement strength of the solidified sand body decreases from Group
F2 (4.12–0.26 MPa) to Group C (3.19–2.18 MPa), followed by Group C2 (3.74–0.44 MPa),
Group F1 (2.52–0.36 MPa), Group C1 (2.33–0.21 MPa), and finally, Group F (2.69–0.34 MPa).

When utilizing the U40F0.6T4.0 mixing ratio, it was observed that Group F2 exhibited
the highest strength, followed by Group F1, and then Group F showed the lowest strength.
This indicates that under equivalent admixture dosage, a higher water–cement ratio in
the slurry leads to increased grouting in the sand and retention of more cement particles
within the sand, resulting in enhanced strength of the solidified sand body. In contrast, for
the U20F0.4T4.0 mixing ratio, Group C demonstrated greater strength than both Group C2
and C1 due to its limited diffusion distance of only 40–60 cm; this results in most cement
particles accumulating and being compressed within this range, thereby contributing to
higher solidified sand body strength.

Furthermore, the comparison between the strengthening effect of Group F2
(U40F0.6T4.0) and Group C2 (U20F0.4T4.0), as well as Group F1 and Group C1, under
identical water–cement ratio conditions reveals that the dosage of expansion agent exerts
a primary influence on the solidified sand body’s strengthening effect, followed by the
water reducer. The analysis indicates that the expansion agent and water reducer alter the
hydration process of superfine cement particles, with a higher quantity of expansion agent
resulting in an enhanced strengthening effect in the new slurry.

4.5. Investigation of the Solidified Sand Body Expansion Rate

After curing the solidified sand bodies in each group for 3 and 7 days, the volume of
the solidified sand bodies was measured using a comparator. For instance, with a water–
cement ratio of 1.2:1, Group B2 was utilized as the control group, while Groups C2 and
F2 were designated experimental groups for comparative analysis. Detailed experimental
results can be found in Figure 10.

Figure 10 demonstrates that, within the slurry diffusion range, the volume of net
superfine cement solidification sand bodies exhibits shrinkage over time. For instance, on
day 3, the volume expansion rate of the solidified sand bodies ranged from −0.04% to
−0.02%, while on day 7, it ranged from −0.19% to −0.1%, indicating significant volumetric
contraction. The shrinkage rate of the solidified sand body at the leading edge of the
diffusion distance exceeds that at the trailing edge. For the novel expansion superfine
cement material, within the slurry diffusion range, the volume of the solidified sand body
expanded with age. In Group F2, the volume expansion rate ranged from 0.32% to 0.8% on
day 3 and from 0.41% to 1.33% on day 7, indicating a significant increase in volume over
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time. Therefore, it is evident that the expansion performance of the novel superfine cement
surpasses that of traditional superfine cement.
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By the third day of curing, Group F2 exhibited a higher volume expansion rate than
Group C2, ranging from 0% to 0.03%. However, by the 7th day of curing age, the disparity
in volume expansion rates between the two groups had widened to 0.03%–0.23%. Analysis
suggests that the content of the expansion agent in Group F2 (U40F0.6T4.0) was double that
of Group C2 (U20F0.4T4.0), resulting in a significantly higher volume expansion degree for
Group F2 compared to Group C2; however, this volume change primarily occurs during
later stages due to variations in UEA expansion agent.

5. Engineering Application
5.1. Engineering Overview

In the Tianyuan Avenue comprehensive pipe gallery project at NK2+372–NK2+441.8
in Jinan East Railway Station, a water and sand gushing disaster occurred at the bottom of
the pit. The initial remediation plan involved:

1. Utilizing drainage wells with a 700 mm diameter and a minimum depth of 15 m
within the confined aquifer, spaced 5 m apart;

2. Reinforcing the pit bottom with double-pipe high-pressure jet grouting utilizing an
800 mm diameter and 550 mm spacing to reach 8.6 m below the pit bottom.

Despite these measures, significant water seepage emerged from multiple points at
the bottom of the pit when excavation reached approximately 4 m for the pipe gallery
foundation, as shown in Figure 11.

A comprehensive approach involving systematic grouting reinforcement and water-
proofing treatment was implemented to address the problem of water and sand gushing
into the foundation pit. Initially, grouting holes were strategically positioned around the
perimeter of the foundation pit to establish a waterproof curtain, effectively obstructing
water pathways surrounding the foundation pit. Subsequently, evenly spaced grouting
holes were installed within the foundation pit to seal off water channels and fractures in
shallow strata, thereby enhancing the soil layers’ waterproofing capacity at the base of the
excavation. Finally, structural reinforcement was designed at 33 m to revamp a deep gravel
aquifer and mitigate pressure-induced water seepage.
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5.2. Grouting Pressure and Diffusion Distance

The slurry diffusion distance represents the maximum distance that the slurry can
migrate within a given time and pressure and is commonly used for evaluating grouting
effectiveness. The grouting pressure is a critical factor influencing slurry diffusion dis-
tance. Excessive or inadequate grouting pressure may compromise reinforcement efficacy.
Therefore, the permissible grouting pressure Pe can be calculated according to Formula (3):

Pe = C(0.75T + Khλ)× 100 kN/m3 (3)

where Pe represents the allowable grouting pressure (KPa); C is a coefficient associated
with the grouting sequence, taking on values of 1 for the first hole, 1.25 for the second hole,
and 1.5 for the third hole; T denotes the thickness of the foundation cover layer (m); K is a
coefficient related to the grouting method, taking on values of 0.5 for top-down grouting
and 0.6 for bottom-up grouting; h represents the depth from ground level to the grouting
section (m); and λ is a coefficient associated with strata properties, which can be selected
within a range of 0.5 to 1.5 based on site conditions—lower values are chosen for loose and
permeable structures while higher values are chosen otherwise.

The design and treatment depth of the strata in the pipe gallery foundation pit was
33 m, with drilling divided into three sections for progressive grouting from top to bottom.
Specifically, the treatment depths were 0–13 m for the first section, 13–23 m for the second
section, and 23–33 m for the third section. Substituting C = 1, T = 33 m, K = 0.5, h = 13 m,
λ = 1 into Equation (3) yields an allowable grouting pressure of Pe1=3.1 MPa for the first
section; similarly, calculated values result in Pe2 = 3.6 MPa for the second section and
Pe3 = 4.1 MPa for the third section.

According to Darcy’s law, q = KiA. When r = r0, h = H; r = r1, h = h0, this relationship
can be derived:

H − h0 = h1 =
βq

2πaK
ln

r1

r0
(4)

q =
2πaKh1

β ln r1
r0

(5)

Given these, Q = πr2
1an and Q = qt are then derived from Formula (5)

r1 =

√
2Kh1t

nβ ln( r1
r0
)

(6)

where q represents the grouting volume per unit time (cm³/s); K denotes the formation
permeability coefficient, ranging from 1.20 × 10−3 to 6.0 × 10−3 cm/s; a is the permeation
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area (cm2); r1 stands for the diffusion radius of the slurry (cm); r0 is defined as the radius
of the grouting pipe, set at 5 cm; H signifies the sum of groundwater head and grouting
pressure head; h0 indicates the groundwater pressure head (cm); h1 refers to the allowable
grouting pressure head, set between 31,000 cm and 41,000 cm; β represents the ratio of
slurry viscosity to water viscosity, with a dynamic viscosity range of 1.77–2.26 mPa·s for
novel superfine cement slurry and 1.0 mPa·s for water; a denotes the treatment section
length (cm), set at 1000 cm; n stands for the formation porosity, taken as 0.3; Q represents
slurry flow rate (cm3/s); and t denotes grouting time, set between 5 and 10 min.

According to Formula (6), the diffusion distance of the novel superfine cement slurry
in engineering applications ranges from 104 cm to 361 cm. Moreover, with an allowable
grouting pressure set at 2.0 MPa, that is, the allowable grouting pressure water head is set
to 20,000 cm, the diffusion distance of the novel superfine cement slurry was estimated
to be between 86 cm and 96 cm, which aligns closely with the actual diffusion distance
observed in field model grouting tests.

5.3. Inspection and Evaluation of Grouting Effect
5.3.1. Inspection Hole Coring and Evaluation

Numerous inspection holes were constructed in the control area to visually and
effectively demonstrate the impact of grouting reinforcement, and cores were extracted.
Distinct grouting veins are discernible in cores, as shown in Figure 12.
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Based on the integrity of the rock cores, a favorable overall reinforcement effect is
indicated following the injection of the novel superfine cement slurry into the test area,
with a core monitor rate exceeding 70% (the core monitor rate is the ratio of the core length
to the footage length in a drilling process).

5.3.2. Drilling Variable Head Seepage Test

Through the variable head penetration test, the permeability coefficient of the stratum
is calculated according to the relationship between the head drop rate and time in the
borehole to evaluate the reinforcement of the bottom layer. Detailed information on the
borehole variable head seepage test can be found in Table 6.

The permeability coefficients of each inspection hole range from 1.47 × 10−6 cm/s
to 8.14 × 10−6 cm/s, indicating relatively low values. The permeability of the stratum
after grouting decreased by nearly three orders of magnitude compared to the pre-grouting
value, which ranged from 1.20 × 10−3 cm/s to 6.0 × 10−3 cm/s.
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Table 6. Permeability coefficient of inspection hole.

Hole Number 1 3 7 8 9 10 11

Permeability Coefficient k
10−6 cm/s 1.90 2.14 5.49 8.14 6.89 1.47 7.30

Note: Surface water level is 2.0 m.

5.3.3. Transient Electromagnetic Detection

Transient electromagnetic methods utilize a non-grounded return line for transmitting
pulse current underground. This induces eddy currents in low-resistivity subsurface media
under the influence of the pulsed magnetic field, leading to the generation of a secondary
magnetic field. Through post-power-off observation using receiving instruments and
coils, an analysis of the characteristics and distribution of this secondary field enables the
determination of geological body distribution patterns, as shown in Figure 13.
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Figure 13. Comparison of L3 and L4 test lines pre- and post-grouting.

By comparing the L3 survey line before and after grouting, it is evident that there was
a significant alteration in ground resistivity following the grouting process. The previously
low-resistance area transformed into a regional high-resistance zone, indicating successful
grouting. Similarly, comparing the L4 survey line before and after grouting, it is apparent
that a substantial low-resistance area existed before grouting, suggesting pronounced water
enrichment. Post-grouting, this low-resistance region has essentially disappeared, due to
the evident filling and consolidation effects of the slurry.

5.3.4. Excavation of Foundation Pit

The comprehensive pipe gallery foundation pit was excavated following treatment
with the novel superfine cement slurry. The on-site excavation situation demonstrated
excellent integrity of the foundation pit sidewall, a significant increase in bottom layer
strength post-grouting, and an absence of water channels or seepage cracks at the base of
the pit, ensuring safe excavation of the foundation pit, as shown in Figure 14.
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6. Conclusions

1. In most mix ratios, the bleeding rate and fluidity of the novel superfine cement
slurry initially increase and then decrease with rising water-reducing agent dosage,
reaching minimum bleeding water of 19 mL and maximum fluidity of 235 mm. The
initial setting time generally decreases with increasing accelerating agent dosage,
reaching a minimum value of 506 min, representing a 33.68% reduction compared to
the benchmark group.

2. Between day 3 and day 7, solidified bodies formed from the novel superfine cement
slurry are initially unchanged but demonstrate significant expansion as curing pro-
gresses. The volume expansion rate reached 1.4% on day 28, 1.0% higher than that
of the benchmark group. Under normal conditions, the compressive strength of the
net slurry consolidation body is positively correlated with expansion agent dosage,
achieving maximum strengths of 8.11 MPa at 3 days and 6.93 MPa at 28 days; these
values are respectively higher by 6.7 MPa and 2.6 MPa compared to those in the
benchmark group.

3. On the 7th day, the volume expansion rate of the traditional superfine cement solidi-
fied sand body is −0.19%–−0.1%, while for the corresponding body formed from the
novel superfine cement is 0.41%–1.33%; the expansion effect is significant. Under con-
sistent water–cement ratio conditions, expansion agent dosage primarily influences
the strength of solidified sand bodies, followed by the water-reducing admixture.
However, the volume changes of solidified sand bodies resulting from variations in
expansion agent dosage primarily manifest during later curing stages.

4. After the on-site treatment of water and sand-gushing strata, the core recovery rate
of the inspection hole exceeded 70%. The permeability of the stratum after grouting
decreased by nearly three orders of magnitude compared to the pre-grouting value,
ranging from 1.47 × 10−6 cm/s to 8.14 × 10−6 cm/s. No water inrush occurred
during the foundation pit excavation, demonstrating that the grouting performance
is commendable.
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Abstract: One trend in the development of building materials is the partial or complete replacement of
traditional materials that have a high carbon footprint with eco-friendly ecological raw materials and
ingredients. In the present work, the influence of replacing cement with 10 wt% thermally activated
natural zeolite on the structural and physical-mechanical characteristics of cured mortars based on
white Portland cement and river sand was investigated. The phase compositions were determined
by wavelength dispersive X-ray fluorescence (WD-XRF) analysis, X-ray powder diffraction (PXRD),
diffuse reflectance infrared Fourier transformed spectroscopy (DRIFTS), and scanning electron mi-
croscopy (SEM), as well as thermogravimetric analysis simultaneously with differential scanning
calorimetry (TG/DTG-DSC). The results show that the incorporation of zeolite increases the amount
of pores accessible with mercury intrusion porosimetry by about 40%, but the measured strengths are
also higher by over 13%. When these samples were aged in an aqueous environment from day 28 to
day 120, the amount of pores decreased by about 10% and the compressive strength increased by
nearly 15%, respectively. The microstructural analysis carried out proves that these results are due to
hydration with a low content of crystal water and the realization of pozzolanic reactions that last
over time. Replacing some of the white cement with thermally activated natural zeolite results in the
formation of a greater variety of crystals, including new crystalline CSH and CSAH phases that allow
better intergrowth and interlocking. The results of the investigations allow us to present a plausible
reaction mechanism of pozzolanic reactions and of the formation of new crystal hydrate phases. This
gives grounds to claim that the replacement of part of the cement with zeolite improves the corrosion
resistance of the investigated building solutions against aggressive weathering.

Keywords: cement mortars; zeolite; river sand; cement hydration; pozzolanic activity; CSH and
CSAH phases

1. Introduction

The increased rate of global urbanization in the past decades has led to the widespread
implementation of cement-based materials in the construction sector [1]. Cement produc-
tion, however, is associated with a very high environmental impact due to the amount of
carbon dioxide (CO2) released in the atmosphere during the manufacturing process (clinker
production—limestone calcination), making it an unsustainable material in the long run
and contributing greatly to climate change [2,3]. As such, in 2009, the Cement Technology
Roadmap identified four levers for reducing emissions in the cement industry [4]: thermal
and electric efficiency, use of alternative fuels, carbon capture and storage, and clinker
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substitution. Substitution of clinker with diverse supplementary cementitious materials
(SCMs) is considered to be the most favorable among the identified levers due to its low
economic and performance impacts on cement and concrete production [5].

The use of natural pozzolans (tuffs, volcanic ash, perlites, pumices, zeolites) as SCMs
for modern cement and concrete production and their impact on the hardened product’s
properties have long since been investigated by different researchers [3,5–13]. Standard-
ized methods are applied to assess their chemical and physical properties, such as loss
on ignition, alkali content, fineness, increase in drying shrinkage, soundness, etc. [14].
The main advantage of SCMs substitution is the pozzolanic effect, which is associated
with capability of providing amorphous silica that react with Ca(OH)2 in the presence of
water [10,12,15,16]. The pozzolanic activity includes two parameters, that is, the maximal
amount of Ca(OH)2 that a pozzolan can combine, and the rate at which such combination
occurs [15,16]. Pozzolan substitution results in a small pozzolanic reaction (less hydration
products) at the early stage. With an increase in age, the hydration of cementitious materi-
als increases and the porosity of the mortars is reduced [16]. This significantly improves
the strength, which is determined with respect to strength development by standard test
procedures for evaluating the activity index of pozzolans [14,17].

Compared to volcanic ash, tuff, pumice, and other natural pozzolans, zeolite offers
unique benefits as a supplementary cementitious material [7]. Zeolite addition has a
multifaceted impact on cement pastes, mortar, and concrete. It lowers the heat generated
during hydration, enhances water resistance, improves the balance between bending and
compressive strength, increases the need for water and subsequent shrinkage, and raises the
apparent viscosity of the mixture. The durability of zeolite containing cement mixtures is
improved due to decreased amounts of C3A- and CaO-containing hydration products with
lower leachability, as well as reduced SO3 and diffusion processes such as salt migration
and efflorescence [15,16,18].

In the past, natural stone was one of the most commonly used building materials due
to its durability and aesthetic appeal. It was used not only for construction purposes but
also for creating rich ornaments and decorations on the facades of buildings. One approach
to preserving architectural heritage is to create and exhibit replicas of the architectural
elements placed on the facades of buildings. The requirements for materials for this use are
to have good processability, high durability, weather resistance, and the possibility of being
made in colors that will last over time. A potential choice is a mortar based on a hydraulic
binder. To increase its resistance, increased amounts of cement, the addition of pozzolanic
additive and the preparation of as dense a composition as possible are needed. The first is
solved by using white Portland cement, the second by using a white pozzolanic additive of
the metakaolin type (white powder obtained by calcination of kaolin clay), diatomaceous
earth, rice husk ash, etc., and the third by a chemical additive based on polycarboxylates,
which, however, does not change the coloring characteristics.

The potential for making decorative mortars based on blended binder, composed from
white Portland cement and clinoptilolite, leads to interest in investigating the influence of
zeolite in the process of hardening. The numerous benefits of this technology are due to the
specific rheological behavior (high fluidity) of fresh mixes, which are characterized by the
addition of large amounts of active and/or inert mineral additives, low water-to-binder
ratio, and modified polycarboxylate-based water-reducing admixture [19–21].

In our previous works, we have studied the effects of zeolite addition in cement
mortars containing high amounts of additives, along with investigations into the structure
and thermal behavior of white cement containing river sand and marble powder [22–26].

The goal of the current work is to study the effect of the addition of natural Bulgarian
clinoptilolite into the structure of white cement mortars during hydration and curing at
28 and 120 days, without the presence of any other additives. This effect is established
by studying (i) the formation and development of the pore space in cement mortars,
(ii) the macro- and microstructure, and (iii) the phase formation of new CSH and CSAH
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crystal hydrates. Samples containing 10% zeolite and different water-to-cement ratios were
prepared so as to better study the process of phase formation.

The investigated parameters and their effects were studied with the following methods:
wavelength dispersive X-ray fluorescence (WD-XRF) analysis, powder X-ray diffraction
(PXRD), scanning electron microscopy (SEM), diffuse reflectance infrared Fourier trans-
formed spectroscopy (DRIFTS), thermogravimetric analysis simultaneously with differen-
tial scanning calorimetry (TG/DTG-DSC), and physical-mechanical methods for obtaining
the following properties: density after immersion, adsorption after immersion, compressive
strength, and porosity.

2. Materials

The objects of research in the present work are cement mortars with different ratios of
the solid components. In this research, white Portland cement CEM I 52.5 N was used, pro-
duced by Devnya Cement (Devnya, Bulgaria). The mineral composition, calculated by the
Bogue method, was as follows (in wt%): C3S—72.13; C2S—15.28; C3A—5.23; C4AF—0.61.
The river sand (clean, washed, and dried) that was used for the preparation of the mor-
tars has a fineness modulus FM = 2.7 (EN 12620) and shape index—4.6% (EN 933-4), i.e.,
spheroid particles, over 85.0% SiO2 content [27].

The zeolite addition was milled, (0–0.8 mm) natural clinoptilolite tuff, mined from
Beli Plast deposit, Bulgaria. It contains about 80 wt% clinoptilolite and admixtures of
montmorillonite, biotite, celadonite, low-cristobalite, calcite, quartz, and feldspars. The
amount of clinoptilolite in the composition of the solutions is 10%. The limitation of 10%
replacement of cement with clinoptilolite was necessary to avoid the dominance of the
zeolite color and to avoid significant changes in the rheological behavior of the systems.

The zeolite (natural clinoptilolite) was thermally activated at 250 ◦C [7,23]. Thermally
activated zeolites are classified in 3 categories [28]: (i) they preserve their skeletal structure
but the zeolite water is dehydrated, leading to the opening of interlayer spaces and channels
in the zeolite. Eventually, they can reabsorb water on cooling and restore their original
state; (ii) substantial distortion in the skeletal structure while preserving the ability to
rehydrate; (iii) breakdown of the T-O-T chains (where T can be a Si or Al atom) during the
dehydration process while achieving a significant distortion in the topology of the zeolite
skeletal structure and loss of the ability to rehydrate. It is assumed in the current study
that most of the water will enter the skeletal structure upon hydration of the cementitious
minerals following the thermal activation of zeolite up to 250 ◦C. This water will then be
used for the formation of CSH/CSAH phases and ongoing hydration over time, thereby
promoting the pozzolanic activity of zeolite. The present work aims to find evidence
supporting this assumption in the findings of the analytical techniques applied.

To support the choice of materials, a short economic study was made on the current
prices of some cement substitutes in the commercial network in Bulgaria. The data are
presented in Table 1.

Table 1. Current prices of cement substitutes.

No Type of Cement Replacement
Material, Specification Available Price/t Reference

1. Clinoptilolite, 85% purity Local 129 € 1 *

2. Metakaolin Local 3200 € 2 *

3. Silica fume Import 300 $ 3 *

4. Pumice Local 7500 € 4 *
1 *—http://dprao.bg/images/%D0%94%D0%BE%D0%B3%D0%BE%D0%B2%D0%BE%D1%801.pdf (in Bulgar-
ian) (accessed on 22 September 2024). 2 *—https://nmarket.bg/metakoalin (accessed on 22 September 2024).
3 *—https://www.globalsources.com/searchList/products?keyWord=silica+fume&pageNum=1 (accessed on
22 September 2024). 4 *—https://markita.net/perlit.html-0 (accessed on 22 September 2024).
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The data in Table illustrate the feasibility of using an accessible, inexpensive, natural
material with a high major component content such as natural clinoptilolite.

The experiments were carried out with two cement mortars (Table 2) following the
mass ratio of 1:3:0.5 used in EN 196-1 to determine the compressive strength and, optionally,
the flexural strength using prismatic samples with sizes 40 × 40 × 160 mm. The zeolite ad-
dition was always introduced into the mixtures together with distilled water. Immediately
after the mixing procedure (according to EN 196-1 at 20 ◦C and 65% RH), the workability
of the fresh mortar was evaluated using the standardized measurement of consistence [29].
The spreading diameter for mortars was measured by using a truncated cone, based on a
flow table test (EN 1015-3) [30]. The results indicate that the addition of clinoptilolite-based
zeolite reduces the spreading diameter from 111 ± 2 mm for Ms to 107 ± 3 mm Mz.

Table 2. Abbreviations and composition of mortars.

Mortar
Cement Zeolite Binder Sand Ratios (wt–wt)

wt Parts wt Parts wt Parts wt Parts Binder/Sand Water–Binder Water–Cement

Ms
Ms28 * and Ms120 1.0 - 1.0 3.0 1:3 0.50 0.50

Mz
Mz28 and Mz120 0.9 0.1 1.0 3.0 1:3 0.50 0.45

* Abbreviation meaning: M—mortar; s—sand; z—zeolite. The number in the notations Ms28, Ms120, Mz28 and
Mz120 indicates the duration of sample curing in days.

After casting, the samples (6 prisms, 40 × 40 × 160 mm) were stored in the molds for
1 day in a moist atmosphere (>95% RH and 20 ◦C). Once demolded, the samples were kept
under water (20 ◦C) until strength testing (28 and 120 days). The compressive strengths at
28 and 120 days of water curing were measured according to EN 196-1 [29].

3. Methods

Broken parts of samples with mass of 2.0 ± 0.3 mg were used to measure the poros-
ity by the mercury intrusion porosimetry method (MIP) using Carlo Erba Porosimeter
Mod. 1520 (Carlo Erba Strumentazione, Rodano (Milan), Italy), with the pressure range
0.10–150 MPa, corresponding to the pore size range 50–15,000 nm.

Wavelength dispersive X-ray fluorescence (WD-XRF) analysis was performed using
spectrometer WD-XRF Super-mini 200 (Rigaku Corporation, Tokyo, Japan) (operating at
50 kV and 4 mA, 200 W X-ray tube with Pd-anode, 30 mm2) under a helium atmosphere.
Two different X-ray detectors were made use of: a gas flow proportional counter for light
elements and a scintillation counter for heavy elements. Three analyzing crystals were
utilized (according to the wavelength range): LIF 200 (for Ti-U), PET (for Al-Ti), and RX25
(for F-Mg). The samples were prepared as tablets with CERE-OX-BM-0002-1 powder.
Rigaku’s built-in software package “ZSX” ver. 7.67 was employed for the processing of
the data.

The PXRD patterns were performed on an X-ray powder diffractometer D2 Phaser
(Bruker AXS GmbH, Karlsruhe, Germany) using CuKα radiation (λ = 0.15418 nm) (op-
erating at 30 kV, 10 mA) from 5 to 80◦ 2θ with a step of 0.05◦ (grinded sample with
weight—1.0 ± 0.1 mg and particle sizes below 0.075 mm). Phase identification was carried
out using various search-match software programs, as well as by using data from the
Inorganic Crystal Structure Database (ICSD) [31].

Experiments were conducted to characterize the macro-, meso-, and microstructure
of the investigated samples. The macrostructure was captured using a Nikon D3300 SLR
digital camera with a Nikon AF-P 18–55 mm VR lens (Nikon Corporation, Tokyo, Japan),
effective pixels—24.2 MP, processor—EXPEED 4, capture sensor—CMOS 23.5 × 15.6 mm,
light sensitivity (ISO 100)—12,800 in 1 EV steps. The microstructure was observed with
Philips PH, Model 515, regime of secondary electron emission. Following a 12 h drying
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process at 60 ± 5 ◦C, the fracture fragments of the samples, which had a roughly flat surface
measuring 10 × 10 mm, were covered with a thin layer of gold.

Additionally, DRIFTS was applied for the analysis of the samples. It was used in
order to increase the sensitivity of the IR analysis, which, due to the measurement method,
required the use of 100% of the studied substance without any dilution. The samples
were studied with a spectrometer Nicolet 6700 (Thermo Electron Corporation, Waltham,
MA, USA). A diffuse-reflectance accessory Collector II (Thermo Electron Corporation,
Waltham, MA, USA) was used. The spectra were recorded at a resolution of 4 (data spacing
1.928 cm−1) and 100 scans.

Thermal studies (TG/DTG-DSC) were performed with a Setsys Evolution 2400 thermo-
analytical complex (THEMYS), SETARAM, Caluire-et-Cuire, France. A dynamic heating
regime was selected in the temperature range from room temperature (RT) to 1300 ◦C with a
heating rate of 10 ◦C min−1. The mass of the samples for thermal characterization analysis
was 18.0 ± 2.0 mg (mass resolution of 0.02 µg). The calorimetric measurements were
performed with a B-type sensor with a temperature measurement range up to 1600 ◦C and
a DSC rod with a resolution of 1.0 µW. The experiments were performed in a gas atmosphere
of static air. Stabilized ceramic crucibles with a volume of 100 µL were used, respecting the
requirement of filling with a low reaction layer to eliminate diffusion difficulties.

4. Results
4.1. Wavelength Dispersive X-ray Fluorescence Analysis

Table 3 presents the results of the semi-quantitative XRF measurements of the major
component contents of the raw materials and the cement mortars.

Table 3. XRF analysis data of the main components of the initial raw materials and water-cured
samples—Ms28, Ms120, Mz28, and Mz120.

Content of
Components

White
Cement

River
Sand

Natural
Zeolite

Sample
Ms28

Sample
Ms120

Sample
Mz28

Sample
Mz120

- % % % % % % %

CaO 72.997 4.377 4.361 29.264 27.772 27.683 30.848

SiO2 16.857 71.545 74.727 52.442 54.234 53.580 50.730

Al2O3 3.452 12.875 13.031 9.277 9.642 9.589 9.344

MgO 0.868 1.048 0.795 1.055 0.584 0.794 1.034

Na2O 0.351 2.446 0.767 1.590 1.514 1.588 1.481

K2O 0.671 5.073 4.881 3.343 3.419 3.783 3.632

Fe2O3 0.220 1.948 1.034 0.965 0.880 0.998 0.917

SO3 4.312 0.100 0.023 1.560 1.581 1.539 1.569

P2O5 0.112 0.141 0.038 0.112 0.098 0.103 0.101

TiO2 0.091 0.282 0.141 0.231 0.147 0.206 0.191

The results of the XRF analysis of the samples Ms28, Ms120, Mz28, and Mz120 present
some trends in the major component oxide contents—CaO, SiO2, Al2O3, Na2O, K2O, SO3,
etc. The data in Table 2 are the result of the cement mortars obtained by mixing white
cement, river sand, and natural zeolite. The highest contents were SiO2, 50.73–54.23%; CaO,
27.68–30.84%; and Al2O3, 9.27–9.64%. The deviation from the average values for each of
the major components is within approximately ±2%, which is evidence of compositional
consistency. There is a greater increase in the amount of Al2O3, from 3.45% in the white
cement to 9.46% average in the cement mortars. This result is related to the higher content
of this component in river sand [32,33]. It is assumed that Al2O3 will make a significant
contribution to the phase formation of CSAH hydrates in the hydration process.
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The semi-quantitative results of the XRF analysis prove the presence of major oxides
in the starting components used for the preparation of the mortars. The main prerequisites
for their phase formation are expected to be the proportions between them, the influence of
the water-to-cement ratio and the presence of zeolite, which will have an impact on the
hydration process.

4.2. Physical-Mechanical Properties

The hydration process of cementitious materials is essential for the stability and
strength of the resulting mortars. In their production, not only is the type of basic materials
used essential but so are additives, inert fillers, and waste, which reduce the cost of their
production but without compromising the quality of the final products. Therefore, the first
analyses that provide information on the effectiveness of the technologies for obtaining
building mortars are physical-mechanical studies.

The following physical-mechanical properties were measured: density after immer-
sion, water adsorption after immersion, bending strength compressive strength, and pore
volume at 28 days and 120 days. The measuring method and the average values of the prop-
erties are shown in Table 3. Due to the samples’ varying density, the parameter “adsorption
after immersion” is calculated in volume percentages.

From the data in Table 4, the high density of the Ms and Mz systems is reported.
For all compositions, with increasing age, the densities remain almost unchanged, with
changes within the margin of error. The replacement of 10% cement with zeolite reduces
the parameter “density after immersion” due to air-entraining (increase in both the number
and sizes of air bubbles). The addition of the zeolite leads to a reduction of the parameter
“bending strength”, which may be the result of air-entraining or the presence of unreacted
soft zeolitic particles.

Table 4. Physical-mechanical properties of the samples.

Sample
Bulk Density after Immersion Bending Strength Adsorption after Immersion

kg/m3 N/mm2 (MPa) mm3/cm3

Ms 2126 7.84 173.8

Mz 2139 7.80 162.4

These values were determined according EN 1015-3:2001. Methods of test for mortar for masonry—Part 3:
Determination of consistence of fresh mortar (by flow table).

In order to determine the “absorption after immersion” (Table 4), firstly, the samples
are dried in an oven at 50 ± 5 ◦C for 3 days and their weight is measured. Then, they
are immersed in water for 5 days, which ensures full water absorption (increase in mass
was less than 0.5% of the heavier mass), and their weight is measured again. The amount
of water permeated in the Mz system was greater by almost 150% compared to that of
Ms. The reason for these results is the addition of clinoptilolite. The water absorption,
measured at 28 days of curing, of both Ms and Mz samples is relatively large for this
type of material, suggesting possibilities for obtaining a denser structure through a precise
selection of fractions of inert/active fillers [34].

The formed structure of Mz samples is dense, which is determined when compar-
ing the pure volume of the samples, recalculated from the measured value of the pore
volume and density after immersion at 28 days of curing—21.1 mm3/cm3 (sample Ms);
30.0 mm3/cm3 (sample Mz) (Table 4). However, these samples have an open porosity,
which allows for the penetration of water, causing a slow, continuous hydration of the
cement grains. The high adsorption of the samples with natural zeolite and river sand can
be explained by the high water absorption capacity of zeolite particles [35].

According to Table 4, the standard cement mortar Ms’s 28-day compressive strength is
similar to the factory’s stated value. This suggests that the sand utilized is comparable to
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EN 196-1, the CEN Standard sand. At 120 days, the pore volume drops by 6.8% and the
newly formed hydrates fill the porous area, increasing the compressive strength by 7.6%.

Similarly, for samples Mz28 and Mz120, a 15.1% increase in the compressive strength
was observed. The values of the measured parameters indicate the formation of a thin
structure of hardened samples Mz, which are characterized by a 0.45 water-to-cement ratio.

The compressive strength of both samples Ms28 and Mz28 is very high and continues
to grow over time. The use of zeolite as a partial binder substitute increases the 28-day
(Mz28) compressive strength in comparison with the same parameter for the Ms28 sample,
with approximately 13.0% (Figure 1a). At 120 days of curing (samples Ms120 and Mz120),
the difference between the compressive strengths is increased by 20.8%.
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Figure 1. (a). Data presenting the compressive strength for samples Ms and Mz. (b). Data presenting
the pore volume for samples Ms and Mz.

The results regarding the changes in pore volume have a different pattern compared
to the “compressive strength” parameter. The pore volume in the series (Ms28–Ms120 and
Mz28–Mz120) decreased by 6.8% for the Ms samples and similarly by 9.2% for the Mz
samples (Figure 1b). This result is logical considering that in the course of hydration and
deferred hydration, the pores are gradually filled with the crystallites of the CSH/CSAH
phases. The difference in the pore volume results between the two series is also significant,
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with the Ms28–Mz28 pair showing a 43.8% increase in pore volume and the Ms120–Mz120
pair showing a 40.0% increase. With the addition of 10% thermoactivated clinoptilolite, it
can be assumed that the observed changes are due to the porous structure of the zeolite [36].

On one hand, the formation of a dense and robust structure is observed, but on the
other hand, an increase in the pore volume is also noted, in which the role of clinoptilolite
is considered as an opportunity to increase the pore space and growth potential of the
CSH/CSAH phases.

The reported effects of the influence of natural clinoptilolite on the microstructure of
the cement mortars can be confirmed by microscopic analysis—SEM.

4.3. Macro- and Microstructure of Mortars—Scanning Electron Microscopy (SEM)

The results of the macro- and microstructural analysis of the Ms and Mz samples are
presented in Figures 2–5.

Materials 2024, 17, x FOR PEER REVIEW 8 of 24 
 

 

The results regarding the changes in pore volume have a different pattern compared 
to the “compressive strength” parameter. The pore volume in the series (Ms28–Ms120 and 
Mz28–Mz120) decreased by 6.8% for the Ms samples and similarly by 9.2% for the Mz 
samples (Figure 1b). This result is logical considering that in the course of hydration and 
deferred hydration, the pores are gradually filled with the crystallites of the CSH/CSAH 
phases. The difference in the pore volume results between the two series is also significant, 
with the Ms28-Mz28 pair showing a 43.8% increase in pore volume and the Ms120–Mz120 
pair showing a 40.0% increase. With the addition of 10% thermoactivated clinoptilolite, it 
can be assumed that the observed changes are due to the porous structure of the zeolite 
[36].  

On one hand, the formation of a dense and robust structure is observed, but on the 
other hand, an increase in the pore volume is also noted, in which the role of clinoptilolite 
is considered as an opportunity to increase the pore space and growth potential of the 
CSH/CSAH phases. 

The reported effects of the influence of natural clinoptilolite on the microstructure of 
the cement mortars can be confirmed by microscopic analysis—SEM. 

4.3. Macro- and Microstructure of Mortars—Scanning Electron Microscopy (SEM) 
The results of the macro- and microstructural analysis of the Ms and Mz samples are 

presented in Figures 2–5. 

 
Figure 2. Macro- and micrographs of the surface structures of sample Ms at 28 days of water curing. 

The macrostructure of the Ms-series samples with sand is characterized by single-
grained particles visible to observation without magnification. Their shape is variable and 
irregular, and most are of different colors with shades between gray, dark gray, and 
yellow. The structure is well homogenized; however, characteristically, the air pores are 
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form. A fine-grained crystal aggregate with structural characteristics most likely below the 

Figure 2. Macro- and micrographs of the surface structures of sample Ms at 28 days of water curing.

The macrostructure of the Ms-series samples with sand is characterized by single-
grained particles visible to observation without magnification. Their shape is variable and
irregular, and most are of different colors with shades between gray, dark gray, and yellow.
The structure is well homogenized; however, characteristically, the air pores are easily
visible, entrained during sample preparation and leaving empty circular cavities. It can be
determined that the macrostructure is robust and dense, despite the multiple air pores. The
sample does not crumble or spatter on contact.

Even at 28 days of curing, the micrographs in Figure 2 show stable and dense structures;
as a result, there are no gaps in the structure that could allow new minerals to form. A
fine-grained crystal aggregate with structural characteristics most likely below the limit
of PXRD detection is formed by the CSH/CSAH gel. The micrographs also show regions
where self-desiccation drying cracks are visible. On the surface of sample Ms28 are easily
distinguishable areas of dense surface, probably unaffected by the hydration process. The
observed effects are explained by water deficiency as a result of the type and ratio of
the mortar components. Areas adjacent to these sites are also reported to be covered by
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relatively small flat formations and those that resemble the shape of a small rose flower.
The main morphological characteristic of the sample is that two-dimensional flat crystals on
the surface of the sample are predominant while other CSH/CSAH gel-specific formations
are in limited areas and are small in size compared to the adjacent crystal formations. The
plate crystals are characteristic of portlandite crystals, while those of the second type are
characteristic of small crystal forms of the CSH phases. Similar results have been presented
by other authors for building mortars with conventional compositions [13,37].
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Figure 3. Macro- and micrographs of the surface structures of sample Ms at 120 days of water curing.

The micrographs of sample Ms120 clearly show long and fine crystallites covering
the entire surface of the sample. This type of crystalline form is very characteristic of
ettringite [38,39].

Although the surface of the sample is covered with hydration products, cracking is
still visible in the foundation (Figure 3).

Macro images of the surface of the Mz series of samples show the same characteristic
grain structure, with well-dispersed sand particles, which give the characteristic mélange
structure of the two samples Mz28 and Mz120 (Figures 4 and 5). Sample Mz28 (Figure 4)
exhibits larger-sized and more densely spaced air pores, which is consistent with the results
of the pore volume measurement, which increases significantly (Figure 1). In sample
Mz120 (Figure 5), the size of the air pores visibly decreases while the other characteristics
are preserved. The macrostructure is again dense, strong, and crack-free. This result is also
correlated with the pore volume measurement results, which are higher compared to the
pore volume for the whole Ms series but lower compared to sample Mz28.

The microstructures of Mz28 and Mz120 differ from those of Ms28 and Ms120, with
higher surface coverage of Mz samples with hydration products. No unhydrated zones are
visible, and the crystallites are in larger volume and in greater variety.
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Both two-dimensional plate-shaped crystallites and the characteristic needle-shaped
crystals, the formation of druses, as well as a surface covered with a thin veil of honeycomb-
like crystalline formations characteristic of tobermorite can be identified [40]. Cavities on
the surface of the samples can be distinguished, but not micro-cracks, which is consistent
with the results of the physical-mechanical measurements for compressive strength. The
increase in the values of this parameter for Mz28 and Mz120 corresponds to the greater
variety of crystallites formed during the hydration of the cement mortars. From the micro-
graphs of the zeolite series samples, the addition of the crystallites into the basic framework
of the cement mortar is evident [36]. In addition, coalescence of the flat crystallites into
adjacent formations is noted. This implies that the compactness of the microstructure is
improved, which is probably the result of the implementation of pozzolanic reactions, in the
course of which additional calcium-silica crystal hydrates (CSH gel) are formed. Pozzolanic
reactions can be carried out with fragments of the zeolite structure (based on amorphous
SiO2 and Al2O3) [10], in which secondary hydration between the portlandite and zeolite
fragments is possible with the formation of CSH/CSAH phases, which is confirmed by the
physical-mechanical and microscopic results.

In conclusion, due to the different cement-to-water ratio and empty space, these areas
are filled with crystal hydrates of different morphology: plate crystals (portlandite), needle
crystals (ettringite), and fine crystal aggregates (CSH/CSAH gels). They cover the surface
of the samples with a fine veil of crystallites, the two-dimensional portlandite tiles being
considerably less numerous. It is the relation of the portlandite crystallites that is the main
difference in the morphology of the samples. In sample Ms28, they are most massively
distributed and cover its surface, which is also represented in the SEM image (Figure 2).
In the remaining samples (Figures 3–5), the flat portlandite formations are significantly
fewer and are embedded in the CSH/CSAH network of crystals. These results can most
likely be explained by the influence of clinoptilolite (Mz series), which absorbs water
faster than cement, and for this reason, there is not enough water for it at the beginning of
hydration. The absorbed moisture from the zeolite then participates in the formation of the
new CSH/CSAH-type crystal hydrates as secondary hydration continues in the pores of
the samples, compensating for the effects in the earlier stage of the hydration process.

In order to confirm the results of the morphological and physical-mechanical studies,
X-ray powder diffraction studies were carried out on the phase composition of the cement
mortars of the two series.

4.4. X-ray Phase Analysis

The PXRD analysis (Table 5 and Figure 6a–d) shows the presence of two groups of
minerals in the studied samples: (i) relict minerals from the initial composition: belite,
albite, anorthite, Mg-rich calcite, quartz, and dolomite; and (ii) newly formed minerals:
portlandite, yugawaralite, scolecite, ettringite, tobermorite 11A, and hibschite. The results
of the complete analysis of the phase composition of the samples are presented in Table 4
and Figure 6a–d. The new phases are from CSH and CSAH gels. The formation of the
CSAH phases is possible because of the presence of the cementitious minerals from the
starting raw materials and the use of quartz sand as a filler, in the composition of which
SiO2 and Al2O3 are present (Table 2). Furthermore, its porous structure creates a basic
framework that facilitates the formation of crystal hydrate phases (ettringite, tobermorite
11A, and scolecite) in the cavities and interlayer spaces into which water molecules can be
inserted. Subsequently, they are used to carry out secondary hydration processes and grow
new crystal hydrates. Two of the phases, yugawaralite and hibschite, are identified only in
the Mz series samples. Most CSH are formed in both series because they contain quartz
and aluminates imported from cement minerals and river sand.
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Table 5. PXRD analysis results.

No Description Sample Identified Phases

1. Non-hydrated cement phases Ms28, Ms120, Mz28, Mz120

Belite (C2S), 49-1673—2CaO·SiO2

Albite (C3S), 11-0593—(Na,Ca)Al(Si,Al)3O8

Anorthite (CAS2), 41-1486—CaO·Al2O3·2SiO2

Quartz, 46-1045—SiO2—3.34

2. Initial component phases Ms28, Ms120, Mz28, Mz120 Mg-rich Calcite, 47-1743—CaCO3

3. Newly formed phases:
containing OH− Ms28, Ms120, Mz28, Mz120 Portlandite (CH), 44-1481—Ca(OH)2

3.1. containing SO4
2−, OH−, and crystal water

H2O

Ms28, Ms120, Mz28, Mz120 Ettringite,
41-1451—Ca6Al2(SO4)3(OH)12·26H2O

Ms28, Ms120, Mz28, Mz120 Monosulphoaluminate,
45-0158—Ca4Al2SO10·12H2O

3.2.
hydroxyl silicates—CSH, formed from the

main oxides CaO, SiO2, OH−, and/or
crystal water H2O

Ms28, Ms120, Mz28, Mz120 Hillebrandite, 42-0538—Ca6Si3O9(OH)6

Ms28, Ms120, Mz28, Mz120 Tobermorite 11A,
45-1480—Ca5Si6(O,OH)18·5H2O

3.3
hydroxyl silicates—CSAH, formed from
the main oxides CaO, Al2O3, SiO2, OH−,

and/or crystal water H2O

Mz28, Mz120 Yugawaralite, 39-1372—CaAl2Si6O16·4H2O

Mz28, Mz120 Hibschite, 45-1447—Ca3Al2(SiO4)3−x(OH)4x;
(x = 0.2–1.5)

Ms28, Ms120, Mz28, Mz120 Scolecite, 41-1355—CaAl2Si3O10·3H2O
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Inadequate water in the systems causes an incomplete hydration of the raw minerals,
which is linked to the identification of phases from the raw materials in the compositions
of the samples.

The results of the powder PXRD analysis are in full correlation with the results
obtained from the physical-mechanical analyses and the macro- and microstructure of the
samples from both series. The hydration conditions and the composition of the materials are
a prerequisite for the formation of CSH and CSAH phases. The introduction of clinoptilolite
(part of zeolite) is involved in the distribution of the amount of water, and it can be assumed
that, due to secondary hydration processes, water is in short supply. The PXRD results
identify multiple new phases, but the intensity of the reflections is not well pronounced and
it can be assumed that these phases have low crystallinity, consistent with the morphological
images. Since the amount of water was predicted at the initial stage of sample preparation,
it can be argued that the results obtained are expected and their purpose is to assess the
influence of the amount of natural zeolite, and in the subsequent stages of the studies, the
amount of zeolite, as well as the water–cement ratio, will be refined.

4.5. Diffuse Reflectance Infrared Fourier Transformed Spectroscopy (DRIFTS)

IR spectroscopy is a powerful method for measuring organic and inorganic substances
in the liquid or solid aggregate state. This method can be used to study cement composites,
allowing the identification of solids in minimum quantities and with fine dispersion [23]. In
the present work, measurements were performed with diffuse reflectance infrared Fourier
transformed spectroscopy (DRIFTS). The method is suitable for the study of substances
with an amorphous structure where other structural methods are inapplicable, such as
powder X-ray phase analysis. An advantage of DRIFTS is the possibility to directly measure
spectra from powder samples with rough surfaces without prior preparation or as disper-
sions in IR transparent matrices such as KBr and KCl [41,42]. The collecting optics in the
DRIFTS attachment is designed to gather as much of the diffuse reflected light as possible.
DRIFTS is a suitable technique for the study of chemical bonds in a molecule, especially for
determining the involvement of water molecules in the structure of substances. This makes
the method particularly applicable for the characterization of cement mortars, especially
for the distribution of structurally bound water in the composition of CSH/CSAH phases
as a result of hydration of cement minerals involving natural clinoptilolite [43].

The results of the spectroscopic measurements using the DRIFTS technique are pre-
sented in Table 6 and Figure 7.

The application of the diffuse-reflectance methodology to the measurement of vibra-
tions in molecules makes it possible to identify the vibrations in molecules and the bonds
of individual atoms to the various functional groups and especially those to water. This
characterization is important for the investigated cement mortars, since the amount of
water used in the solutions is not only important in terms of the economic performance of
the process but also relevant for the new phases formed, their diversity, and structural char-
acteristics. In summarizing the results, groups of spectral bands characteristic of silicate,
carbonate, sulfate, compounds with hydroxyl ions, and those containing crystallization
water were identified. The main group of compounds corresponds to the spectra of the
CSH and CSAH gel phases and accordingly combines the vibrations of the tetrahedral SiO4
group, the pyroxene SiO3 group, and the octahedral AlO6 in combination with the water
molecules. It is a characteristic feature of the studied system that phases containing Al-O-Si
bonds are found both in the starting raw materials, e.g., natural clinoptilolite [22], and in
the hydration products of cementitious minerals.

In confirmation of the XRD results, the combination of bands of the tetrahedral SiO4
4−

group (Si-O bond with bands at ν4 566–576 cm−1 and ν3 1190 cm−1) is assigned to the
newly formed CASH gel phases such as hibschite.
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Table 6. DRIFTS spectroscopy results of samples Ms and Mz.

No Description/
References Bond ν1

(cm−1)
ν2

(cm−1)
ν3

(cm−1)
ν4

(cm−1) Samples

1. AlO6
9−

[44–46]
Al-O

- 428–430 - - Ms

- 414–424 856 - Mz

2. SiO3
2−

[44–46]
Si-O

- 468–472 781 Ms28

- 470–472 1041–1053 790 Mz28

3. SiO4
4−

[44–46]
Si-O

- - 1189 566–576 Ms

- 572–576 Mz

4. SO4
2−

[44–46]
S-O

958–991 - 1155–1159 696–700
781 Ms

979–991 - 1155 690–694
790–800 Mz

5. CO3
2−

[45–47]
C=O

- 869

1411–1425
1425–1436
1484–1498

1538

- Ms

- 865

1409
1436–1438
1486–1488
1529–1554

- Mz

ν1 + ν3
2524

2364–2622
- -

ν1 + ν4
1785–1793
1866–1872
1988–1990

Ms

ν1 + ν4
2524–2526
2588–2628

- -
ν1 + ν4

1785–1787
1873–1990

Mz

6. SiO4
4+-AlO6

9− [48] Si-O-Al

- 798–800 1022–1029
1278 522–528 Ms

- - 1029–1039
1276–1278 524–526 Mz

7. SiO2 Si-O - - 796–804 - Ms

8. O-H struct. (1) [49] O-H
- - 3592 - Ms

- - 3590–3592 - Mz

9. O-H− cryst. (2)

[49]
O-H

3411–3432 1616–1666 3201–3252 - Ms

3411–3419 1616–1662 3237–3251 - Mz

10. O-H−

[44,49] Ca-OH - - 3629–3631 - Mz, Ms

11.
O-H−

[50] Al-OH
- - 3737 - Ms

- - 3735 - Mz

O-H struct. (1)—O-H bond in structural OH− anion [49]. O-H crystal. (2)—O-H bond belonging to crystal-bonded
water molecules [49].

The pyroxene group SiO3
2− (Si-O bond), with the most typical bands at ν2 468–472 cm−1

and ν3 1040–1053 cm−1, is presented in CSH gel phases—hillebrandite, tobermorite-11A,
and scolecite and in one new phase—yugawaralite.

Hibschite and yugawaralite are from the group of CASH gels and are formed only
in the cement solution with the addition of natural clinoptilolite. They are character-
ized by Al-O-Si bonding, which is expressed by the bands at 1029–1039 cm−1 (ν3 Si-O
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stretching vibration) and 522–528 cm−1 (ν4 Al-O-Si bending vibration) for wairakite and
yugawaralite [45].
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The octahedral AlO6
9− groups (Al-O bond) from the raw tricalcium aluminate are

distributed between the newly-formed monosulphoaluminate and ettringite. Their bands
are situated at the spectral ranges 410–430 cm−1 and 800–950 cm−1. The band at ν3
856 cm−1 is typical for ettringite (Figure 7) [45]. The vibrational bands of the AlO6

9−
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groups combine with the bands of the sulphate group at ν4 690–800 cm−1, ν3 1155 cm−1,
and ν1 958–991 cm−1 and with that of the hydroxyl ion—ν3 3590–3592 cm−1.

A second group of bands includes the vibrations of the carbonate ion at ν2 869 cm−1

and ν3 1409–1554 cm−1, which characterize the spectrum of calcite, a mineral that enters
into the composition of white cement.

Using the DRIFTS method, the vibrational fluctuations of the Me-OH bonds are better
expressed in the spectra. This is evidenced by the well-formed bands in the ν3 region
3600–3750 cm−1. In this particular system, this bond is realized both between Ca-OH at ν3
3629–3631 cm−1 and between Al/Si-OH in the crystal hydrates of CSH and CSAH phases
at ν3 3737 cm−1.

The composition of all crystal hydrate phases, formed in the process of hydration of
the cement minerals, includes crystallization water. The vibrational bands of water are
well expressed in the DRIFTS spectra and represent a broad and well-defined band with
multiple insertion bands in the range 3411–3432 cm−1. In the ν2 region 1616–1666 cm−1, a
bending vibrational mode of crystal water is identified.

In conclusion, it can be summarized that the microstructure and properties of the
cement mortars of the present study containing thermoactivated zeolite as an additive
and cement replacement were characterized using a complex of analytical and physical
methods. The results obtained allow us to evaluate the contribution of the additive to the
modified properties of the solutions in the hydration process.

The DRIFTS spectra identify the vibrational modes of the functional groups that enter
into the composition of the cement solution minerals, namely SiO3

2−, SiO4
4−, AlO6

9−,
SO4

2−, CO3
2−, and OH−, as well as the cross vibrations between Al and Si ions across

the oxygen bridges—Al-O-Si. The quantitative characteristics of the obtained spectra are
presented in Table 6.

The role of clinoptilolite (part of zeolite) in the present study is explained by the fol-
lowing: (i) influence on the formation of pores in the structure, in which further secondary
hydration can develop in the growth of crystal hydrate phases; (ii) participation in poz-
zolanic reactions, in which excess portlandite is absorbed and new CSH/CSAH phases are
formed; (iii) preservation of the physical-mechanical performance of the building solutions,
which provides a perspective for further development of the topic for practical applications.

4.6. Thermal Analysis TG/DTG-DSC

Thermogravimetric analysis, combined with derivative thermogravimetry and differ-
ential scanning calorimetry, is a powerful tool to complement the results of the analytical
methods used. Highly sensitive modern instrumentation allows precise measurements
of mass loss, heat effects, phase transitions, solid-phase synthesis, and other important
characteristics of the samples, which reveal new data and provide new evidence for both
the structure of the samples and their thermal behavior in the programmed heating regime.
This also defines thermal analysis methods as very suitable both for the identification
of structure-phase transformations and as an acid-free method for solid-phase synthe-
sis [51,52]. In the present work, the simultaneous TG/DTG-DSC measurements were
performed in an air-gas environment up to 1300 ◦C and using dynamic heating mode.
Cement mortars are systems of inorganic composites mainly based on the oxides of calcium,
silica, and aluminum. In these solutions, the chemical elements involved are usually in
their higher oxidation state and are therefore not sensitive to oxygen from the air. This
allows the experiments to be carried out at high temperatures up to 1200–1300 ◦C in a static
air environment without the risk of additional oxidation reactions or syntheses between
the main oxides as the results obtained are in response to the thermal decomposition of the
constituent phases. This provides a rationale for using the complex of thermal methodolo-
gies to identify and, in this case, to complement the results of the other analytical methods
and especially to characterize the process and products of hydration of the studied white
cement solutions.
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The results of the thermal measurements are presented in Table 7 and in Figure 8a–d.
For convenience, Table 7 includes our own data on the thermal decomposition of white
Portland cement (applied as a control sample to monitor changes in the solution), which was
used to prepare the mortars [23,26]. The analysis of the results is presented in Figure 9a–d
with complementary plots of the dynamics of the resulting mass losses in characteristic
temperature intervals with thermal reactions.

Table 7. Thermal investigation results based on temperature at inflexion point (Tinfl.) and mass loss
(ML) of the raw material, white Portland cement, and samples Ms28, Ms120, Mz28, and Mz120.

Sample
1. TR *—30–200 ◦C 2. TR *—422–500 ◦C 3. TR *—500–730 ◦C 4. TR *—640–800 ◦C

MLTot **,
(%)Tinfl.,

(◦C) ML, (%) Tinfl.,◦C ML, (%) Tinfl.,
(◦C) ML (%) Tinfl. (◦C) ML (%)

Cement
[26]

65.1
98.0

0.30
0.39 429.9 0.25 539.6 0.15 711.8 3.68 5.19

Ms28
29.8

108.5
177.1

0.91
1.01
0.52

465.3 0.70
569.6
625.1
682.8

1.46
1.90
1.00

742.5 3.33 11.44

Ms120
29.8

100.4
130.2
169.5

0.81
0.70
0.37
0.41

479.2 0.66 562.9 2.45 675.7
743.3

1.84
1.91 10.98

Mz28 55.3
98.92

0.31
0.93 458.9 0.75 553.8

592.6
1.40
2.43 719.3 2.89 10.18

Mz120
62.0

112.7
183.6

0.73
1.11
0.66

462.6 0.63
566.5
611.5
671.8

2.66
1.37
2.13

751.5 3.00 15.04

TR *—temperature range, (◦C); MLTot**—Total mass losses, (%).
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by Ca(OH)2 in the temperature range 422–500 ◦C. (c). Mass loss dynamics during dehydroxylation
and partial decarbonation of CSH/CSAH in the temperature range 500–730 ◦C. (d). Total mass loss
dynamics in the temperature range RT–1300 ◦C.

The analysis of the results of the thermal experiments (Figure 8a–d) and the data from
Table 7 allow us to claim that in the temperature interval RT–1300 ◦C, the recorded thermal
reactions can be separated into four stages. In each of them, two, three (500–730 ◦C), or more
(30–200 ◦C) mutually overlapping thermal reactions can be registered. The determination
of the initial and final temperature and mass loss for each of them is performed using the
derivative thermogravimetry (DTG curve) data, with the temperatures at their inflection
points presented in Figure 8a–d and Table 7.

Based on the results of our previous studies [23,26], the thermal effects in the present
study are also shown to be related to the following:

1. Temperature range—30–200 ◦C—Dehydration of physic sorption water and crys-
tal water from crystal hydrates formed during the hydration stage. Their phase
composition was identified by PXRD (Figure 6a–d, Table 5) and SEM (Figures 2–5)
analyses and includes ettringite, tobermorite, yugawaralite, scolecite, and mono-
sulphoaluminate. The diversity in the crystal hydrate phases explains the overlapping
dehydration reactions. It can be noted that mass losses are low and do not exceed
2.50%, with the highest being observed in Mz120. Another characteristic feature is
the gradual increase in dehydration temperatures due to densification of the struc-
ture, as evidenced by MIP (Figure 1b), SEM (Figures 2–5), and physical-mechanical
measurements (Figure 1a, Table 4);
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2. Temperature range—422–500 ◦C—It is characterized by a pronounced single thermal
reaction occurring independently in the second temperature interval. It is also accom-
panied by low mass losses of 0.63% to 0.75% and a low-intensity endothermic effect.
These mass losses are related to the dehydroxylation of Ca(OH)2. The losses are low
due to the low water–cement ratio and the additional influence of the thermoactivated
zeolite, which absorbs some of the water. The portlandite in the samples is formed
upon hydration of the unabsorbed portion of water to form CSH and CSAH crys-
tal hydrates, as evidenced by PXRD (Figure 6a–d), SEM (Figures 2–5), and DRIFTS
(Figure 7) results. There is a tendency to decrease the mass loss from dehydroxylation
of Ca(OH)2 in the compositions with zeolite, since its role is precisely to participate in
pozzolanic reactions to eliminate hydroxyl ions.

3. Temperature range—500–730 ◦C—Dehydroxylation of CSH/CSAH, partial decarbon-
ation. This temperature range is most closely related to the hydration of cement solu-
tions and the influence of thermoactivated zeolite. A fraction of the water molecules
bind to the calcium-silica/aluminum phases as crystallization water, while another
fraction enters the compositions in the form of structurally bound water as OH ions.
They form stronger bonds in the crystal lattice of the CSH/CSAH phases. Logically,
the stronger bonds are broken at higher temperatures, which fall precisely in the
third interval up to 730 ◦C. The thermal reactions are mutually overlapping, with
mass losses ranging from 4.29% to 6.16%, and the effects are endothermic. Based on
the PXRD results obtained (Figure 6a–d), it can be assumed that dehydroxylation of
ettringite, hillebrandite, hibschite, and tobermorite takes place. The different forms of
water molecules as crystallization or structurally bound OH ions were defined in the
DRIFTS spectroscopy analyses (Figure 7, Table 6). The thermal experiments confirm
these results by complementing the information with mass loss data and thermal
decomposition temperatures.

4. Temperature range—640–800 ◦C—Decarbonation of CaCO3. In the high-temperature
region, thermal decomposition of a small amount of carbonate ions, mainly from
calcite, is observed, as shown by PXRD (Figure 6a–d), SEM (Figures 2–5), and DRIFTS
(Figure 7, Table 6). Mass losses range close to 3.00%, with a well-defined endothermic
effect. It can be noted that the decomposition temperatures of carbonates are shifted
towards the higher ones due to diffusion difficulties resulting from the formation of a
more solid and dense structure.

In our previous studies [23,26], it was shown that along with the dehydroxylation of
OH-ions, a partial decarbonation of thermally more unstable carbonate-containing phases
takes place, whose thermal decomposition occurs at lower than usual temperatures, falling
in the third interval.

For a clearer illustration of the effect of using thermally activated zeolite in building
mortars, the results from the thermal studies are presented in the form of trend plots for the
mass losses of the individual processes of dehydration of crystallization water (Figure 9a),
dehydroxylation of structurally bound water by Ca(OH)2 (Figure 9b), dehydroxylation
and partial decarbonation of CSH/CSAH (Figure 9c), and total mass losses (Figure 9d).
The data for the Ms series are in orange, for the Mz series in green, and for the white
cement used for comparison in blue. The red and blue lines represent the increasing and
decreasing trend of ML, respectively, for a given process. The mass loss data dynamics
from crystallization water dehydration (Figure 9a) present a decreasing trend for the Ms
series and an increasing trend for Mz, particularly well pronounced when comparing the
ML data between Mz28—1.24% and Mz120—2.50%, which is the highest value. This means
that water is retained when the thermally activated zeolite is used, and it is distributed
as crystallization and structurally bound. The ML trends of the structurally bound water
(Figure 9c) best illustrate the impact of using zeolite. Both series recorded relatively high
MLs between 4.29% to 6.16%. The distinctly higher values are for the Mz series. This
is the clearest evidence for the role of zeolite as a natural pozzolan and the possibilities
for a secondary continuous hydration. Accordingly, this trend also applies to the total
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mass losses (Figure 9d), which increase by approximately 5% in the Mz series due to the
increase in ML in the third stage, while they remain approximately the same 10–11% for
the Ms series. The ML change trend from dehydroxylation of structurally bound water to
Ca(OH)2 is the least pronounced, but nevertheless, a decreasing tendency can be noted in
the Mz series.

5. Discussion

According to the results from the complex of analytical methods—MIP, SEM, PXRD,
and DRIFTS—the following reaction mechanism scheme of the samples’ hydration have
been defined:

2Ca3SiO5 (C3S) + 7H2O → Ca3Si2O7·4H2O (C-S-H gel) + 3Ca(OH)2 (fast) (1)

2Ca2SiO4 (C2S) + 5H2O → Ca3Si2O7·4H2O (C-S-H gel) + Ca(OH)2 (slow) (2)

Formation of ettringite:

Ca3Al2O6 (C3A) + 3CaSO4·2H2O + 26H2O → Ca6Al2(SO4)3(OH)12·26H2O (3)

Formation of hillebrandite (CSH):

Ca2SiO4 (C2S) + H2O → Ca2SiO3(OH)2 (4)

Formation of tobermorite 11A (CSH)—only in compositions with sand or zeolite:

2Ca3SiO5 (C3S) + 4SiO2 + 6H2O → Ca5Si6O16(OH)2·4H2O (C-S-H gel) + Ca(OH)2 (5)

3Ca2SiO4 (C2S) + 3SiO2 + 6H2O → Ca5Si6O16(OH)2·4H2O (C-S-H gel) + Ca(OH)2 (6)

Formation of hibschite (CSAH)—only in compositions with sand or zeolite

Ca3Al2O6 + 2H2O− + 2SiO2 → Ca3Al2(SiO4)3−x(OH)4x, where x = 1 (7)

Formation of scolecite (CSAH):

Ca3Al2O6 (C3A) + 3SiO2 + 5H2O → CaAl2Si3O10·3H2O + 2Ca(OH)2 (8)

Formation of yugawaralite (CSAH):

Ca3Al2O6 (C3A) + 6SiO2 + 6H2O → CaAl2Si6O16·4H2O + 2Ca(OH)2 (9)

A wider range of newly-formed hydrated phases is recorded during the phase com-
position identification in the current studies of mortars containing zeolite (clinoptilolite),
in contrast with our results from earlier studies of the PXRD analysis of cement mortars
without zeolite addition [24,26]. In addition to hillebrandite and scolecite, phases such
tobermorite-11A, yugawaralite, and hibschite are formed in the presence of up to 10%
clinoptilolite in the cement, even with less water present (Figure 6a–d, Table 4). Because of
the implemented zeolite’s high sorption capacity and its pozzolanic activity (resulting from
the presence of active SiO2 and Al2O3 from the zeolite addition), there is a higher variety of
CSH and CSAH phases [11,34].

Under the impact of the zeolite additive, the solutions become more alkaline, which
leads to the hydration of the minerals from the cement clinker. Reactions (10) and (11) [12]
indicate that the production of the following anions facilitates the dissolution of the zeolite
tuff in liquids with an alkaline reaction:

≡Si–O–Si≡ + 8OH− → 2[SiO(OH)3]− + H2O (10)

≡Si–O–Al≡ + 7OH− → [SiO(OH)3]− + [Al(OH)4]− (11)
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Pozzolanic reactions can occur in the presence of water when the zeolite’s octahedral
and tetrahedral lattice structure fragments and the cement’s calcium dioxide are present.
This gives rise to the growth of hydrated calcium aluminosilicate compounds (CSAH) and
facilitates the creation of natural centers of crystallization, as exemplified in part by the
following potential reactions (12) and (13) [12,24,53]:

Formation of ettringite with pozzolanic reaction:

6Ca2+ + 2[Al(OH)4]– + 4OH− + 3SO4
2− + 26H2O → Ca6Al2(SO4)3(OH)12·26H2O (12)

Formation of hibschite with pozzolanic reaction:

Ca3Al2O6 + [SiO(OH)3]– + OH− + SiO2 → Ca3Al2(SiO4)3−x(OH)4x + O2−,
where x = 1

(13)

The PXRD data and the DRIFTS identification of the newly formed crystal hydrate
phases imply that there is a deficiency of bound water in their structure. The starting
water-to-cement ratio and the zeolite additive’s inclusion in the second series of cement
mortar compositions serve as the foundation for this assertion. As noted by other writers,
zeolite’s distinct sorption characteristics aid in the development of a strong and dense
structure [12,24].

The results obtained are also validated by scanning electron microscopy studies of the
cement mortar morphology from the two series of samples.

6. Conclusions

In this study, an investigation was conducted on the changes in the microstructure
of hardened mortars due to the replacement of 10 wt% of pure white cement with ther-
moactivated natural zeolite with high clinoptilolite content. Experiments carried out with
plain sand and water–cement ratios complying with EN 197-1 show that the inclusion
of zeolite increases the amount of pores accessible by mercury intrusion porosimetry by
about 40%, but the measured strengths are also higher by more than 13%. When these
samples were aged in an aqueous environment from day 28 to day 120, the amount of pores
decreased by about 10% and the corresponding compressive strength increased by nearly
15%, i.e., the addition of thermally activated zeolite did not block the access of water to the
cementitious minerals. Through microstructural studies, it was proven that new products
such as ettringite, monosulphoaluminate, CSH gel—hillebrandite and tobermorite, and
CSAH gel—yugawaralite, hibschite and scolecite are formed under delayed hydration.
Replacing part of the white cement with thermally activated natural zeolite increases the
density and strength of the structure as well as the amount and variety of new crystalline
phases. This is a reason to claim that building solutions with the used zeolite content will
have improved corrosion resistance against aggressive weathering.
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52. Yalçınkaya, Ç.; Çopuroğlu, O. Hydration Heat, Strength and Microstructure Characteristics of UHPC Containing Blast Furnace
Slag. J. Build. Eng. 2021, 34, 101915. [CrossRef]

53. Famy, C.; Brough, A.R.; Taylor, H.F.W. The C-S-H Gel of Portland Cement Mortars: Part I. The Interpretation of Energy-Dispersive
X-ray Microanalyses from Scanning Electron Microscopy, with Some Observations on C-S-H, AFm and AFt Phase Compositions.
Cem. Concr. Res. 2003, 33, 1389–1398. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

56



Citation: Muthu, M.; Kumar, B.G.;

Ukrainczyk, N.; Sadowski, Ł.;

Koenders, E. Impact of

Superplasticizers on the Performance

of Low-Grade Limestone-Based

Cement Mixes. Materials 2024, 17,

2500. https://doi.org/10.3390/

ma17112500

Academic Editors: Mengjun Chen and

Jiwen Bai

Received: 30 April 2024

Revised: 20 May 2024

Accepted: 21 May 2024

Published: 22 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

materials

Article

Impact of Superplasticizers on the Performance of Low-Grade
Limestone-Based Cement Mixes
Murugan Muthu 1,* , Boddapati Ganesh Kumar 2, Neven Ukrainczyk 3 , Łukasz Sadowski 1

and Eddie Koenders 3

1 Department of Materials Engineering, Wroclaw University of Science and Technology,
50-372 Wrocław, Poland; lukasz.sadowski@pwr.edu.pl

2 Larsen & Toubro Construction Research and Testing Center, Chennai 600 089, India; bgkk@lntecc.com
3 Institute of Construction and Building Materials, Technische Universität Darmstadt,

64287 Darmstadt, Germany; ukrainczyk@wib.tu-darmstadt.de (N.U.); koenders@wib.tu-darmstadt.de (E.K.)
* Correspondence: murugan.muthu@pwr.edu.pl; Tel.: +48-508-727-905

Abstract: Low-grade limestone (LGL) is not used to produce cement clinker, but this leftover material
in cement quarries increases the water demand when used as a filler in concrete production. In this
study, the effect of six commercial superplasticizers on the performance of cement mixes containing
35% LGL and 2% gypsum was investigated. The optimal doses of these superplasticizers were
found in a range of different water/binder (w/b) ratios by conducting several Marsh cone and
mini-slump tests. The addition of a superplasticizer with a higher active solid content produced
a maximum cement flow, regardless of the w/b ratios. The LGL-based mortar samples admixed
with this superplasticizer obtained a maximum compressive strength of about 36 MPa at the end
of 28 days. SEM and XRD results showed the formation of a new calcium-rich mineral in their
microstructure. These findings highlight the impact of the type and properties of superplasticizers on
the performance of concrete mixes containing LGL as a supplementary cementitious material.

Keywords: low-grade limestone; cement; gypsum; superplasticizers; marsh cone test

1. Introduction

Electricity and heat production, agriculture, forestry and transportation, industry,
and buildings are the main economic sectors causing global anthropogenic greenhouse
gas emissions [1]. The cement industry is one of the main contributors to industrial CO2
emissions, accounting for approximately 8% of the global CO2 emissions [2]. The use of
industrial by-products, including fly ash and slag, in concrete mixes reduces CO2 emission
by up to 0.81 kg/kg of cement [3], but its availability is limited and cannot meet global
demand [4]. The fly ash content is limited to 30% in most concrete mixes. The problem
behind the use of high-volume fly ash in concrete mixes is the delay in setting and the
slower rate of strength gain at the beginning of age [5]. Slag can be substituted for up to 70%
clinker; however, its availability is inadequate [6]. Therefore, it is necessary to identify new
sources of inorganic materials as partial cement replacements to protect the environment
and sustainability.

Some non-reactive or weakly reactive powders, such as marble [7], granite [8], and
limestone [9], showed promising contributions. Among these cement replacement materi-
als, limestone powder shows great potential due to its very low embedded CO2 emission,
abundant reserve on Earth, and low cost [10]. Limestone reserves are abundant on Earth
and up to 35% are recommended in the production of concrete mixes [11]. They are gener-
ally divided into high- and low-grade grades based on their CaO content [12]. Low-grade
limestone (LGL) contains 38% CaO and is generally not considered in the production of
cement clinker. This leftover material as a replacement for cement can greatly reduce cost
and CO2 emissions. In general, the addition of limestone accelerates the hydration of
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calcium silicates as a result of its nucleation effect and promotes the formation of calcium
silicate hydrate (CSH) [13]. The nucleation of the CSH gel on limestone surfaces precipitates
heterogeneously, but this precipitation facilitates the reduction in the volume of the open
capillary pores and partially compensates for the dilution caused by the filler material [14].
The dissolution of limestone also releases calcium ions in the pore solution of the cement
matrix, increasing the tendency to precipitate more CSH gel [10].

Gypsum plays a key role in cement mixes when limestone of any grade is used as a
supplementary cementitious material. Gypsum determines the set time and the strength
gain of concrete [15] and exists in many forms, including anhydrous, dihydrate, and
hemihydrate gypsum, with different solubility rates. The amount of gypsum to be used in
limestone-based cement mixes must be specified because it affects not only the setting time
but also the strength development and expansion. The minimum gypsum content required
to control the setting time is around 2%. Two main observations due to the additions
of gypsum to the limestone-based cement mixes are (i) an increase in the degree of the
hydration of tricalcium silicate (C3S) due to the aluminate peak pushing beyond the silicate
peak and (ii) an increase in the amount of ettringite crystals due to additional sulfate from
the gypsum [16]. Furthermore, a suitable content of limestone and gypsum can have some
positive influence on concrete properties, such as filler, nucleation, and chemical effects, as
well as improving workability [17]. However, the optimal content of LGL–gypsum–cement
blends still needs further study in concrete systems with a relatively low water/binder
ratio and a high superplasticizer dose.

Limestone-based concrete mixes need a chemical superplasticizer due to the existing
water scarcity problem in tropical countries with water shortages [18], further increasing the
total cost of concrete and the environmental burden [19]. Superplasticizers, considered high-
range water reducers, are often incorporated into such mixes to reduce water demand and thus
achieve a higher solid content without eliminating consistency [20]. The addition of weakly
reactive powders would result in the higher yield stress of fresh cement mixes and increased
demand for plasticizers [21]. Kakali et al. [22] found that the setting time and consistency of
cement mixes were reduced with increasing limestone additions to 35%. There is a significant
reduction in the yield stress of cement mixes due to the addition of 15% limestone. These
rheological characteristics of fresh concrete mixes are regulated by the fineness of the cement
and the replacement levels [23]. The dose of superplasticizer depends on the type of cement,
the shape, and the dimension of the cementitious materials, the water/binder ratio (w/b), the
type of liquid admixture, the compatibility between cement and superplasticizer, as well as the
temperature and humidity of the raw materials and the environment [24]. The compatibility
and synergistic effect between the addition of LGL, gypsum, cement, and superplasticizer
and the amount of water have very rarely been investigated.

This study aims to determine the optimal dose of superplasticizers based on polycar-
boxylate ether and sulfonated naphthalene formaldehyde required to obtain a maximum
yield in cement mixes containing 35% LGL and 2% gypsum. The effects of the optimal
doses of the superplasticizers on the various properties of LGL-based mortar samples were
also examined by performing flow table, compressive strength, and shrinkage tests. The
microstructure of these mortar samples at the end of 28 days was studied by conducting
scanning electron microscopy (SEM) and X-ray diffraction (XRD) investigations. LGL is
a leftover material in cement quarries, and its usage as a supplementary cementitious
material requires more water, while the test findings of this study help to understand the
impact of the dose, type, and properties of the superplasticizer on the performance of the
cement mixes containing a higher volume of LGL and provide recommendations on the
selection of superplasticizers that can produce maximum flow at lower doses.

2. Materials and Methods
2.1. Sample Preparation

Ordinary Portland cement of 53 grade according to IS 12269 [25] was used in the
preparation of different mortar samples. Other raw materials were low-grade limestone

58



Materials 2024, 17, 2500

(LGL), gypsum, potable water, crushed granites derived from granite origin, and superplas-
ticizers based on polycarboxylate ether (PCE) and sulfonated naphthalene formaldehyde
(SNF). The SEM image in Figure 1 reveals the angular structure of the LGL sample. The
raw material was mounted on a steel stub using a carbon adhesive and scanned with a
JSM-7600-F SEM (JEOL, Tokyo, Japan) at a higher voltage to obtain information about the
microstructure. The cementitious materials were obtained from a local cement manufac-
turer in India. The specific surface areas of LGL, gypsum, and cement reported by the
manufacturer are 165, 140, and 310 m2/kg. The samples of these raw materials were sieved
to a size lower than 75 µm and scanned with a Bruker model X-ray diffraction at a rate of
0.02◦ 2θ/min for a 2θ range between 5 and 80◦. The main XRD peaks illustrated in Figure 1
confirm the main presence of tricalcium silicate, tricalcium aluminate, and calcite in cement
and LGL. These samples were pelletized on a circular metal disc and scanned with a Rigaku
model X-ray fluorescence (XRF) to obtain information on the chemical composition. Table 1
lists the XRF results in which the CaO content of cement was calculated to be 1.6 times
higher than that of LGL. Their loss of ignition was also found by heating them in a hot
air oven at 1000 ◦C, and subsequent weight losses were calculated. The loss of ignition
(LOI) of LGL was very high, indicating the main presence of organic species. Crushed
granite sand conforming to Zone II of IS 383 [26] was used in the preparation of mortar
samples. It had a specific gravity of 2.58 and a water absorption of 2.27. These aggregate
properties were determined according to IS 2386 [27]. PCEs and SNFs according to IS
9103 [28] were obtained from three different chemical suppliers, Sika, Fosroc, and BASF,
and were designated PCE1, PCE2, PCE3, SNF1, SNF2, and SNF3. Their pH and relative
density were found to fall within the range of 6.37–8.31 and 1.06–1.31, while the solid
content is illustrated in Figure 1. These physical properties were found according to IS
9103 [28]. The optimal doses of each superplasticizer in different w/b ratios of 0.35, 0.4,
0.45, and 0.5 were determined in fresh paste samples containing 63% cement, 35% LGL, and
2% gypsum. The optimum dose information obtained from the experiments on fresh paste
samples was then adopted in the preparation of mortar samples to validate the impact of
different superplasticizers on the performance of cement mixes containing a higher volume
of LGL.
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Gypsum 29.81 3.34 1.35 0.49 1.33 - - 43.85 0.01 19.82 

Figure 1. (A) SEM image of limestone, (B) XRD pattern of raw materials, and (C) solid content of
different superplasticizers used in this study.

Table 1. Chemical composition of raw materials.

Sample (%) CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 Cl LOI

Cement 61.77 20.01 4.97 4.4 1.22 0.14 0.28 2.56 0.01 4.64
Limestone 39.27 15.77 3.37 0.43 1.56 0.07 0.17 0.24 - 39.12
Gypsum 29.81 3.34 1.35 0.49 1.33 - - 43.85 0.01 19.82

Table 2 lists the details of the cement-based mortar mixture that was prepared in
different w/b ratios and proportioned with the optimal doses of superplasticizers that
resulted from the investigation of the fresh paste samples. The cementitious materials were
mixed with crushed aggregates, water, and superplasticizers in a Hobart high-speed mixer
for 3 min to cast samples of different sizes. Acrylic molds were used to prepare mortar
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samples that were demolded after 24 h of casting and stored in water to cure until the age
of testing. Sample consolidation was performed using a vibrating table.

Table 2. Details of the cement-based mortar mixture.

Cement (g) Limestone (g) Gypsum (g) Sand (g)

630 350 20 2500

2.2. Isothermal Calorimetry and Vicat Apparatus

Approximately 30 g of fresh cement paste was loaded into the test channels of an I-Cal
8000 Calmetrix high-precision isothermal calorimeter according to ASTM C1702 [29]. Heat
developments in this sample were recorded for up to 7 days at 25 ◦C and 65% relative humidity
(RH). The initial and final setting time of the fresh cement paste was measured according to
IS 4031 [30]. About 300 g of cement was added to 72 g of water and quickly mixed before
filling the Vicat apparatus sample mold according to IS 5513 [31]. A 1 mm square needle
was allowed to penetrate this fresh paste every 10 min until the apparatus index scale read
approximately 5 mm from the bottom of the mold. Then, the annular needle was replaced
to measure the final setting time. This needle was released every 30 min until it made an
impression on the sample. An average of three measurements was calculated.

2.3. Mini Slump and Marsh Cone Tests

Consistency was evaluated using the mini-slump cone apparatus [32] of dimensions:
diameter 19 mm, bottom diameter 38 mm, and height 57 mm. The mold was placed firmly
on a flat horizontal plastic sheet, filled with paste, and compacted with a spatula. When the
mold was full, the top surface was leveled and excess paste was removed. The mold was
vertically removed, ensuring minimal lateral disturbance, and to avoid sample disturbance,
the slumped sample was left to harden for 24 h. The diameter of the hardened base was
measured at five locations around the outline and the mean was used to calculate the area
of the base. A metal cone was used according to EN 445 [33] with an 8 mm diameter bottom
nozzle. Around 1000 mL of fresh cement paste was placed in the Marsh cone, while the
bottom orifice of the tapered cone was kept closed. The orifice was then opened, and the
fresh paste was allowed to flow into a 1000 mL capacity graduated cylindrical flask, which
was kept below. The time it took 1000 mL of the cement paste to flow out of the Marsh
cone was recorded as the efflux time of the paste. Figure 2 illustrates the details of the
mini-slump and Marsh cones.
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Figure 2. Details of the (A) mini-slump, (B) Marsh cone, and (C) shrinkage tests.

2.4. Flow Table, Compressive Strength, and Shrinkage Tests

The fresh mortar sample was filled into the truncated cone and placed in the center
of the flow table apparatus. The cone was removed leaving the fresh sample, which was
dropped continuously for 15 times. The mortar flow is the resulting increase in the average
base diameter of the mortar mass, measured in at least four diameters at equivalently
spaced intervals expressed as a percentage of the original base diameter. The mortar
sample of dimensions 70 × 70 × 70 mm3 was tested at the end of 28 days according to IS
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516 [34] using a MATEST model servo-controlled compression test machine with a capacity
of 3000 kN. The loading rate was maintained at 35 MPa/s. The load at failure divided by
the cross-sectional area of the sample gives the compressive strength. Prismatic mortar
samples of 25 × 25 × 285 mm3 size were used to perform the shrinkage test at 25 ◦C and
65% RH according to ASTM C157 [35]. The change in sample length was recorded at
frequent intervals until the end of 28 days using a length comparator frame supported with
a 1 µm precision dial gauge. This frame was calibrated using a standard invar bar. The
shrinkage strain was calculated by subtracting the initial reading from the dial gauge and
the readings taken at the subsequent intervals of t and then divided by the length of the
sample. In these tests, a mean of four replicates was calculated.

2.5. Characterization Studies

Small mortar fragments were collected from the cube samples tested under com-
pression after 28 days. Care was taken to exclude the aggregates from the mortar pieces
obtained. They were dried at room temperature for a day, powdered with mortar and
pestle, sieved to a size of less than 75 µm, and finally scanned for a 2θ range of 5–80◦ using
an XRD at a scanning rate of 0.02◦/min. The mortar chunks obtained from the crushed
samples were dried at room temperature for a day, mounted onto steel stubs using a carbon
adhesive, gold-coated for 60 s, and analyzed at 20 kV current under secondary electron
mode using the SEM.

3. Results and Discussion
3.1. Heat of Hydration and Setting Time

Figure 3 shows the isothermal calorimetry test results of the fresh paste samples
containing 63% cement, 35% LGL, and 2% gypsum. These samples exhibited an exothermic
reaction when water was added to them and exhibited the maximum amount of heat
around 8 h after mixing. The heat release of these pastes was reduced with an increasing
w/b ratio, indicating a slower increase in the concentration of calcium ions in the pore
solution of these fresh samples at the beginning of age. LGL particles have little effect on the
hydration of cement mixes [13]. Its nucleation effect accelerates the maximum hydration of
C3S and generates more hydration products at an early age. However, the dilution effect of
the LGL particles affects the hydration of C3S and reduces the formation of Ca(OH)2 [36].
When the LGL and cement particles are mixed together, the water film governs the space
between them and has a relatively significant effect on the rate of hydration of the cement
during the post-peak hydration period [37]. The cement mixtures in this study include
63% cement, 35% LGL, and 2% gypsum. This raw cement was made up of 97% clinker
and 3% gypsum according to the manufacturer. Therefore, the total gypsum content in
the paste samples was calculated to be 3.9%. The average initial and final setting times for
these samples were determined to be 160 and 310 min, while those for the plain cement
paste were 170 and 295 min. Although the gypsum content in the plain cement and LGL-
based mixtures was relatively higher, the initial cement setting still improved to 6% in the
presence of a larger volume of LGL.
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3.2. Mini-Slump Flow and Saturation Dose

Figures 4 and 5 show the results of the mini-slump and Marsh cone tests. The addition
of SNF and PCE improved the slump flow of the paste mixes regardless of the w/b
ratios used. They exhibited a mini-slump flow diameter of 200 mm when the dose of the
superplasticizers was maintained above 1.5%. No slump flow was observed when the
LGL-based cement pastes were made with w/b ratios lower than 0.4. They were sticky and
stiff, and they needed a minimum dose of the superplasticizer of 0.5% to escape the test
cone apparatus under gravity. The action of a superplasticizer is to prevent the flocculation
of cement particles. The adsorption of SNFs leads to a decrease in the zeta potential
and eventually causes (negative) charges on the cement particles. With the progress of
hydration, the electrostatic charge decreases and the hydrating product flocculates [38]. The
optimal amount of superplasticizer to be used in the design of the cement mix is determined
by the flow curve. The efflux time in the Marsh cone decreases with an increase in the
superplasticizer dosage. There is a saturation point of the superplasticizer dose beyond
which there is no significant reduction in the efflux time. The results of the Marsh cone test
showed that the efflux time of the fresh limestone-based cement pastes was reduced with an
increase in the dose of SNF1, SNF2, and SNF3. The use of w/b ratios less than 0.4 resulted
in a longer efflux time, but the fresh pastes containing low doses of such superplasticizers
quickly drained out of the test apparatus under gravity at higher w/b ratios.
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The fresh limestone-based cement samples consumed less SNF1 to reach the saturation
point in all the w/b ratios compared to those with SNF2 and SNF3. SNF1 has a higher
solid content, which therefore influenced its saturation point in the limestone-based cement
pastes. The active solid content of SNF1, SNF2, and SNF3 was 50.8%, 42.9%, and 33.8%,
respectively. The efflux time of the limestone-based cement mixes was shorter when a
minimum SNF dose of 1% was maintained, regardless of the w/b ratios used. No significant
changes in the efflux time were observed when the fresh cement pastes contained doses of
superplasticizer greater than 1%. PCE1, PCE2, and PCE3 are PCEs, and limestone-based
cement pastes made with them also showed a rheological behavior like that occurring with
SNFs. The use of PCEs in the limestone-based cement pastes resulted in a maximum slump
flow diameter of 220 mm. At a 0.3 w/b ratio, the fresh limestone-based cement paste was
able to escape the mini-slump cone apparatus when dosed with a minimum PCE dose of
0.2%. In general, SNFs work with the mechanism of lowering the zeta potential, leading
to electrostatic repulsion. However, polymers with backbone and graft chains, such as
PCE, cause the dispersion of cement grains by steric hindrance [39]. This phenomenon is
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related to the separation of superplasticizer molecules from each other because of bulky
side chains. Steric hindrance is a more effective mechanism than electrostatic repulsion. The
side chains, mainly polyethylene oxide, that extend on the surface of the cement particles
migrate in water [40], and the cement particles are dispersed by the steric hindrance of the
side chains [41]. In this study, the saturation points of PCE and SNF were determined using
an analytical method proposed by da Silva et al. [42] and Gomes et al. [43]. The efflux time
of the limestone-based cement paste was measured when the dose of the superplasticizer
varied with respect to the cement content (Sp/c) and a graph illustrated in Figure 2 was
plotted between the logarithm of time (T) and the percentage of the solid content of the
superplasticizer. The saturation point of the superplasticizers (SPS) was then defined as the
point within a 140◦ ± 10◦ interval. A descent exponential function shown in Equation (1) is
used to define this graph between Log. T and Sp/c, where A1, t1, and y0 are the constant
parameters for each test curve [43]. From the function curve, it is possible to calculate its
derivative and fit the curve to Equation (2) using data analysis and graphing software (e.g.,
OriginLab version 8.5), which automatically gives the coefficient values. When comparing
the slope of the curve to −0.57, the value of ‘x’ was found, that is, the solid concentration
of SP used per gram of cement at the saturation point.

Materials 2024, 17, 2500 7 of 13 
 

 

 

Figure 5. Results of the Marsh cone tests. 

The fresh limestone-based cement samples consumed less SNF1 to reach the satura-

tion point in all the w/b ratios compared to those with SNF2 and SNF3. SNF1 has a higher 

solid content, which therefore influenced its saturation point in the limestone-based ce-

ment pastes. The active solid content of SNF1, SNF2, and SNF3 was 50.8%, 42.9%, and 

33.8%, respectively. The efflux time of the limestone-based cement mixes was shorter 

when a minimum SNF dose of 1% was maintained, regardless of the w/b ratios used. No 

significant changes in the efflux time were observed when the fresh cement pastes con-

tained doses of superplasticizer greater than 1%. PCE1, PCE2, and PCE3 are PCEs, and 

limestone-based cement pastes made with them also showed a rheological behavior like 

that occurring with SNFs. The use of PCEs in the limestone-based cement pastes resulted 

in a maximum slump flow diameter of 220 mm. At a 0.3 w/b ratio, the fresh limestone-

based cement paste was able to escape the mini-slump cone apparatus when dosed with 

a minimum PCE dose of 0.2%. In general, SNFs work with the mechanism of lowering the 

zeta potential, leading to electrostatic repulsion. However, polymers with backbone and 

graft chains, such as PCE, cause the dispersion of cement grains by steric hindrance [39]. 

This phenomenon is related to the separation of superplasticizer molecules from each 

other because of bulky side chains. Steric hindrance is a more effective mechanism than 

electrostatic repulsion. The side chains, mainly polyethylene oxide, that extend on the sur-

face of the cement particles migrate in water [40], and the cement particles are dispersed 

by the steric hindrance of the side chains [41]. In this study, the saturation points of PCE 

and SNF were determined using an analytical method proposed by da Silva et al. [42] and 

Gomes et al. [43]. The efflux time of the limestone-based cement paste was measured when 

the dose of the superplasticizer varied with respect to the cement content (Sp/c) and a 

graph illustrated in Figure 2 was plotted between the logarithm of time (T) and the per-

centage of the solid content of the superplasticizer. The saturation point of the superplas-

ticizers (SPS) was then defined as the point within a 140° ± 10° interval. A descent expo-

nential function shown in Equation (1) is used to define this graph between Log. T and 

Sp/c, where A1, t1, and y0 are the constant parameters for each test curve [43]. From the 

function curve, it is possible to calculate its derivative and fit the curve to Equation (2) 

using data analysis and graphing software (e.g., OriginLab version 8.5), which automati-

cally gives the coefficient values. When comparing the slope of the curve to −0.57, the 

value of ‘x’ was found, that is, the solid concentration of SP used per gram of cement at 

the saturation point.  

The optimal dose of SNFs and PCEs was found using the back-calculation technique 

and is shown in Figure 6. It was found that the SPS in the LGL-based cement pastes 

Figure 5. Results of the Marsh cone tests.

The optimal dose of SNFs and PCEs was found using the back-calculation technique
and is shown in Figure 6. It was found that the SPS in the LGL-based cement pastes
depended on the type of superplasticizer and the w/b ratios used. The optimal doses
of both SNF and PCEs in the LGL-based cement pastes were found to decrease with an
increase in the w/b ratios. When SNF3 was used in such pastes, its SPS in the w/b ratios
of 0.35, 0.4, 0.45, and 0.5 was calculated to be 2.18, 1.63, 1.03, and 0.89%, respectively.
The saturation point of the SNFs in the limestone-based cement pastes was almost 59%
lower when the w/b ratio increased from 0.35 to 0.5. Similarly, to the plain cement mixes,
the optimal doses of the SNFs in the limestone-based cement pastes were comparatively
higher than the PCEs. The SPS in the w/b ratios of 0.35, 0.4, 0.45, and 0.5 was calculated
to be 0.68, 0.54, 0.26, and 0.24%, respectively, when PCE1 admixture was used in the
preparation of the limestone-based cement pastes. The dispersion of SNFs in cement mixes
is caused by electrostatic repulsive forces, while both steric hindrance and electrostatic
repulsion mechanisms govern the dispersion of PCEs in cement mixes. The optimal doses
of these superplasticizers to be used in cement mixes depend on the content of active solids
available in them. The degree of cement fluidity depends on the amount of superplasticizer
adsorbed onto the surface of the cement particles. With increasing solid content, the
amount of superplasticizer adsorbed on the cement particle increases. Both SNFs and PCEs
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are usually supplied as liquid formulations with an active solid content in the range of
30–40%. The behavior of superplasticizers is also a function of the structure and degree of
polymerization. Side chains tend to extend from the adsorbed water-reducing admixture
into the solution, and these side chains are anti-aggressive, and their steric hindrance
significantly improves the fluidity of Portland limestone cement systems [44]. Increased
fluidity decreases the efflux time and thus decreases the SPS values [45].

f(x) = A1e−( x
t1
)
+ y0 (1)

dy
dx

= −A1
e−( x

t1
)

t1
= −0.57 (2)
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3.3. Mortar Performance

Figure 7 shows the flow table, compressive strength, and shrinkage test results of
the mortar samples. The effect of the optimal doses of SNF and PCE on the flowability
of fresh mortar mixes was determined at different w/b ratios. The fresh mortar samples
were observed to be very sticky and stiff and did not flow in a 0.35 w/b ratio, but the
samples made in other w/b ratios flowed in the fresh state. It was also observed that
cement flow was reduced with a decrease in the w/b ratios regardless of the dose and type
of the superplasticizers. The workability of fresh cement mixes rapidly decreases in a low
w/b ratio. This effect is mainly due to the reduced distance between the cement particles,
along with the constant consumption of free water through hydration [46]. The inclusion of
a superplasticizer prevents (i) flocculation by adsorbing onto the surface of cement grains
and (ii) the reduction in the entrapment of water in the flocculated structure, thus reducing
the water demand to obtain the same fluidity in the cement matrix [47]. The flow diameter
of the mortar samples was reduced up to three times when the w/b ratio was reduced
from 0.5 to 0.35. There is a marginal decrease in the flowability of fresh mortar samples
admixed with SNFs and PCEs when the active solid content in such superplasticizers is
reduced. The addition of PCEs at lower doses was able to significantly improve the cement
flow compared to SNFs. This beneficial effect is due to the dual working mechanisms of
PCEs that include steric hindrance and electrostatic repulsion [48].

In this study, the compressive strength of the mortar samples tested after 28 days was
reduced with increasing w/b ratios, regardless of the PCE and SNF used. However, the
flowability and compressive strength of the mortar samples mixed with PCE were relatively
higher than those containing SNF. The compressive strength of the mortar samples was
reduced to almost 33% when the w/b ratio increased from 0.35 to 0.5. At a lower w/b ratio,
the average compressive strength of the mortar samples admixed with SNF2 and PCE1
was found to be 34 and 36 MPa at the end of 28 days. There is no significant difference in
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the compressive strength of the mortar samples mixed with SNF and PCE when the active
solid content of such superplasticizers is reduced. The shrinkage strain of these samples at
the w/b ratios of 0.35 and 0.5 was measured over time. These mortar samples showed an
increasing trend of shrinkage over time. At a lower w/b ratio, the shrinkage strain of the
mortar samples admixed with SNF1 and PCE1 was calculated to be 0.029% and 0.019% at
the end of 28 days. The addition of PCE reduced the mortar shrinkage by up to 34%. At
lower w/b ratios, the use of PCEs marginally reduced the length change in the prismatic
samples compared to those admixed with SNFs. However, this reduction in the mortar
sample shrinkage due to SNF was relatively significant in the case of higher w/b ratios.
The compressive strength of cement-based mixes decreases with increasing w/b ratio, and
the content of raw cement is usually of minor influence, while its shrinkage and water
absorption increase with the w/b ratio and cement content [49]. Sua-Iam and Makul [50]
found a higher shrinkage in cement mixes containing a higher volume of rice husk ash,
which absorbs more free water onto their surfaces while mixing. The use of PCE instead
of SNF reduced this shrinkage, mainly because of their steric hindrance and electrostatic
repulsion mechanisms.

Materials 2024, 17, 2500 9 of 13 
 

 

and (ii) the reduction in the entrapment of water in the flocculated structure, thus reduc-

ing the water demand to obtain the same fluidity in the cement matrix [47]. The flow di-

ameter of the mortar samples was reduced up to three times when the w/b ratio was re-

duced from 0.5 to 0.35. There is a marginal decrease in the flowability of fresh mortar 

samples admixed with SNFs and PCEs when the active solid content in such superplasti-

cizers is reduced. The addition of PCEs at lower doses was able to significantly improve 

the cement flow compared to SNFs. This beneficial effect is due to the dual working mech-

anisms of PCEs that include steric hindrance and electrostatic repulsion [48].  

 

Figure 7. Results of the (A) flow table and compressive strength, and (B) shrinkage tests. 

In this study, the compressive strength of the mortar samples tested after 28 days was 

reduced with increasing w/b ratios, regardless of the PCE and SNF used. However, the 

flowability and compressive strength of the mortar samples mixed with PCE were rela-

tively higher than those containing SNF. The compressive strength of the mortar samples 

was reduced to almost 33% when the w/b ratio increased from 0.35 to 0.5. At a lower w/b 

ratio, the average compressive strength of the mortar samples admixed with SNF2 and 

PCE1 was found to be 34 and 36 MPa at the end of 28 days. There is no significant differ-

ence in the compressive strength of the mortar samples mixed with SNF and PCE when 

the active solid content of such superplasticizers is reduced. The shrinkage strain of these 

samples at the w/b ratios of 0.35 and 0.5 was measured over time. These mortar samples 

showed an increasing trend of shrinkage over time. At a lower w/b ratio, the shrinkage 

strain of the mortar samples admixed with SNF1 and PCE1 was calculated to be 0.029% 

and 0.019% at the end of 28 days. The addition of PCE reduced the mortar shrinkage by 

up to 34%. At lower w/b ratios, the use of PCEs marginally reduced the length change in 

the prismatic samples compared to those admixed with SNFs. However, this reduction in 

the mortar sample shrinkage due to SNF was relatively significant in the case of higher 

w/b ratios. The compressive strength of cement-based mixes decreases with increasing 

w/b ratio, and the content of raw cement is usually of minor influence, while its shrinkage 

and water absorption increase with the w/b ratio and cement content [49]. Sua-Iam and 

Makul [50] found a higher shrinkage in cement mixes containing a higher volume of rice 

husk ash, which absorbs more free water onto their surfaces while mixing. The use of PCE 

instead of SNF reduced this shrinkage, mainly because of their steric hindrance and elec-

trostatic repulsion mechanisms. 

3.4. Microstructure 

Figure 8 shows the SEM and XRD results. Unreacted LGL particles with rhombohe-

dral structures were observed in the mortar samples admixed with PCE and SNF. Gyp-

sum has an acicular structure and was not found in the sample microstructure as its 

amounts were relatively very low. The LGL particles improve the formation of the hydra-

tion rims of CSH surrounding C3S particles because they increase the rate of the hydration 

of C3S [51]. The increasing levels of LGL increased the formation of ettringite in the early 

ages [52]. The amount of ettringite then slowly decreased as the hydration proceeded. 

They did not observe any monosulfate [53]. To identify the crystalline phase and examine 

the crystal structure of specific phases existing in the mortar samples of this study, an XRD 

Figure 7. Results of the (A) flow table and compressive strength, and (B) shrinkage tests.

3.4. Microstructure

Figure 8 shows the SEM and XRD results. Unreacted LGL particles with rhombohedral
structures were observed in the mortar samples admixed with PCE and SNF. Gypsum has
an acicular structure and was not found in the sample microstructure as its amounts were
relatively very low. The LGL particles improve the formation of the hydration rims of
CSH surrounding C3S particles because they increase the rate of the hydration of C3S [51].
The increasing levels of LGL increased the formation of ettringite in the early ages [52].
The amount of ettringite then slowly decreased as the hydration proceeded. They did
not observe any monosulfate [53]. To identify the crystalline phase and examine the
crystal structure of specific phases existing in the mortar samples of this study, an XRD
investigation was carried out on them. The major XRD peaks attributed to 9.1◦, 10.7◦,
18.1◦, 20.7◦, 21.8◦, 26.5◦, 27.8◦, 29.4◦, 34.1◦, 39.3◦, 42.5◦, 48.5◦, 50.2◦, and 60.1◦ 2θ diffraction
angle confirmed the availability of ettringite, gypsum, portlandite, quartz, calcite, C3S, C2S,
and anorthite, respectively, in the mortar samples. The XRD method is only capable of
identifying these crystalline reaction products and is unable to distinguish the CSH gel [54],
which is because this major hydrate is poorly crystalline and amorphous. Anorthite could
have formed because of the chemical reaction between calcium silicates and aluminate
species in the mortar samples. The addition of LGL at the expense of gypsum can form
what is known as carboaluminate instead of ettringite [55]. This often requires less water
than in the case of gypsum [56].
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4. Conclusions

In this study, cement mixes containing a higher volume of LGL were demonstrated.
The effect of the type and properties of superplasticizers on their performance was exam-
ined by performing multiple tests. The heat developments in these mixes decreased with
an increasing w/b ratio, and their flow was found to be zero when the w/b ratios were
less than 0.4. The fresh mixes were able to flow only when the superplasticizer dose was
greater than 0.5% in the case of SNF and 0.2% in the case of PCE. The optimal doses of
SNF and PCE in the LGL-based cement mixes were found to decrease with increasing w/b
ratios. The optimal doses of these superplasticizers were found to depend greatly on the
content of the active solids available in them. The addition of SNF improved the cement
flow by electrostatic repulsive forces, while such improvements were caused by both steric
hindrance and electrostatic repulsion mechanisms in the case of adding PCE polymers. The
compressive strength of the LGL-based mixes mixed with PCE was found to be relatively
higher, indicating a lower agglomeration of cement particles during mixing. Early-age
shrinkage was also found to be relatively lower in these mixes. Anorthite mineral-like
compounds were observed in the microstructure of such mixes according to the results
of the SEM and XRD studies. LGL as a supplementary cementitious material in concrete
mixes requires more superplasticizers, and the findings of this study suggest the use of
PCE admixture containing a higher active solid content to produce maximum flow and
obtain a higher compressive strength.
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Abstract: This study explores the application effect of the new non-isocyanate polyurethane curing
agent on the rapid curing mechanism and bearing characteristics of piles in beach foundations.
Through laboratory tests and field tests, the effects of the curing agent on the physical and mechanical
properties of sand were systematically analyzed, including compressive strength, shear strength, and
elastic modulus, and the effects of water content and cement–sand mass ratio on the properties of
sand after curing were investigated. The results show that introducing a curing agent significantly
improves the mechanical properties of sand, and the cohesion and internal friction angle increase
exponentially with the sand mass ratio. In addition, the increase in water content leads to a decrease
in the strength of solidified sand, and the microstructure analysis reveals the change in the bonding
effect between the solidified gel and the sand particles. The field static load tests of single piles and
pile groups verify the effectiveness of the rapid solidification pile in beach foundations and reveal the
significant influence of pile length and pile diameter on the bearing capacity. This study provides
a theoretical basis and technical support for the rapid solidification and reinforcement of tidal flat
foundations and provides important guidance for related engineering applications.

Keywords: rapid curing; bearing characteristic; microscopic characteristic test; on-site testing

1. Introduction

Natural disasters like earthquakes, floods, and mudslides seriously threaten human
society. Rapid response and effective emergency measures are essential to save lives
and reduce property losses in the face of these disasters. The stability of foundations is
the key factor to ensure the safety of buildings [1–3]. Especially when disasters occur,
its importance is even more prominent. Traditional foundation reinforcement methods
often take a long time, and it is challenging to meet the need for rapid reinforcement in
emergencies. Therefore, developing and applying a new fast-curing agent will help to
realize the rapid reinforcement of foundations [4–9]. This has become an urgent need in
the engineering field.

A curing agent is a combination of chemical substances [10–13], including a hard-
ener and liquid mixture, which is widely used to improve the engineering properties
of soil [14–24], such as improving stability and shear strength and reducing settlement
and deformation. Compared with the traditional foundation reinforcement method, the
curing agent has the characteristics of rapid reaction, which can complete the curing in
hours to days, significantly reducing construction time and costs [25–28]. In addition, the
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environmental friendliness and sustainability of curing agents are also important reasons
for their popularity [29–32]. Curing agent treatment reduces the dependence on natural
resources and environmental pollution and CO2 emissions, which aligns with sustainable
development.

The application of curing agents in environmental emergency treatment cannot be
ignored [33–35]. In oil pollution accidents, curing agents can effectively control and reduce
the diffusion of oil pollutants and protect the ecosystem from damage [31]. Inland pollution
accidents and curing agents can quickly immobilize harmful substances and reduce their
impact on the environment and human health. These applications demonstrate the vital
value of curing agents in emergencies. Seyed Javad Ramezani et al. [36] used the soil
stability of glass powder and silicon powder in bagasse ash-based geopolymer and used
a large amount of SCBA and GP to develop a new environmentally friendly geological
curing agent. Studies have shown that curing agents can effectively improve soil strength.
Ammar Abdullah Saad Al-Dossary et al. [37] used the CCR and LABSA mixture as a UGB
stabilizer in pavement engineering applications. Zhu Jianfeng et al. [38] studied the macro–
micro investigation of using a ternary mixture of steel slag, fly ash, and calcium carbide
residue to stabilize sludge as a roadbed filler. Studies have shown that this mixture can
effectively improve the stability and mechanical properties of the filler. This study is of great
significance to improve the sustainability of subgrade engineering. Lian Richeng et al. [39]
studied the use of Cu (II) and Co (II) complex-modified ammonium polyphosphate as
a co-curing agent to improve the fire safety and mechanical properties of epoxy-based
architectural coatings. Xue Chen et al. [40] used the modified curing agent to treat the
geological structure of loess. The results show that the modified curing material after adding
CIM can effectively improve the engineering geological properties of loess foundations.
Although the curing agent has shown great potential in foundation reinforcement and
environmental emergency treatment [41–43], there is still a lack of research on its rapid
solidification mechanism and bearing characteristics in tidal flat foundations. Traditional
sand solidification materials have many limitations, such as poor permeability and low
early strength, which make it challenging to meet the needs of rapid reinforcement [44]. This
study used a new curing agent developed by the South China University of Technology to
explore its application effect in beach foundations and its influence on the bearing capacity
of single piles and pile groups.

In this study, the effects of the curing agent on sand’s physical and mechanical proper-
ties were analyzed through laboratory tests, including compressive strength, shear strength,
and elastic modulus. Through microscopic tests such as scanning electron microscopy, the
microstructure changes of sand after curing were observed, and the bonding mechanism
between the curing agent and sand particles was revealed. Then, through the static load test
of a single pile and pile group, the bearing capacity of a fast-solidified pile was evaluated,
and the influence of the slurry diffusion effect on the bearing capacity of the pile foundation
was explored. Finally, this study will provide a theoretical basis and technical support for
the rapid solidification and reinforcement of beach foundations and guidance for related
engineering applications.

2. Curing Agent and Sample Preparation

As shown in Figure 1, firstly, a series of low-viscosity, small-molecule compounds con-
taining epoxy functional groups were screened as raw materials, and low-viscosity trimethy-
lolpropane triglycidyl ether [12,21] was used as a raw material to prepare a ternary cyclic
carbonate material to form a cross-linked structure to improve the mechanical strength of
the final product.
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Figure 1. Structural formula of low-viscosity, small-molecule raw material containing epoxy group.

Based on the synthesized cyclic carbonates, as shown in Figure 2, a series of func-
tional diamines or polyamines were selected as curing agents, such as ethylenediamine,
diethylenetriamine, Mannich base polyamines, dopamine, etc., to adjust the structure and
composition of polyurethane materials and obtain rapid infiltration and rapid solidification
polyurethane materials with excellent performance.
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Figure 2. Functional curing agent.

Subsequently, the synthesized low-viscosity cyclic carbonate was subjected to a polyad-
dition reaction with a small-molecule diamine to form a non-isocyanate polyurethane.
During the reaction, the cyclic carbonate group reacts with the amino group causing
ring-opening polymerization to form the carbamate and hydroxyl groups, enhancing
polyurethane’s toughness and impact properties.

Subsequently, as shown in Figure 3, by introducing a low-viscosity, small-molecule
glycidyl ether material containing an epoxy functional group, an epoxy–non-isocyanate
polyurethane hybrid material with a double network structure is formed in the reaction
with cyclic carbonates and amines to improve the mechanical properties of the material
further and enhance its permeability in the sand.

71



Materials 2024, 17, 2416Materials 2024, 17, x FOR PEER REVIEW 4 of 23 
 

 

 
Figure 3. Diagram of the reaction of non-isocyanate polyurethane materials and epoxy–polyure-
thane materials. 

Finally, using the above process, a non-isocyanate polyurethane curing agent with 
low viscosity, easy infiltration, and good mechanical properties was prepared. The curing 
agent also has environmental friendliness, which is suitable for the engineering require-
ments of rapid solidification and reinforcement of sand foundation. 

The sample preparation process of this study is based on the combined application 
of a non-isocyanate polyurethane polymer curing agent and Daqingshan beach fine sand. 
Firstly, the beach sand in a specific area was selected as the source of test materials and 
dried. Subsequently, according to the predetermined moisture content requirements, the 
dried sand was mixed with water for 24 h to achieve a uniform moisture distribution. In 
the material ratio stage, the curing agent A and B components were accurately weighed 
according to the established mass ratio and quickly mixed to start the curing reaction. 
After preliminary stirring and standing, the mixture was poured into a pre-prepared 
mold, and the vibration method was used to ensure that the material was fully dense. To 
ensure that the surface of the sample was flat and defect-free, the surface of the material 
after perfusion was quickly flattened and smoothed and placed in a restricted expansion 
device for initial maintenance. Finally, after the specified curing time, the molded sample 
was obtained by demolding. 

Two groups of experiments were designed for this study to systematically study the 
influence of water content and mortar mass ratio on the physical and mechanical proper-
ties of solidified sand. The first group of experiments focused on the change in water con-
tent, while the second group focused on the change in the mortar mass ratio. In each group 
of tests, the samples were numbered according to different treatment conditions to be ef-
fectively distinguished in subsequent analysis and discussion. Through this detailed sam-
ple preparation process, this study aims to explore the effect of curing agents on improv-
ing sand properties under different conditions and provide a scientific basis for related 
engineering applications. 
(1) The effect of water content on the physical and mechanical properties of solidified 

sand under the same mass ratio of mortar was investigated: 
According to the actual moisture content of 24.26%, the moisture content of the test 

sand was divided into five gradients: w = 0%, 5%, 10%, 15%, 20%, 24.26%, and the mass 
ratio of mortar was 20.56%, 33%. The total size of the sample prepared in the test is 1 
diameter × height = 50 mm × 100 mm, see Table 1. 
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materials.

Finally, using the above process, a non-isocyanate polyurethane curing agent with low
viscosity, easy infiltration, and good mechanical properties was prepared. The curing agent
also has environmental friendliness, which is suitable for the engineering requirements of
rapid solidification and reinforcement of sand foundation.

The sample preparation process of this study is based on the combined application
of a non-isocyanate polyurethane polymer curing agent and Daqingshan beach fine sand.
Firstly, the beach sand in a specific area was selected as the source of test materials and
dried. Subsequently, according to the predetermined moisture content requirements, the
dried sand was mixed with water for 24 h to achieve a uniform moisture distribution. In
the material ratio stage, the curing agent A and B components were accurately weighed
according to the established mass ratio and quickly mixed to start the curing reaction. After
preliminary stirring and standing, the mixture was poured into a pre-prepared mold, and
the vibration method was used to ensure that the material was fully dense. To ensure that
the surface of the sample was flat and defect-free, the surface of the material after perfusion
was quickly flattened and smoothed and placed in a restricted expansion device for initial
maintenance. Finally, after the specified curing time, the molded sample was obtained by
demolding.

Two groups of experiments were designed for this study to systematically study the
influence of water content and mortar mass ratio on the physical and mechanical properties
of solidified sand. The first group of experiments focused on the change in water content,
while the second group focused on the change in the mortar mass ratio. In each group
of tests, the samples were numbered according to different treatment conditions to be
effectively distinguished in subsequent analysis and discussion. Through this detailed
sample preparation process, this study aims to explore the effect of curing agents on
improving sand properties under different conditions and provide a scientific basis for
related engineering applications.

(1) The effect of water content on the physical and mechanical properties of solidified
sand under the same mass ratio of mortar was investigated:

According to the actual moisture content of 24.26%, the moisture content of the test
sand was divided into five gradients: w = 0%, 5%, 10%, 15%, 20%, 24.26%, and the mass
ratio of mortar was 20.56%, 33%. The total size of the sample prepared in the test is
1 diameter × height = 50 mm × 100 mm, see Table 1.
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Table 1. Specimen test number with different water ratio.

Mass
Ratio

Water Content

0% 5% 10% 15% 20% 24.26%

20.56% X-1 X-2 X-3 X-4 X-5 X-6
33% Y-1 Y-2 Y-3 Y-4 Y-5 Y-6

(2) Under the same water content, the influence of the mass ratio of mortar on the physical
and mechanical properties of solidified sand was explored:

According to the mortar mass ratio of 5%, 10%, 15%, 20.56%, 25%, 33% (of which
20.56% and 33% correspond to the minimum void ratio and the ratio under the maximum
void ratio, respectively), the moisture content was 24.26% of the real moisture content
under the field condition, so the specimens were divided into six groups. A total of two
sample sizes were prepared in the test: 1 diameter 50 mm, height 100 mm; 2 diameter
78.9 mm, height 100 mm; see Table 2.

Table 2. Specimen test number with different mortar ratio.

Specimen
Size

Mortar Ratio

5% 10% 15% 20.56% 25% 33%

50 mm ×
100 mm

Ad-1 Bd-1 Cd-1 Dd-1 Ed-1 Fd-1
Ad-2 Bd-2 Cd-2 Dd-2 Ed-2 Fd-2
Ad-3 Bd-3 Cd-3 Dd-3 Ed-3 Fd-3

79.8 mm ×
100 mm

Gj-1 Hj-1 Ij-1 Jj-1 Kj-1 Lj-1
Gj-2 Hj-2 Ij-2 Jj-2 Kj-2 Lj-2
Gj-3 Hj-3 Ij-3 Jj-3 Kj-3 Lj-3
Gj-4 Hj-4 Ij-4 Jj-4 Kj-4 Lj-4

3. Physical and Mechanical Properties and Microscopic Characteristics of Solidified
Sand
3.1. Compressive and Shear Properties

Using the ADS-500/HL-200 large-scale direct shear test system produced by WILLE
Geotechnik in Rosdorf, Germany for underground structures shown in Figure 4, this study
aims to evaluate the effect of curing agents on the properties of sand. The tests were carried
out at different mass ratios of 5%, 10%, 15%, 20.56%, 25%, and 33%, of which 20.56% and
33% represent the minimum and maximum void ratios, respectively. The water content
used in the test was 24.26%, which was based on the field measurement results. Under
constant water content, the shear performance and the changing trend of samples with
different mass ratios were studied to simulate the actual influence of solidified pile slurry
diffusion on the mechanical properties of surrounding sand.

Materials 2024, 17, x FOR PEER REVIEW 5 of 23 
 

 

Table 1. Specimen test number with different water ratio 

Mass Ratio 
Water Content 

0% 5% 10% 15% 20% 24.26% 
20.56% X-1 X-2 X-3 X-4 X-5 X-6 

33% Y-1 Y-2 Y-3 Y-4 Y-5 Y-6 

(2) Under the same water content, the influence of the mass ratio of mortar on the phys-
ical and mechanical properties of solidified sand was explored: 
According to the mortar mass ratio of 5%, 10%, 15%, 20.56%, 25%, 33% (of which 

20.56% and 33% correspond to the minimum void ratio and the ratio under the maximum 
void ratio, respectively), the moisture content was 24.26% of the real moisture content un-
der the field condition, so the specimens were divided into six groups. A total of two sam-
ple sizes were prepared in the test: 1 diameter 50 mm, height 100 mm; 2 diameter 78.9 mm, 
height 100 mm; see Table 2. 

Table 2. Specimen test number with different mortar ratio 

Specimen Size 
Mortar Ratio 

5% 10% 15% 20.56% 25% 33% 

50 mm × 100 mm 
Ad-1 Bd-1 Cd-1 Dd-1 Ed-1 Fd-1 
Ad-2 Bd-2 Cd-2 Dd-2 Ed-2 Fd-2 
Ad-3 Bd-3 Cd-3 Dd-3 Ed-3 Fd-3 

79.8 mm × 100 mm 

Gj-1 Hj-1 Ij-1 Jj-1 Kj-1 Lj-1 
Gj-2 Hj-2 Ij-2 Jj-2 Kj-2 Lj-2 
Gj-3 Hj-3 Ij-3 Jj-3 Kj-3 Lj-3 
Gj-4 Hj-4 Ij-4 Jj-4 Kj-4 Lj-4 

3. Physical and Mechanical Properties and Microscopic Characteristics of Solidified 
Sand 
3.1. Compressive and Shear Properties 

Using the ADS-500/HL-200 large-scale direct shear test system produced by WILLE 
Geotechnik in Rosdorf, Germany for underground structures shown in Figure 4, this 
study aims to evaluate the effect of curing agents on the properties of sand. The tests were 
carried out at different mass ratios of 5%, 10%, 15%, 20.56%, 25%, and 33%, of which 
20.56% and 33% represent the minimum and maximum void ratios, respectively. The wa-
ter content used in the test was 24.26%, which was based on the field measurement results. 
Under constant water content, the shear performance and the changing trend of samples 
with different mass ratios were studied to simulate the actual influence of solidified pile 
slurry diffusion on the mechanical properties of surrounding sand. 

  
(a) Specimens (b) Large-scale direct shear apparatus 

Figure 4. Straight shear test. Figure 4. Straight shear test.

73



Materials 2024, 17, 2416

After the test, the relationship between the shear strength and the vertical pressure
of the samples with different mass ratios under the same water content was obtained, as
shown in Figure 5. For detailed data, refer to Table 3.
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Table 3. Uniaxial compression test results.

MB (%) Sample σp (MPa) E (MPa)

5%

Ad-1 0.128 22.25
Ad-2 0.126 21.11
Ad-3 0.119 21.88

Average value 0.124 21.74

10%

Bd-1 0.163 36.41
Bd-2 0.167 36.55
Bd-3 0.164 36.11

Average value 0.165 36.35

15%

Cd-1 0.219 47.82
Cd-2 0.213 47.98
Cd-3 0.209 48.03

Average value 0.214 47.94

20.56%

Dd-1 0.256 56.23
Dd-2 0.251 55.98
Dd-3 0.267 56.32

Average value 0.258 56.18

25%

Ed-1 0.312 64.36
Ed-2 0.292 64.18
Ed-3 0.291 64.29

Average value 0.298 64.27

33%

Fd-1 0.354 105.39
Fd-2 0.352 105.18
Fd-3 0.348 105.41

Average value 0.351 105.32

The direct shear test results can be summarized, as shown in Table 4.

Table 4. Summary of direct shear test results.

Mortar Ratio (%) Cohesion (kPa) Internal Friction Angle (◦)

5 10.70 20.40
10 16.25 23.40
15 28.10 36.10

20.56 48.30 37.23
25 107.95 39.06
33 225.30 42.10

According to the above data, the relationship equation between cohesion and the
internal friction angle and mass ratio can be obtained. The fitting results are shown in
Figure 6.

As shown in Figure 6, the cohesion of the solidified sand sample has an exponential
line function relationship with the mass ratio of sand to rubber, and the internal friction
angle has a quadratic function relationship with the mass ratio of sand to rubber.

As shown in Figure 7, the uniaxial compression test was carried out using the MTS816
electro-hydraulic servo rock mechanics test system produced by MTS System Company in
the Eden Prairie, MN, USA. The sampling frequency was 10 Hz, and the pre-pressure was
0.5 kN. During the unconfined uniaxial compression test [14,26,29], Vaseline was applied
to offset the possible errors in the test results due to friction forces at the interface between
the faces of the specimen and the plates of the testing machine.
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Figure 7. Uniaxial compression experiment.

The influence of water content on the physical and mechanical properties of solidified
sand under the same mass ratio of mortar was explored. According to the actual moisture
content of 24.26%, the moisture content of the test sand was divided into five gradients:
w = 0%, 5%, 10%, 15%, 20%, 24.26%, and the mass ratio of mortar was 20.56%, 33%. The
sample size had a diameter of 50 mm and a height of 100 mm; the results of the uniaxial
compression test are shown in Table 5.

Table 5. Summary of test results.

No. Compressive
Strength (MPa) No. Compressive

Strength (MPa)

X-1 15.203 Y-1 17.556
X-2 2.419 Y-2 3.011
X-3 1.612 Y-3 2.259
X-4 0.863 Y-4 1.056
X-5 0.67 Y-5 0.798
X-6 0.262 Y-6 0.353

Figure 8 shows the significant effect of water content on the strength of solidified
sand specimens. Under the condition of a fixed mass ratio, the strength of the specimen
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decreased significantly with the increase in water content. In particular, when the specimen
changed from a dry sand state to a water-bearing sand state, the strength decreased sharply.
For example, when the sand–binder mass ratio was 20.56%, the strength of the specimen
without water content was 15.203 MPa, while the strength decreased to 2.149 MPa when
the water content was only 5%. Similarly, at a sand–binder mass ratio of 33%, the strength
without water content was 17.556 MPa and decreased to 3.011 MPa when the water content
was 5%. In addition, when the water content increased from 5% to 24.26%, the strength of
the specimens with mass ratios of 20.56% and 33% decreased from 2.419 MPa and 3.011 MPa
to 0.262 MPa and 0.353 MPa, respectively. These results highlight the important influence
of water content on the strength of solidified sand and suggest that the formulation of the
curing agent needs to be optimized to adapt to the environment of water-bearing sand.
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Under the condition of fixed water content, it was found that the increase in sand–
binder mass ratio is positively correlated with the increase in specimen strength, indicating
that an increase in curing agent content helps enhance the strength of the specimen. How-
ever, for two different sand mass ratios, its effect on the strength of the specimen is not
significant, especially in the water-bearing sand; the change in the sand–binder mass ratio
has a limited impact on the strength. The experimental data show that the specimens with
higher sand–binder mass ratios always perform better with regard to strength under the
same moisture content.

Figure 9 shows the effect of different water content on the failure mode of the solidified
specimen at a 20.56% mortar mass ratio. Under the condition of low water content, the
non-isocyanate polyurethane curing agent can better adhere to the sand particles, thereby
enhancing the strength of the specimen and forming obvious shear bands during failure,
showing ‘X’-shaped or ‘Y’-shaped cracks. With the increase in water content, the gel
formed by the curing agent decreases, which leads to an increase in sand particle exposure,
a decrease in compressive strength, and a change in failure mode into end bulging fracture.
When the water content continues to increase, the supersaturated state leads to poor
adhesion of the curing agent.
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Figure 9. Specimen damage pattern.

With the loss of water, the compressive strength of the specimen was further weakened.
Under continuous load, the internal structure of the specimen disintegrated, resulting in
broken small particles accompanied by surface drainage. The failure mode of the specimen
is directly related to the adhesion effect of the curing agent gel and the sand particles.

To evaluate the influence of the mass ratio of mortar on the physical and mechanical
properties of solidified sand under constant water content, the specimens were divided into
six groups with mortar mass ratios of 5%, 10%, 15%, 20.56%, 25%, and 33%, respectively, of
which 20.56% and 33% correspond to the minimum and maximum void ratios. In the exper-
iment, the water content of the actual working condition was 24.26%, and two specifications
of the samples (diameter × height of 50 mm × 100 mm and 78.9 mm × 100 mm, respec-
tively) were prepared. Each sample was uniquely numbered according to the working
conditions. For detailed results, refer to Table 3.

The experimental data reveal that the elastic modulus of the sample increased with
an increase in the mass ratio of the mortar, and the corresponding shear modulus could
be calculated. As shown in Figure 10, an exponential growth relationship exists between
elastic modulus and shear modulus and mass ratio. According to this relationship, the
modulus value at any mass ratio can be predicted, or the mass ratio can be deduced from
the known modulus. The results show that the increase in the concentration of the curing
agent helped to improve the bonding performance of the sand, thereby enhancing its
compressive and shear strength, and a corresponding mathematical model was established
to describe this relationship. Detailed values are shown in Table 6.
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Table 6. Elastic and shear modulus with different mass ratio.

Sample
Property

MB (%)
5

MB (%)
10

MB (%)
15

MB (%)
20.56

MB (%)
25

MB (%)
33

E (MPa) 21.74 36.36 47.94 56.18 64.27 105.32
G (MPa) 8.36 13.98 18.44 21.61 24.72 40.51

3.2. Micro Characteristic Test

In this study, the microstructure of solidified sand particles was analyzed in detail
by electron microscope scanning technology [27–30], with special attention given to the
distribution of pores and cracks. The microstructure analysis of 12 samples was carried out
under two different cement–sand mass ratios and six different water content conditions,
aiming to reveal the influence of cement–sand mass ratio and water content on the micro-
scopic characteristics of solidified sand, and further understand the formation mechanism
of fast-solidified piles. The initial scanning used a magnification of 70 times to obtain the
overall microstructure of the sample. Then, the key areas were observed by increasing
the magnification, focusing on the microscopic morphology of holes and cracks. The test
numbers for specimens with different water content and mass ratio are presented in Table 1.

Figure 11 shows that the gel formed after the reaction of the curing agent completely
or partially encapsulates the sand particles, and the voids between the particles are filled.
The filling effect of this gel promotes the mutual connection between sand particles, thus
changing the transition of soil particles from a free state to a bonding state and effectively
improving the overall strength of the material.
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It can be seen from Figure 12 that the pores existing in the solidified sand samples
are divided into three types: 1⃝ intergranular pores formed by unfilled gels between sand
particles; 2⃝ internal micropores formed inside the gel formed by the curing agent after
curing; 3⃝ tiny cracks formed between the gels during the adhesion process.
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Figure 13 is the microstructure image of sand-solidified samples with 70 times magni-
fication under the condition of minimum and maximum water content with two kinds of
sand–binder mass ratios:
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Figure 13. Microstructure of specimens in different states.

Figure 13a,b shows that under the condition of a fixed mortar mass ratio, the increase
in water content leads to a decrease in the number of gels formed by the curing agent,
and more and more sand particles are observed. This indicates that in the mixing process
of curing agent and sand, the increase in water content may lead to a loss in curing
agent with water before the formation of gel, which reduces the effective adhesion of the
sand particle surface, thus reducing its ability to withstand external loads. Further, by
comparing Figure 13a,c, it is found that the number of gels increases with the increase in
the mass ratio of mortar, which indicates that the increase in curing agent content helps to
enhance the compressive strength of the specimen. However, when the mortar mass ratio
reaches 35.72%, a supersaturation phenomenon occurs in the experiment, which affects the
compaction effect of the specimen. This phenomenon leads to the loss of the gel before it
forms an effective bond with the sand particles, thereby weakening the overall strength of
the specimen.

The microstructure diagram shown in Figure 14a reveals the fracture of the solidified
gel under the action of external force, exposing its internal micro-pores and obvious
fracture surfaces. Figure 14b further shows that the detachment of the gel from the surface
of the sand particles leads to the exposure of some sand particles, which weakens the
condensation strength and promotes the formation of the fracture surface. The formation
of cracks observed in Figure 14c,d further confirms the gel rupture under external force.
These observations show that the insufficient bond strength between sand particles and
the gel and the insufficient strength of the gel itself to resist external forces are the main
reasons for the failure of the specimen at the micro level.

As shown in Figure 15a, with the increase in water content, the gel formed by the
curing agent gradually changed from a continuous dense layer to a dispersed granular
structure. This transformation leads to a decrease in the bonding area between the gel
particles and the dispersion of the particles, which depends on the external thin-layer
cementation film to maintain the structure. Once this layer of cementation film is broken,
the internal particles will lead to a sharp decline in the overall structural strength due
to insufficient contact and insufficient connection with the sand particles, which will
eventually lead to the destruction of the gel.
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In summary, it can be seen from Figure 15b that the non-isocyanate polyurethane
rapid curing agent used in this study forms a gel layer tightly wrapped with sand particles
when solidifying dry, fine sand particles. It can be seen from Figure 15a that after curing in
water-bearing sand, the formed gel layer structure presents a loose granular connection
and is covered by a thin curing film.

4. Field Test of Rapid Curing Pile Foundation for a Tidal Flat Foundation
4.1. Single-Pile Static Load Tests

The design strategy employs small diameters for the piles and their boreholes, with
diameters set at 100 mm, 200 mm, and 300 mm. The lengths of the piles are designed to be
1 m and 0.5 m. For each mixing of the piling material, approximately 9 kg of sand is used,
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and the pile is cast in several stages. Utilizing a novel curing material in this experiment,
the work condition design is based on a previous research framework, as detailed in Table 7.
The loading approach incorporates a pile load-bearing platform and a reaction frame test
arrangement, as illustrated in Figure 16.

Table 7. Design of working conditions for single pile.

Project P1-1 P1-0.5 P2-1 P2-0.5 P3-1 P3-0.5

Pile diameter/m 0.1 0.1 0.2 0.2 0.3 0.3
Pile length/m 1 0.5 1 0.5 1 0.5
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(1) Vertical static load tests of pile P1-1 and pile P1-0.5

The static load test results of both pile P1-1 and pile P1-0.5 are shown in Figure 17a in
the form of a load–displacement curve. The data in the figure show that there is a linear
relationship between the load and settlement displacement at the initial loading stage for
both test piles.
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Figure 17. Load–displacement curve (D = 100, 200, 300 mm).

For pile P1-1, the curve tends to flatten when the pile top load exceeds 10.5 kN,
indicating a significant increase in pile top settlement. Specifically, when the load reaches
12 kN, the settlement reaches 7.37 mm. As the load continues to increase, the curve shows
a significant change, with the load reaching 13.5 kN and the settlement sharply increasing
to 9.53 mm, indicating a drastic change in the pile top load–displacement curve. Therefore,
it can be determined that the ultimate bearing capacity of the P1-1 pile is at least 10.5 kN.

However, the curve of pile P1-0.5 tends to flatten when the load exceeds 7 kN, indicating
a significant increase in pile top settlement. Specifically, when the load reaches 8 kN, the
pile top settlement is 4.03 mm. With a further increase in load, the curve shows a notable
change; when the load reaches 9 kN, the settlement sharply increases to 5.26 mm, indicating
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a drastic change in the pile top load–displacement curve. Therefore, it can be determined
that the ultimate bearing capacity of the P1-0.5 pile is at least 7 kN.

(2) Vertical static load tests of pile P2-1 and pile P2-0.5

Figure 17b presents the static load test results for the test piles with diameter of 0.2 m
and the corresponding load–displacement curve.

Combining the above Figure 17b and load data, the pile P2-1 shows a relatively flat
curve change after the load exceeds 31 kN, indicating a significant increase in pile top
settlement. Specifically, when the load increases to 36 kN, the pile top settlement reaches
17.25 mm. With a further increase in load, a significant change in the curve trend occurs;
when the load reaches 31 kN, the curve sharply declines. The pile top settlement increases
to 22.25 mm when the load reaches 41 kN. Based on these observations, the ultimate bearing
capacity of the pile P2-1 is not less than 31 kN.

Figure 17b also shows a linear relationship between the load and settlement displace-
ment for the pile P2-0.5 at the initial loading stage. When the load exceeds 28 kN, the curve
becomes flatter, followed by a significant increase in pile top settlement. At a load of 32 kN,
the settlement is 29.14 mm. As the load increases, a noticeable change in the curve occurs;
when the load reaches 36 kN, the settlement sharply increases to 36.11 mm, indicating a
drastic change in the pile top load–displacement curve. Therefore, the ultimate bearing
capacity of the pile P2-0.5 can be determined to be at least 28 kN.

(3) Vertical static load tests of pile P3-1 and pile P3-0.5

Figure 17c presents the static load test data of pile P3-1 and pile P3-0.5, as well as the
corresponding load–displacement curve

The data in the figure show that there is a linear relationship between the load and
settlement displacement of the pile P3-1 at the initial loading stage. When the load exceeds
54 kN, the curve becomes flatter, followed by a significant increase in pile top settlement.
At a load of 63 kN, the settlement is 34.00 mm. As the load further increases, a noticeable
change in the curve trend occurs; when the load reaches 72 kN, the settlement sharply
increases to 46.99 mm, indicating a drastic change in the pile top load–displacement curve.
Therefore, the ultimate bearing capacity of the pile P3-1 can be determined to be at least
54 kN.

The illustrated results reveal a linear relationship between the load and settlement
displacement of the pile P3-0.5 at the initial loading stage. As the load increases, the curve
gradually flattens when it exceeds 35 kN, indicating significant settlement at the pile top. At
a load of 42 kN, the settlement reaches 40.86 mm. The continued increase in load causes a
noticeable change in the curve trend, especially when the load reaches 49 kN; the settlement
sharply increases to 53.14 mm, indicating a severe turn in the pile top load–displacement
curve. Therefore, the ultimate bearing capacity of the pile P3-0.5 is determined to be no less
than 35 kN.

The above analysis shows the bearing capacity of single piles under various conditions,
as shown in Table 8. During the unconfined uniaxial compression test, Vaseline was applied
at both ends of the sample to offset the possible errors in the test results due to friction forces
at the interface between the faces of the specimen and the plates of the testing machine.

Table 8. Vertical bearing capacity of single pile.

Project P1-1 P1-0.5 P2-1 P2-0.5 P3-1 P3-0.5

Pile diameter (mm) 100 100 200 200 300 300
Pile length (m) 1 0.5 1 0.5 1 0.5

Pile bearing capacity (kN) 10.5 7 31 28 54 35

(1) Effect of pile length on the vertical bearing capacity of a single pile.

The load–settlement curves of single piles when the pile diameter is 100 mm, 200 mm,
and 300 mm, with pile lengths of 1 m and 0.5 m, respectively, are shown in Figures 17 and 18.
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As is revealed in the Figure 17:
1⃝ Studies have shown that an increase in pile diameter significantly enhances the bearing

capacity of pile foundations.

Assuming a pile diameter of 100 mm, when the pile top settlement is 5 mm, the bearing
capacity of a pile whose length is 0.5 m reaches 9 kN, while that of a pile whose length is
1 m reaches 11 kN. Assuming a pile diameter of 200 mm, when the pile top settlement is
15 mm, the bearing capacities increase to 20 kN (L = 0.5 m) and 35 kN (L = 1 m), respectively.
For a pile diameter of 300 mm, the bearing capacities increase to 40 kN and about 65 kN,
respectively, when the pile top settlement is settled as 40 mm.

This phenomenon can be attributed to the increase in the contact area at the base of the
pile, which increases the tip-bearing capacity of the pile. Additionally, longer piles exhibit
greater load-bearing capacity as a longer pile length increases the contact area between the
pile body and the surrounding soil, thereby increasing the pile-side friction resistance. In
practical engineering, increasing the pile length to enhance the ultimate bearing capacity of
a single pile has become a common practice due to the limitations on pile diameter.

2⃝ The inflection point of the load–displacement curve marks the ultimate bearing capac-
ity of a single pile. The data show that, with an increase in pile length, the ultimate
bearing capacity of a single pile correspondingly increases, and the settlement dis-
placement at the pile top also increases with the increase in pile diameter. This is
because pile side friction resistance exertion requires a relative displacement between
the pile body and the surrounding sand soil. In the initial loading stage, the settlement
of the pile foundation is small due to the low external load, resulting in the pile side
friction resistance not being fully exerted.

In summary, increasing the pile length can effectively reduce the settlement of a single
pile and enhance its ultimate bearing capacity, as a longer pile body increases the contact
area with the surrounding soil, thereby increasing the pile side friction resistance and
reducing the settlement under the same load. However, this improvement is not unlimited.
Under specific geological conditions, after the pile length is increased to a certain extent,
the pile top load will be fully supported by the pile side friction resistance. Once beyond
this point, additional pile length will lead to excessive lateral friction resistance, causing
excessive settlement, which may exceed the engineering tolerance limit for displacement.
Therefore, optimizing the pile length requires balancing, improving bearing capacity, and
controlling settlement.

(2) The impact of pile diameter on the vertical bearing capacity of a single pile.
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Load–settlement curves for single piles with 1 m and 0.5 m lengths and diameters of
100 mm, 200 mm, and 300 mm are shown in Figure 18.

As is revealed in the figures above:
1⃝ As the pile diameter increases, the inflection point of the load–settlement curve moves

towards higher loads and smaller settlements, indicating that a larger pile diameter
can bring about a higher ultimate bearing capacity. For piles with a length of 1
m, under a load of 10 kN, the settlements for piles with diameters of 100 mm, 200
mm, and 300 mm are approximately 3 mm,11 mm, and 25 mm, respectively, with
corresponding ultimate bearing capacities of 15 kN, 41 kN, and 72 kN.

For piles with a length of 0.5 m, under a load of 15 kN, the settlements for piles
with diameters of 200 mm, and 300 mm are approximately 22 mm and 24 mm, with
corresponding ultimate bearing capacities of 40 kN and 49 kN, respectively.

2⃝ The data in the figure show that, for a fixed pile length, an increase in pile diameter
significantly enhances the ultimate bearing capacity of a single pile. This phenomenon
is attributed to an increase in pile diameter, resulting in a larger contact area between
the pile body and the surrounding soil, thereby increasing the pile side friction and
pile end resistance and reducing the settlement at the pile top. Specifically, for a
pile length of 1 m, the piles with diameters of 100 mm, 200 mm, and 300 mm have
pile–soil contact areas of 78.5 cm2, 314 cm2, and 706.5 cm2, respectively. Under the
same external load, a pile with a smaller diameter (D = 100 mm) experiences a greater
vertical displacement than that of one with a larger diameter (D = 200 mm).

Expanding the pile diameter can enhance the maximum bearing capacity of a single
pile and reduce its vertical displacement. This is mainly because the contact area between
the pile tip and the soil below increases, thereby increasing the resistance at the pile tip.
With the contact area between the pile body and the surrounding soil also expanding as the
pile diameter increases, the lateral friction resistance increases. However, an increase in
pile diameter also leads to higher costs.

4.2. Group Pile Static Load Tests

The group pile static load test selected two scenarios for comparative analysis. One
scenario used a group of piles with a 200 mm thick cap at the bottom. To eliminate boundary
effects, a square cap with a side length of 2.5 m was chosen, and the bearing plate used
was a square with an area of 0.5 m2 and a thickness of 20 mm. The other scenario involved
piles without a bottom solidification, using only the upper cap for the experiment. Specific
conditions can be found in Table 9 and Figure 19.

Table 9. Design of working conditions for group pile.

No. Foundation Slab Test Pile

S1# Side length 2.5 m -

S2# Side length 2.5 m Pile diameter 200 mm, Pile
length 500 mm ×4

(1) Analysis of test results for pile S1

After the experiment measurements were concluded, the pile S1 cap flat plate load
results were obtained, and the load–displacement curve is illustrated in Figure 20a.

The on-site load–displacement curve shows that the vertical displacement increments
at the pile top are small and uniform before a load level of 250 kN, making the curve gentle.
Beyond this load, the increment in pile top displacement significantly increases, and the
curve steeply declines. When the load increases to 300 kN, the displacement sharply rises,
but there are no changes in the cap. As the load increases to 325 kN, the displacement
further increases to 48.41 mm, and the cap plate begins to crack and sink. The slope of
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the curve after the inflection point is significantly steeper than before, indicating that the
ultimate bearing capacity is 250 kN.
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Figure 19. Group pile casting design drawing. 

  

Figure 19. Group pile casting design drawing.

(2) Analysis of test results for pile S2

S2 group pile plate load test results with load–displacement curves are shown in
Figure 20b.

The on-site load–displacement curve analysis indicates that the vertical displacement
growth at the pile top is slow and uniform before the load reaches 350 kN, presenting a
smooth trend whose displacement reaches 40.81 mm.

However, when the load exceeds 350 kN, the increment in pile top displacement
significantly increases, and the curve steeply declines. Further increasing the load to
400 kN causes the displacement to rise to 57.44 mm sharply. The slope of the curve after
the inflection point is significantly steeper than before, indicating that the ultimate bearing
capacity is located at the inflection point where the load is 350 kN.
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5. Conclusions

This study conducted a comprehensive investigation through a series of laboratory and
field experiments to examine the impact of curing agents on the mechanical properties of
sandy beach soils and elucidate the pile formation and bearing mechanisms of rapid-setting
piles. The primary findings are summarized as follows:

(1) Adding a curing agent significantly improved the shear and compressive strength of
the sandy soil. The experimental results indicate that with an increase in the mass ratio
of glue to sand, both the cohesion and the angle of internal friction of the sandy soil
samples exhibited a clear increasing trend, and exponential and quadratic functions
can describe this growth relationship.

(2) The moisture content significantly impacts the mechanical properties of the cured
sandy soil. Under the same mass ratio of glue to sand, an increase in moisture
content leads to a decrease in the strength of the sandy soil samples. Moreover, the
morphology and distribution of the gel formed by the curing agent after curing vary
at different moisture contents, thereby affecting the microstructure and mechanical
properties of the sandy soil.

(3) Field tests confirmed the viability and efficacy of rapid-curing piles in beach founda-
tions. The ultimate load-bearing capacity of piles under various operational conditions
was determined through static load tests on individual piles and plate load tests on
pile groups. The impact of pile length and diameter on load-bearing capacity was
thoroughly analyzed. Findings reveal that enhancing both the length and diameter of
piles significantly boosts the ultimate bearing capacity of individual piles. However,
this improvement is accompanied by increased settlement displacement at the pile
head.

(4) The load-bearing mechanism of rapid-curing piles primarily relies on the diffusion
and curing action of the curing agent slurry in the sandy soil around the pile. This
process not only enhances the strength of the pile itself but also creates a certain range
of influence around the pile, collectively bearing the upper load, thereby improving
the overall load-bearing capacity of the pile foundation.
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Abstract: This study aims to explore the static mechanical characteristics of coral aggregate seawater
shotcrete (CASS) using an appropriate mix proportion. The orthogonal experiments consisting of
four-factor and three-level were conducted to explore an optimal mix proportion of CASS. On a macro-
scale, quasi-static compression and splitting tests of CASS with optimal mix proportion at various
curing ages employed a combination of acoustic emission (AE) and digital image correlation (DIC)
techniques were carried out using an electro-hydraulic servo-controlled test machine. A comparative
analysis of static mechanical properties at different curing ages was conducted between the CASS
and ordinary aggregate seawater shotcrete (OASS). On a micro-scale, the numerical specimens based
on particle flow code (PFC) were subjected to multi-level microcracks division for quantitive analysis
of the failure mechanism of specimens. The results show that the optimal mix proportion of CASS
consists of 700 kg/m3 of cementitious materials content, a water–binder ratio of 0.45, a sand ratio
of 60%, and a dosage of 8% for the accelerator amount. The tensile failure is the primary failure
mechanism under uniaxial compression and Brazilian splitting, and the specimens will be closer to
the brittle material with increased curing age. The Brazilian splitting failure caused by the arc-shaped
main crack initiates from the loading points and propagates along the loading line to the center.
Compared with OASS, the CASS has an approximately equal early and low later strength mainly
because of the minerals’ filling or unfilling effect on coral pores. The rate of increase in CASS is
swifter during the initial strength phase and decelerates during the subsequent stages of strength
development. The failure in CASS is experienced primarily within the cement mortar and bonding
surface between the cement mortar and aggregate.

Keywords: coral aggregate seawater shotcrete; particle flow code; mix proportion; static mechanical
properties; orthogonal experiment

1. Introduction

Owing to the ongoing advancement of islands and reefs in proximity to the mainland,
incorporating coral debris and coral sand into construction materials for infrastructure such
as roads, docks, slope protection, and buildings has emerged as the predominant selection
for island reef projects. This preference is attributed to its cost-effectiveness, durability,
and workability characteristics [1–7]. Specifically, coral serves as a natural lightweight
aggregate, displaying a comparatively elevated water-absorption rate and possessing traits
for both water absorption and release when contrasted with standard coarse aggregates
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made from crushed stone [8]. The surface roughness of coral aggregates surpasses that of
traditional lightweight aggregates, resulting in an increased frictional interaction between
the aggregate and cement paste. This, in turn, strengthens the interfacial bond between the
cement paste and matrix [9,10]. Moreover, salt compounds like chloride ions and sulfate
ions present in coral contribute to the initial strength advancement of concrete [11,12].
However, shotcrete serves as an essential means and method for structural support during
the initial phases of construction [13], and it needs such superior early strength. Exploring
the static mechanical characteristics of CASS with a reasonable mix proportion is essential
to alleviate pressure on the supply of raw materials for the initial support undertaking of
island reef shotcrete projects.

It is worth noting that there are no universally applicable mix proportion design criteria
specifically tailored for coral aggregate concrete (CAC). Earlier studies have indicated that
various factors, such as the cementitious materials content, the water–binder ratio, and
the sand ratio, influence the workability and mechanical characteristics of CAC [14,15].
Moreover, the accelerator amount is a crucial parameter that necessitates consideration
when applying CAC as shotcrete [16,17]. Nevertheless, employing the conventional method
of single-factor control to ascertain the impacts of all parameters on the optimal mix
proportion design can be both time-consuming and challenging. Orthogonal experiment is
a commonly used method for multi-factor experiments and provides an excellent solution
to the challenges linked with the traditional single-factor control approach [18–20]. Based
on the orthogonality, only a handful of representative experiments are necessary to find the
optimal mix proportion.

On the one hand, machinery and laborers must be capable of sustaining drive progres-
sion before the shotcrete attains maximum strength. However, the existing experimental
data concerning the time-dependent material properties of shotcrete is somewhat lim-
ited [21,22], with many of the data sets being outdated. On the other hand, coral aggregates
exhibit variations in morphology and porosity when compared to typical natural and
lightweight aggregates. This disparity results in a significant structural and performance
distinction between CASS and OASS [23]. Hence, there is a need to examine the static
mechanical characteristics of CASS at various curing ages and conduct a comparative
analysis with OASS to verify the validity of CASS mix proportion [24].

Meanwhile, to address the limitations of laboratory tests that fail to capture the
complete deformation and damage process of structures in real time, the remarkable ad-
vancements in computer technology have facilitated the growing adoption of numerical
simulations for investigating the static mechanical properties of concrete [25]. Concrete is a
composite material with heterogeneous phases, including both coarse and fine aggregates,
water, cement, and additional constituent elements [26]. It is noteworthy to understand
that the meso-modeling approach posits concrete as a composite material with three phases:
aggregate, interfacial transition zone, and cement mortar components. This methodol-
ogy has gained substantial application and has been extensively developed in various
research studies [27–30]. Meso-modeling offers valuable insights into the macroscopic
behavior and performance of materials. In contrast to the meso-modeling approach, the
discrete element method (DEM) holds distinct advantages for more accurately reproducing
grain shapes [31–33] and their interactions [34–37]. The software particle flow code (PFC
6.0) based on the discrete element method has gained significant popularity within geo-
materials due to its properties similar to the fundamental assumptions and construction
principles of geo-materials [38–40]. Among them, Haeri and Sarfarazi utilized the particle
flow code in two dimensions (PFC2D) to investigate the damage mechanism of concrete
under tensile failure and suggested that a modified tension test can be a proper test for the
determination of the tensile strength of concrete in absence of direct test [41]; Lian et al.
presented a numerical model utilizing the PFC2D to estimate the mechanical characteristics
of porous concrete [42]; Song et al. elucidated the mechanical response of concrete subjected
to multi-level cyclic loading and unloading based on particle flow code in three dimensions
(PFC3D) [38]. Nevertheless, most prior investigations had focused on the macro-scale
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failure mode of the specimen without delving into the micro-scale failure mechanisms at a
finer scale.

Various models have been employed to simulate aggregates in concrete materials with
the growing adoption of numerical simulations. These include 2D circular models [43],
2D random polygon models, 3D spherical models [44], 3D ellipsoid models [45], 3D
random convex polyhedron models [46,47], as well as non-convex polyhedron models [48].
However, these studies have simplified the coarse aggregate by representing it as clusters of
particles resulting from overlapping a limited number of individual particles. Unfortunately,
this approach fails to reproduce the influence of the rough porousness characteristic of
coral aggregate on the mechanical properties of specimens. Moreover, the densification
effect resulting from filling coral aggregate pores with small mineral particles has yet to be
involved.

This study conducted four-factor and three-level orthogonal experiments to explore
the optimal mix proportion of CASS. First, the AE technique was used to analyze the
compressive failure mechanism and damage phenomenon of CASS with optimal mix pro-
portion. The digital image correlation (DIC) technique was used to analyze the splitting
failure mechanism and deformation characteristics of CASS with optimal mix proportion.
The static mechanical properties of CASS and OASS at different curing ages were compared
to verify the validity of the CASS mix proportion. The minerals’ filling or unfilling effect on
coral pores was systematically analyzed. After that, a novel three-dimensional numerical
model based on PFC was proposed to investigate the static mechanical properties and
failure mechanism of CASS. Multi-level division and quantitative analysis of microcracks
generated between various mineral particles calibrated with different mechanical parame-
ters were carried out. Finally, the failure mechanism of CASS was quantitatively analyzed
with the results of numerical simulation and experimental microstructure observation.

2. Materials and Experiment Procedure
2.1. Raw Materials and Mix Proportion

Both coral debris and coral sand, serving as coarse and fine aggregates, were directly
obtained from the South China Sea islands. Different from natural quartz sand or min-
eral rocks originating from physical or chemical processes, coral debris and coral sand
predominantly constitute the remains of hermatypic polypary corals and shells. These
materials mainly arise as biologically derived sediments. Coral debris and coral sand share
an identical chemical composition, consisting predominantly of 62.2% calcium carbonate,
along with iron, magnesium, and silicon ions (Figure 1a). Microscopic examination of the
coral surface, as depicted in Figure 1b, reveals a visual rough and porous texture. This
qualitative assessment is indicative of the coral’s natural structure, which differs signif-
icantly from that of conventional natural aggregates such as those found in river beds,
which results in its diminished physical and mechanical properties. However, coral sand
has a relatively smooth surface due to its smaller particle size and significant weathering.
In order to ensure optimal fluidity and sprayability of CASS, the particle size of coral debris
is controlled within the range of 5–10 mm. Figure 2 depicts the distribution of grain sizes in
coral sand, exhibiting a fineness modulus of 2.88. The fundamental physical characteristics
of both coarse and fine aggregates, such as bulk and apparent densities, porosity, water
absorption, cylindrical compressive strength, and saturated surface dry moisture content,
have been examined in accordance with the Chinese standards GB/T 14684-2011 [49]. The
corresponding test outcomes are available in both Tables 1 and 2.

Table 1. Physical properties of coral debris.

Bulk
Density (kg/m3)

Apparent
Density (kg/m3)

Water
Absorption (%) Porosity (%)

Cylindrical
Compressive

Strength (MPa)

894 1973 12.52 48.97 2.69

94



Materials 2024, 17, 2353

Table 2. Physical properties of coral sand.

Fineness Modulus Bulk
Density (kg/m3)

Apparent
Density (kg/m3)

The Saturated Surface Dry
Moisture Content (%)

2.88 1138 2751 1.96
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(a) X-ray diffraction 

 
(b) Rod/blocky-shaped coral debris 

Figure 1. Microstructure and mineral composition of coral in its natural state. 
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Figure 1. Microstructure and mineral composition of coral in its natural state.

As shown in Figure 3a, all the raw materials for the preparation of CASS are presented.
Among these components, the cement used is 42.5 ordinary Portland cement (P.O.42.5)
from Xuzhou Zhonglian Cement Co., Ltd. (Xuzhou, China). Silica fume and water-
reducing agents consist of ultra-fine wollastonite powder and a high-performance water-
reducing agent with weak alkalinity, provided by Shanghai Chenqi Chemical Technology
Co., Ltd. (Shanghai, China). The alkali-free liquid accelerator is sourced from Laiyang
Keyu Construction Admixture Factory (Laiyang, China). Additionally, artificial seawater
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was prepared following the American ASTM D1141-2003 standard [50], and its chemical
composition is detailed in Table 3. In this study, all chemicals used for artificial seawater
preparation were obtained from Nanjing Reagent Factory with a purity of analytical grade.
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Table 3. Chemical composition of artificial seawater.

NaCl (kg/m3)
MgCl·6H2O

(kg/m3) Na2SO4 (kg/m3) CaCl2 (kg/m3) KCl (kg/m3)

24.5 11.1 4.1 1.2 0.7

In this study, the mixed proportions of the coral aggregate seawater shotcrete (CASS)
were designed following the guidelines of the national standards JGJ51-2002 [51] and JGJ/T
372-2016 [52]. These standards are equivalent to and have been aligned with the principles
of the European Standard (EN) 12620:2012 [53] for aggregates for concrete and the American
Concrete Institute (ACI) Guide for Selecting Proportions for Normal, Heavyweight, and
Mass Concrete (ACI 211.1R-19), respectively. This alignment ensures that our findings are
applicable within the national context and relevant to the broader international community.
However, owing to the notable distinction between coral aggregate and conventional
aggregate, a set of compressive strength tests focusing on four factors, cementitious material
content, water–binder ratio, sand ratio, and accelerator quantity, was conducted. Through
extensive mix proportion trials, it was revealed that specimens cured for 28 days exhibited
relatively higher strength with a cementitious material content of 700 kg/m3, a water–
binder ratio of 0.45, a sand ratio of 50%, and an accelerator amount of 6%. Building upon
this information, an orthogonal experiment employing a four-factor and three-level design
(refer to Table 4) was executed to ascertain the optimal mix ratio for CASS. The experiment
comprised nine mix proportions, detailed in Table 5.

Table 4. Orthogonal test table.

Mix
Cementitious

Material
Content (kg/m3)

Water–Binder
Ratio

Sand
Ratio (%)

Accelerator
Amount (%)

Mix. 1 600 0.4 40 4
Mix. 2 600 0.45 50 6
Mix. 3 600 0.5 60 8
Mix. 4 700 0.4 50 8
Mix. 5 700 0.45 60 4
Mix. 6 700 0.5 40 6
Mix. 7 800 0.4 60 6
Mix. 8 800 0.45 40 8
Mix. 9 800 0.5 50 4

Table 5. Mix proportion of CASS.

Mix

Cementitious
Material
Content
(kg/m3)

Cement
(kg/m3)

Seawater
(kg/m3)

Coral Sand
(kg/m3)

Coral
Debris
(kg/m3)

Water
Reducer
(kg/m3)

Accelerating
Agent

(kg/m3)

Mix. 1 600 552 240 541 812 12 24
Mix. 2 600 552 270 655 655 13.5 36
Mix. 3 600 552 300 760 506 15 48
Mix. 4 700 644 280 590 590 14 56
Mix. 5 700 644 315 702 468 15.7 28
Mix. 6 700 644 350 448 672 17.5 42
Mix. 7 800 736 320 627 418 16 48
Mix. 8 800 736 360 395 395 18 64
Mix. 9 800 736 400 489 489 20 32
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2.2. Specimen Preparation and Basic Physical Properties

The sequence of cement, cementitious material, coral sand, coral debris, water reducer,
and seawater was employed while stirring raw materials using a concrete mixer with a
rotation speed of 300 revolutions per minute. To achieve consistent mixing, half of the
seawater was initially added to the mixture and stirred for 60 s, followed by the addition
of the remaining half and subsequent mixing for 120 s. As shown in Figure 3, the wet
spraying method was used in this study. The wet-mixed concrete was then prepared
for spraying by adjusting the air compressor’s pressure to 0.5 MPa, which was used to
propel the mixture to the nozzle of the concrete wet-spraying machine and mixed with the
accelerator. Lastly, the specimen preparation was completed by spraying the concrete into
a 450 mm × 450 mm × 120 mm size mold with an angle of 75◦ to the ground by opening
the nozzle valve. In addition, as shown in Table 6, the slump and rebound rate tests were
carried out during specimen preparation. The CASS specimens were demoulded after
one day and placed in a curing room with a constant temperature of 20 ◦C and a relative
humidity of 95% for 28 days. The large-panel specimens made by spraying needed to be
cored, cut, and polished to gain standard specimens for uniaxial compression tests (UCS)
and Brazilian splitting tests (ST).

Table 6. The slump and rebound rate of CASS.

Parameter Mix. 1 Mix. 2 Mix. 3 Mix. 4 Mix. 5 Mix. 6 Mix. 7 Mix. 8 Mix. 9

Slump (mm) 90 105 125 120 135 165 125 155 190
Rebound rate (%) 16.99 11.7 12.92 11.72 7.04 8.22 14.61 9.67 14.97

2.3. Quasi-Static Tests

A series of orthogonal experiments, including the uniaxial compression and Brazilian
splitting with a loading rate of 0.3 mm/min and 0.05 mm/min, respectively, were conducted
on CASS specimens with different mix proportions and curing ages using the DNS 100
electronic universal testing machine at the China University of Mining and Technology.
Simultaneously, vaseline was administered at both ends of the specimens to alleviate the
impacts of end friction and stress concentration before the application of the uniaxial
compression load. Each specimen’s peak compressive strength and tensile strength were
recorded and analyzed during the tests to obtain the optimal mix proportion of CASS.
In order to verify the validity of the optimal mix proportion and quantify the effect of
aggregate type on the macro-mechanical parameters of concrete at various curing ages,
the optimal mix proportion of CASS was selected, and the ordinary aggregate seawater
shotcrete (OASS) specimens were made with ordinary aggregate instead of coral aggregate.

During the Brazilian splitting tests, the tensile strength σt can be calculated as
follows [54]:

σt =
2Pmax

πDB
(1)

where Pmax denotes the applied load maximum, D denotes the diameter of the test specimen,
and B denotes the thickness of the test specimen.

In order to clarify the fracture failure mechanism and damage phenomenon of concrete
with an optimal mix proportion, a Micro-II AE technique monitoring system developed
by American Physical Acoustics Company (PAC) was used to record the changes in AE
characteristic signals induced by microcrack development under uniaxial compression,
such as counting, energy, and frequency. To precisely capture the AE signals produced by
the upper and lower ends of the specimens, the receiving sensor was affixed at the midpoint
of each specimen. In the AE monitoring system shown in Figure 4a, the elastic wave
emitted by the signal source propagates to the surface of the specimens, causing the surface
displacement of the AE sensor and converting the mechanical vibration into electrical
signals. It is essential to highlight that, for efficient filtering of environmental noise and
enhanced monitoring of cracking information quality, the threshold value was established
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at 45 dB. To account for the impact of mechanical noise and instrument sensitivity, the
acquisition frequency for AE signals was chosen to be 3 MHz. In the Brazilian splitting
tests, the duration from crack initiation to propagation and penetration until the specimen
failure is brief. Particularly, the period from crack penetration to specimen failure is nearly
instantaneous. Therefore, the AE characteristic signal induced by microcrack development
in Brazilian splitting tests cannot explain the failure mechanism obviously. However, DIC
is a non-contact visual processing method for measuring surface deformation of materials
widely used in research related to crack propagation [55,56]. Specifically, DIC enables the
observation of non-uniform changes in the macroscopic strain field due to the cumulative
expansion of microcracks. Its basic principle involves using an initial reference image as a
baseline. The target research area is divided into a network, and the motion of segmented
subregions is treated as rigid transformations. Through a predefined matching algorithm,
specific subsets of position changes before and after surface deformation are identified.
This process allows for calculating displacement fields and the evolution of strain fields on
the observed object’s surface. The translation, rotation, and shear transformations of each
pixel’s positions before and after motion are calculated using expressions (2)–(4) [57].

εx =
∂u
∂x

+
1
2
[(

∂u
∂x

)
2
+ (

∂v
∂x

)
2
] (2)

εy =
∂v
∂y

+
1
2
[(

∂u
∂y

)
2
+ (

∂v
∂y

)
2
] (3)

γxy =
1
2
(

∂u
∂y

+
∂v
∂x

+
∂u
∂x

∂u
∂y

+
∂v
∂x

∂v
∂y

) (4)

where εx, εy, and γxy represent distinct strain components, and u and v denote displacements
in the x and y directions, respectively.
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The DIC depends on the high-contrast identifiable optical characteristics attached to
the surface. As the attachment point deforms, the identifiable optical characteristics will
move. Therefore, a thin and uniform white background was sprayed on the surface of
CASS specimens after cleaning the impurities on the surface of CASS specimens. Then, the
black non-repeating, random, and isotropic speckles were scattered on the front surface
of CASS disc specimens, as shown in the specimen magnification diagram of Figure 4b.
During the experiment loading, image acquisition was conducted at a constant rate of
1 frame per second (fps) with a resolution of 2048 × 2048 pixels.

3. Experiment Results and Discussion
3.1. The Optimal Mix Proportion of CASS

The stress–strain and stress–time curves for CASS, exhibiting various mix proportions
at curing ages of 3 d, 7 d, and 28 d under uniaxial compression and Brazilian splitting
tests, are illustrated in Figure 5. A visual inspection of the curves reveals a distinct trend in
the mechanical behavior of CASS across different curing stages. Notably, the stress–strain
curves exhibit a characteristic nonlinearity, indicative of the material’s ductile behavior
at early stages, which transitions to a more brittle response as the curing age increases.
This shift towards brittleness is evidenced by the steeper slope in the post-peak regime of
the stress–strain curves for the 28-day curing age, suggesting a reduction in the material’s
capacity for plastic deformation. The stress–time curves from the Brazilian splitting tests
further substantiate this observation, with a more rapid decline in load-bearing capacity
observed in the specimens with higher curing ages, highlighting an increased susceptibility
to tensile failure. Observations of the peak compressive/tensile stress for CASS specimens
with nine different mix proportions at 3 d, 7 d, and 28 d curing ages are presented in Table 7,
based on Figure 5. It can be seen that strength values generally increase with the curing
age, reflecting the improved bond strength and material cohesion over time. However, the
increase in strength is more pronounced at earlier curing ages, with a subsequent tapering
off at 28 days, indicating a maturation in the material’s strength.
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Figure 5. Stress–strain and stress–time curves of CASS with various mix proportions at 3 d, 7 d, and
28 d curing age under uniaxial compression and Brazilian splitting tests.
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Table 7. Peak compressive stress (CS) and tensile stress (TS) table.

Mix
Curing Age

3 d 7 d 28 d

CS (MPa)

Mix. 1 8.70 16.28 16.97
Mix. 2 9.06 16.92 17.83
Mix. 3 10.35 14.23 16.91
Mix. 4 19.84 19.86 20.75
Mix. 5 14.73 26.44 29.63
Mix. 6 13.84 20.10 21.17
Mix. 7 16.53 24.72 25.11
Mix. 8 18.50 22.21 24.59
Mix. 9 9.79 20.69 22.19

TS (MPa)

Mix. 1 0.96 1.89 2.05
Mix. 2 0.97 1.94 2.36
Mix. 3 1.35 1.67 1.88
Mix. 4 2.24 2.36 2.58
Mix. 5 1.63 3.12 3.38
Mix. 6 1.61 2.29 2.49
Mix. 7 1.90 3.01 3.32
Mix. 8 2.14 2.91 3.15
Mix. 9 1.29 2.69 2.90

To comprehensively explore the impact of four factors in orthogonal experiments—
cementitious material content, water–binder ratio, sand ratio, and accelerator amount—on
the compressive and tensile strength of CASS specimens, a range analysis using the data
from Table 7 was conducted. Table 8 provides the results of the range analysis, where the
R-value indicates the extent of variation in test indicators with changing influencing factors.
Essentially, the R-value serves as an indicator for determining primary and secondary
relationships among these factors. Notably, in Table 8, when assessing the impact of
factors on compressive and tensile strength at curing ages of 3 d, 7 d, and 28 d, the
influence of the accelerator amount on both strength parameters gradually diminishes with
increasing curing age. For compressive strength, the cementitious material content and the
water–binder ratio are the primary factors, with decreasing influence observed with the
accelerator amount as the curing age increases. This trend underscores the importance of
an appropriate balance between these components for achieving optimal strength. Similar
trends are observed for tensile strength, with the sand ratio also emerging as a significant
factor, particularly at 7 and 28 days of curing. These findings are instrumental in guiding
the mix design process for CASS, emphasizing the need for a multifactorial approach to
optimize the material’s static mechanical properties.

The variation in both compressive and tensile strength of the coral aggregate seawater
shotcrete (CASS) specimens is illustrated in Figure 6, with respect to different curing ages
and mix proportions. An increase in the content of cementitious material from 600 kg/m3 to
700 kg/m3 corresponded to a significant enhancement in compressive strength, amounting
to 6.7 MPa, 6.3 MPa, and 11.7 MPa, and in tensile strength by 0.7 MPa, 0.8 MPa, and
0.7 MPa, for the curing ages of 3 d, 7 d, and 28 d, respectively. However, a further increase
in the cementitious material content from 700 kg/m3 to 800 kg/m3 led to a decrease
in compressive strength at the same curing ages by −1.2 MPa, 0.4 MPa, and 0.1 MPa,
respectively, while the tensile strength exhibited an increment of 0 MPa, 0.3 MPa, and
0.3 MPa. These findings indicate that there exists an optimal threshold for the cementitious
content, beyond which additional increments do not yield a proportionate enhancement in
the concrete’s strength.
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Table 8. Range table of influence factors of compressive strength (CS) and tensile strength (TS).

Curing
Age

Cementitious
Material
Content

Water–Binder
Ratio Sand Ratio Accelerator

Amount

CS

3 d

K1 9.4 15.0 13.7 11.1
K2 16.1 14.1 12.9 13.1
K3 14.9 11.3 13.9 16.2
R 6.77 3.70 0.97 5.16

7 d

K1 15.8 20.3 19.5 21.1
K2 22.1 21.9 19.2 20.6
K3 22.5 18.3 21.8 18.8
R 6.73 3.52 2.64 2.37

28 d

K1 17.2 20.9 20.9 22.9
K2 23.9 24.0 20.3 21.4
K3 24.0 20.1 23.9 20.8
R 6.73 3.93 3.63 2.18

TS

3 d

K1 1.1 1.7 1.6 1.3
K2 1.8 1.6 1.5 1.5
K3 1.8 1.4 1.6 1.9
R 0.73 0.28 0.12 0.62

7 d

K1 1.8 2.4 2.4 2.6
K2 2.6 2.7 2.3 2.4
K3 2.9 2.2 2.6 2.3
R 1.03 0.44 0.27 0.25

28 d

K1 2.1 2.7 2.6 2.8
K2 2.8 3.0 2.6 2.7
K3 3.1 2.4 2.9 2.5
R 1.03 0.54 0.30 0.24

Note: Kj denotes the average value of compressive strength at the level of each influence factor j; R denotes the
K-value range for each influencing factor.

Figure 6 reveals that increasing the water–binder ratio from 0.4 to 0.45 decreased
compressive and tensile strength at 3 d curing age by 6%, 24.7%, 5.9%, and 17.6%. For
specimens cured for 7 d and 28 d, the compressive and tensile strength apex was attained at
a water–binder ratio of 0.45, with a subsequent decline observed as the ratio was adjusted
to 0.4 and 0.5. Specifically, at a 7 d curing stage, a reduction in compressive and tensile
strength of 7.3%, 16.4%, 11.1%, and 18.5% was recorded. This trend continued at a 28 d
curing stage, with 12.9%, 16.3%, 10%, and 20% noted decreases. These results indicate
that, after reaching a certain curing age, strength initially increases with an increased
water–binder ratio but eventually decreases.

For the change rule of strength with sand ratio, compressive and tensile strength
remains relatively stable at lower sand ratios of 40% and 50%. However, a 60% sand ratio
increase significantly enhanced compressive and tensile strengths by approximately 10%
at both the 7 d and 28 d curing stages. This improvement is attributed to the higher sand
ratio, which fosters a more homogeneous and densified concrete microstructure, an effect
that is less pronounced at the lower sand ratios.

Contrary to the water–binder ratio, the accelerator amount enhances early strength. It
shows a positive correlation between compressive/tensile strength at 3 d curing age and
the accelerator amount. Specifically, 6% and 8% increase results in a respective 18%, 45.9%,
15.4%, and 30.8% augmentation in compressive and tensile strength. However, at 7 d and
28 d curing ages, there is a negative correlation, with compressive and tensile strength
decreasing by 2.4%, 10.9%, 7.7%, and 11.5% at 7 d and 6.6%, 9.2%, 3.6%, and 10.7% at 28 d,
respectively. This suggests that a high accelerator amount reduces compressive strength
after a specific curing period.
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Figure 6. The relationship between the compressive/tensile strength of CASS and the variation in
cementitious material content, water–binder ratio, sand ratio, and accelerator amount at different
curing ages.

In summary, the CASS mix proportions exert a similar influence on the tensile/compressive
strength of specimens. Considering compressive and tensile strength across all curing ages,
the most effective mix proportion comprises 700 kg/m3 of cementitious materials content,
a water–binder ratio of 0.45, a 60% sand ratio, and an 8% dosage for the accelerator amount.
Subsequently, an analysis of the static mechanical properties of specimens with this optimal
mix proportion was conducted.

3.2. Strength and Failure Behavior under Uniaxial Compression

When combining the concurrently measured outcomes from the DNS load transducer
and AE sensor affixed to the specimens, Figure 7 portrays the nonlinear stress–strain
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relationships and axial load AE count curves for CASS with optimal mix proportions under
uniaxial compression at various curing ages. As illustrated in Figure 7a–c, continuous
weak AE signals signifying the initiation of microcracks were identified during pre-peak
stages. The cumulative count gradually increased, while the instantaneous count remained
relatively low in this period. However, as macrocracks began to form, a sudden surge
in AE counts occurred around the axial load peak, leading to a rapid rise in cumulative
counts within a short duration. Additionally, the more pronounced phenomenon with the
advancement of curing age indicates the increasing brittleness of CASS specimens.
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Figure 7. Axial load AE count curves of CASS at various curing ages.
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The complete compressive stress–strain curves of CASS at different curing ages can be
categorized into four stages: consolidation, elastic, plastic, and fracture. The consolidation
stage highlights the porous and loose characteristics of the coral concrete microstructure,
with the curve exhibiting an initial concave rise due to compaction of the pore structure
of coral aggregate and voids within the concrete matrix under increasing loading stress.
Subsequent stages—elastic, plastic, and fracture—are akin to the characteristics of brittle
materials like rock, attributed to the relatively low compressive strength and brittle nature
of coral itself.

Independent of what kind of micro-fracture forms in brittle materials, it is accompanied
by the release of strain energy stored in brittle materials and propagated in the form
of elastic waves at the moment of its occurrence, which is AE. Different micro-fracture
behaviors correspond to different AE information characteristics. Therefore, this study
obtained the tensile–shear properties of brittle materials by judging the difference of AE
information, discussed the evolution process and law of crack development induced by
tensile stress and shear stress at the meso-level, and further explained the internal tensile–
shear failure mechanism of materials.

Studies in this domain have revealed that micro-fracture AE signals’ RA value (rise
time/amplitude) and AF value (ring count/duration time, average frequency) can serve as
indicators of brittle material crack tensile or shear properties, facilitating further classifica-
tion of micro-fracture forms [58]. The characteristic parameters of AE signals are visually
represented in Figure 8. Generally, a low RA value and high average frequency in the AE
signal suggest micro-fractures induced by tensile stress surpassing the cementation’s tensile
strength, indicating a tensile crack. Conversely, a high RA value and low average frequency
indicate micro-fractures caused by shear stress exceeding the cementation’s shear strength,
signifying a shear crack. The determination of the relative RA value and AF value ratio
is crucial for understanding the cause of microcrack initiation. Nevertheless, in current
research, there is no clearly defined ratio between RA value and average frequency as a
criterion for distinguishing tensile and shear cracks.
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Figure 8. Schematic figure of the characteristic parameter definition of the acoustic emission signal.

Drawing on the concept that the ratio of RA value to AF value during tensile–shear
crack initiation falls within a relatively stable interval, K-means clustering analysis, em-
ploying a minimization criterion, was utilized for statistical classification of AE data. This
approach deepened exploration into the concealed micro-fracture formation mechanism in
CASS specimens. Figure 9 illustrates the cluster analysis outcomes of acoustic emission
AF-RA values for CASS specimens with 3 d, 7 d, and 28 d curing ages.
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Figure 9. The cluster analysis results of acoustic emission RA-AF values of CASS at various curing ages.

As displayed in Figure 9, the dividing boundary between the final iterative conver-
gence particle and the coordinate origin in the K-means clustering analysis serves as the
demarcation line distinguishing the tensile crack and shear crack clusters. Points above
the oblique line in the AE data denote occurrences of tensile micro-fractures, while points
below signify shear micro-fractures. The cluster analysis results reveal that AE signals with
higher average frequency and lower RA value primarily manifest in the initial loading
stage. Subsequently, as the load intensifies, lower AF value and RA value gradually in-
crease, paralleled by a rise in shear cracks. Typically, shear crack formation ensues after the
initiation, propagation, and evolution of tensile cracks, leading to significant damage to the
internal structure of concrete specimens, compromising their integrity and eventual failure.
In comparison to specimens aged 3 d, those aged 7 d and 28 d exhibit increased occurrences
of tensile cracks in the early loading stages. As tensile cracks accumulate, shear cracks
proliferate rapidly, culminating in the specimens’ instability and failure. This underscores

107



Materials 2024, 17, 2353

that tensile failure constitutes the primary mechanism behind the ultimate instability of
concrete specimens. As curing age increases, CASS specimens tend towards a more brittle
material nature, and the severity of brittle and shear failure intensifies upon subjecting the
specimens to higher loads.

3.3. Strength and Failure Behavior under Splitting Tensile

Determining tensile strength traditionally involves a direct uniaxial tensile test. However,
the Brazilian splitting tensile test, an indirect method outlined in the ASTM standard [59],
presents notable advantages in terms of practicality, simplicity, and cost-effectiveness. This
test gains significance when engineers encounter intricate stress fields, combining com-
pressive and tensile stresses in material mechanic design. Accurately representing field
conditions necessitates considering tensile strength in the presence of compressive stresses.
The splitting tensile strength test emerges as a straightforward method for simulating
compression-induced stress fields.

Besides its practicality, the splitting tensile strength test is commonly employed to
estimate compressive strength. Birid [60] established a correlation between compressive
strength and splitting tensile strength test results. Incorporating parameter adjustments
based on related research, the equation was adapted to predict CASS tensile strength by
compressive strength. This modification demonstrated comparable accuracy in predicting
tensile strength:

UCS
ST

= 6.3
π

2
(

H
D
)

0.2
(5)

where H is the height, and D is the diameter of the specimen for the STS test.
The evolution of the major principal strain nephograms of the specimens can be seen in

Figure 10. At the beginning of loading, the pore structure of coral aggregate and the voids
inside the concrete matrix were relatively uniformly distributed in the plane of the disc
resulting in a relatively uniform strain distribution. When the load reached peak pressure,
a strain concentration zone appeared along the loading diameter, with a strain of about
2.6%. As the loading continues, the strain concentration zone expands. Correspondingly,
the cracks extend from both ends to the center until the specimen loses its load-bearing
capacity. It is noteworthy that the major principal strain of specimen in 28 d curing age
reached about 14%, which was higher than that of 5% in 3 d and 7% in 7 d. This is due to
the increasingly obvious brittle properties of CASS with the increasing curing age. As a
whole, the Brazilian splitting failure is caused by the main crack that initiates from the ends
and propagates along the loading line, and the main crack is arc-shaped.
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Figure 10. Failure pattern and major principal strain nephograms of CASS specimens at various
curing ages under Brazilian splitting tests.
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3.4. Comparative Analysis of Static Mechanical Properties

To delve deeper into the static mechanical properties of CASS and verify the validity
of mix proportion, this investigation conducted a comparative analysis between OASS and
CASS. Both were subjected to identical specimen preparation methods, curing conditions,
and mix proportions. Illustrated in Figure 11 is the nonlinear stress–strain relationship of
OASS and CASS at various curing ages. Notably, CASS exhibited a swifter increase in early
strength compared to conventional shotcrete, followed by a more gradual progression in
later strength. Specifically, the strength of coral concrete surged by 40% and 44% from 3 d
to 7 d concerning the 28 d strength. The subsequent development of the remaining 10% of
ultimate curing strength spanned three weeks. Nevertheless, the later strength of CASS
proved to be considerably lower than that of OASS.
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Figure 11. Comparison of strength at various curing ages between ordinary shotcrete and CASS.

On one side, the porous microstructure inherent in coral debris serves as a water
reservoir, absorbing and retaining a specific quantity of water from the concrete slurry.
This reservoir releases water during the hydration and hardening process. Conversely, the
infusion of small-particle minerals in CASS into coral pores enhances the embedding of
cementitious material and aggregate, as illustrated in the blue box in Figure 12. This dual
mechanism not only heightens specimen compactness but also elevates early strength and
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elastic modulus. Nonetheless, the presence of unfilled pores (highlighted in the red box
in Figure 12) emerges as water evaporates, causing dispersion of energy and deformation
in specimens. This, in turn, diminishes the material’s strength and elastic modulus in the
later stages. In summary, in comparison to OASS, the heightened early strength and elastic
modulus in CASS result partly from the mineral-filling effect on coral pores. Simultaneously,
the unfilled pores contribute to the reduced strength and elastic modulus in the later stages.
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4. Numerical Simulation

The preceding study conducted quasi-static compression and splitting tests on CASS,
briefly discussing the static mechanical properties coupled with DIC and AE techniques.
Nevertheless, although laboratory tests present a dependable approach for investigating
the macroscopic static mechanical behavior of CASS, the existing constraints of monitoring
instrumentation impose significant challenges in comprehensively monitoring the micro-
morphology and complete deformation damage process of the structural body at the
micro-scale. As a result, a mesoscopic model in three dimensions based on PFC was
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developed for CASS, taking into account the arbitrary shapes, sizes, and distributions of
aggregates. Verification of the model involved comparing the outcomes of quasi-static
compression and splitting tests on cylindrical/disc specimens through both experimental
and numerical analyses. The microcrack behavior of CASS was quantitatively analyzed at
the micro-scale.

4.1. Modeling Process

The parallel bond model (PBM) was employed as the contact model for particles in the
simulation of CASS in this study as the first step of constructing the numerical model. The
PBM implemented in this study incorporates linear elastic components and bonded parts at
the contact interface, offering two distinct interfacial behaviors (refer to Figure 13a,b) [61,62]:
(i) A minuscule, linearly elastic interface designed to transmit forces without tension and
display frictional characteristics. This interface functions based on identical mechanical
principles as the linear model, allowing relative rotation without resistance, with shear forces
governed by a Coulomb limit. (ii) A finite-sized, linearly elastic, and bonded interface that
can transfer both forces and moments. In cases where the interface is bonded, it resists the
relative rotation of the particles on either side of the contact. However, the parallel bonding
may fracture if the tensile strength and shear stress exceed the bonding material’s strength.
The rupture of the parallel bond results in the loss of bonding material, accompanied by the
dissipation of associated forces, moments, and stiffness.
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Considering the porous characteristics of both concrete and coral aggregates and
aiming to represent the enhanced compactness of specimens by incorporating small particle
minerals, this study separated silica fume from the cement mortar phase system during the
modeling process. Then, the CASS was treated as a four-phase material comprising cement
mortar, silica fume, coral debris, and the interfacial transition zone. Within this study, a
discrete element model was constructed to represent the mixed materials by generating
two types of units: balls and clusters. The ball units were employed to characterize the
shape of the smallest constituent unit of each material phase, while the cluster units were
employed to characterize the coral debris component.

Figure 14 shows the modeling process of the PFC as follows:
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Figure 14. The figure of the modeling process.

(1) Stage I: To reproduce laboratory findings, we selected, categorized, and 3D-scanned
corals used for mixing in PFC. Initially, a concrete specimen model with only spherical
particles was created based on the established gradation. Subsequently, larger particles
were randomly replaced with coral debris shapes based on volume equivalence. This
process culminated in a realistic concrete structure model, which was preloaded with
isotropic stress to simulate initial conditions.

(2) Stage II: Mineral components were divided according to the concrete structure model,
CASS mix proportions, and grading curves. Red particles, sized between 0.45 and
0.6 mm, symbolized silica fume, while yellow particles of 0.6 to 1 mm diameter
represented cement mortar. The coral debris in the model was filled with blue particles
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of 0.45 to 0.6 mm. The model also incorporated the random distribution of red silica
fume particles within coral clusters to enhance specimen compactness, as detailed in
the enlarged view of Figure 14 (Stage III).

(3) Stage III: Models were constructed with dimensions matching laboratory specimens
(Φ50 × 100 mm and Φ50 × 25 mm) by refining the Stage II model. Contact between
different particles was accounted for, assigning different values. Figure 14 (Stage III)
shows the contact distribution, color-coded to indicate six distinct contact types: cement
mortar to cement mortar (F-F), silica fume to silica fume (S-S), coral debris to coral debris
(C-C), cement mortar to coral debris (F-C), cement mortar to silica fume (F-S), and coral
debris to silica fume (C-S). The micro-parameter assignment endowed the numerical
specimens with defined bearing strength, finalizing the CASS model building.

4.2. Calibration of Micro-Parameters

Only the specimen with optimal mix proportion at 28 d curing age was subjected
to numerical analysis in this investigation to mitigate the intricacy of the task and guar-
antee the practical implications of the numerical analysis computations. Currently, the
“trial-and-error” method is prevalently implemented in the micro-parameter calibration
of discrete element simulation specimens, and it has exhibited good outcomes [63–65].
The micro-parameters of the specimens calibrating results are shown in Table 9. A com-
parison of the specimens’ uniaxial compression and Brazilian splitting test results with
the simulation findings presented in Figure 15 reveals that the stress–strain simulation
curves highly agreed with the laboratory test curves. Particularly, the numerical simulation
and laboratory test values of some key macroscopic mechanical parameters, including the
specimens’ uniaxial compressive strength, splitting tensile strength, and elastic modulus,
were approximately equal, indicating that the calibrated micro-parameters were reasonable.

Table 9. Micro-parameters of numerical model.

Microparameters F-F S-S C-C F-S F-C C-S

Tensile strength (MPa) 32.76 32.76 18.72 32.76 18.72 18.72
Cohesion strength (MPa) 48 48 28.8 48 28.8 28.8

Bonding activation gap (mm) 0.01 0.01 0.01 0.01 0.01 0.01
Elastic modulus (GPa) 8.5 8.5 21.25 8.5 14.45 14.45

Stiffness ratio 1.3 1.3 1.3 1.3 1.3 1.3
Friction angle (◦) 13 13 13 13 13 13
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Figure 15. Comparison of numerical results based on PFC and experimental results in uniaxial
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4.3. Simulated Results and Discussion

In the model, two scale failure modes were simulated. First, a micro-scale crack
was generated when a contact fracture occurred between two adjacent basic elements.
According to fracture mechanics, the generated micro-scale cracks were divided into tensile
cracks (TC) and shear cracks (SC). All symbolic representations of crack types and their
percentage are listed in Table 10. With the increasing number of cracks, macro-scale
fractures formed.

Table 10. All symbolic representation of crack types and their percentage.

Crack Types Symbol Proportion Symbol

Tensile crack (Tc)

Cement mortar–Silica fume Tfs PTfs
Cement mortar–Cement mortar Tff PTff

Cement mortar–Coral debris Tfc PTfc
Silica fume–Silica fume Tss PTss

Coral debris–Silica fume Tcs PTcs
Coral debris–Coral debris Tcc PTcc

Shear crack (Sc)

Cement mortar–Silica fume Sfs PSfs
Cement mortar–Cement mortar Sff PSff

Cement mortar–Coral debris Sfc PSfc
Silica fume–Silica fume Sss PSss

Coral debris–Silica fume Scs PScs
Coral debris–Coral debris Scc PScc

To facilitate subsequent analysis, we selected five representative moments throughout
the loading process: 0.25Pmax, 0.5Pmax, 0.75Pmax, Pmax, and failure moment, where Pmax
is the peak load. According to the analysis of Figures 16 and 17, the loading process of
uniaxial compression and Brazilian splitting can be divided into the following stages:
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Uniaxial compression:

(1) Stage A: With the load increasing from 0 to 0.25Pmax, exceeding the contact parameter,
cracks and fragments emerge. During this stage, the integrity of the numerical
specimen is comparatively superior;

(2) Stage B: In this stage, axial load increases from 0.25Pmax to 0.5Pmax, and a small
number of cracks and damage are observed within the numerical specimen, along
with the sporadic appearance of fragments. However, the number of cracks and
fragments retains a low level;

(3) Stage C: As the axial load increased from 0.5Pmax to 0.75Pmax, the number of cracks
inside the specimen further increased, the cracks in the numerical specimen began to
hook up with each other and penetrate through, and the damage inside the model
further accumulates;
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(4) Stage D: With the axial load increased from 0.75Pmax to Pmax, the number of cracks
increased rapidly, and the large fragment field started to appear along the direction of
the main crack extension, as shown by the red box in Figure 16b;

(5) Failure: The specimen transitioned into the macroscopic rupture phase, characterized
by a steep increase in cracks and fragments. A large fragment field marked by red
boxes occurred in the area of crack penetration;

Brazilian splitting:

(1) Stage A: With the load increasing from 0 to 0.25Pmax, the specimen began to be
subjected to an external load. Stress concentration and fragment field began to form
around the upper and lower loading points. Due to the low-stress concentration, only
a small number of cracks and fragments occur;

(2) Stage B: The stress concentration around the loading points gradually increased with
the load increasing from 0.25Pmax to 0.5Pmax, resulting in the initiation of fresh cracks
and the propagation of original cracks. Then, with the slow growth of the number
of cracks and fragments, the high-stress concentration region inside the specimen
gradually propagated from the loading points to the center;

(3) Stage C: As the load increased from 0.5Pmax to 0.75Pmax, the crack propagation path
and fragment field began propagating to the center of the specimens, forming the
main crack path and fragment field.

(4) Stage D: When the load increases from 0.75Pmax to Pmax, the load on the specimens
reaches the maximum value. The relatively large number of cracks leads to significant
particle displacement around the loading points, and the main crack gradually propa-
gates to the specimen’s center. The specimen was on the threshold entry to the splitting
failure stage, and the number of cracks and fragments increased relatively rapidly.

(5) Failure: Before the specimen was destroyed, the crack propagation rate and the
number of cracks increased rapidly. At the moment of failure, the specimen was
divided into two large fragments by the main crack propagating along the connection
line between the upper and lower loading points.

A multi-level characterization of cracks was developed in a static mechanical simu-
lation based on PFC. Quantitative analysis was conducted on the cracks observed in the
broken numerical specimen. Figure 18 provided an example of uniaxial compression where
crack formations within a numerical model were divided into two levels. Figure 18a shows
all cracks within the numerical specimen. Figure 18b further divided the cracks into tensile
and shear, labeled as first-level cracks. Then, Figure 18c presented a further division of
cracks into tensile/shear between various minerals and tensile/shear occurring within the
same minerals, labeled as second-level cracks.

The quantities of various cracks presented in both uniaxial compression and Brazilian
splitting were counted, as detailed in Figure 19. During the first-level cracks, the pro-
portions of tensile/shear cracks to the total number of cracks in uniaxial compression
and Brazilian splitting were 64.7%/35.3% and 76.7%/23.3%, which suggests that tensile
failure was the main failure mechanism in uniaxial compression and Brazilian splitting. In
second-level cracks of cylindrical specimens, the sum of PTfs, PTff, PTfc, PTcs, PSfs, PSff, PSfc,
and PScs is 80.9%. Identically, the sum in the disc specimen is 87.1%. That is because the
CASS primarily experiences failure within the cement mortar and bonding surface between
the cement mortar and aggregate (coral debris). Of particular note, in cylindrical specimens,
the respective values of PTcc and PScc are 9.5% and 7.5%. The values of PTcc and PScc in
the disc are 7% and 2.2%, which are not low. This can be attributed to the relatively weak
physical and mechanical properties of coral debris in relation to other aggregates, which
leads to a certain number of tensile and shear fractures of the coral debris upon the failure
of concrete specimens. However, silica fume distributed between large-sized particles is
a filling material with a relatively small particle size to improve the compactness of the
specimen, which leads to little contact within silica fume and is also the reason why the
number of tensile and shear cracks within silica fume is the least.
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and Brazilian splitting after sample failure.
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Figure 20 shows the optical microscopic observations of the microstructure in a real
CASS specimen after loading. As can be seen, along the macro fracture path, the number
of cracks within the cement mortar and bonding surface between the cement mortar and
aggregate (identified by a blue dotted line) is much larger than that of cracks within other
mineral components (identified by red dotted line), which is consistent with the numerical
results. This agreement verifies the reliability of the model.
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5. Conclusions

This study investigated the static mechanical properties of CASS. The orthogonal
experiments, which consisted of four-factor and three-level, were employed to explore
the optimal mix proportion of CASS. On a macro-scale, uniaxial compression with the AE
technique and splitting tests with the DIC technique were conducted on CASS at different
curing ages using an electro-hydraulic servo-controlled test machine. The OASS was
introduced to validate the effectiveness of the mix proportions for CASS by conducting
macro-mechanical tests on two types of samples with identical mix proportions but differing
in aggregate types. Meanwhile, on a micro-scale, the microcracks of numerical specimens
were multi-level divided, and the behavior of microcracks was quantitatively analyzed.
The following main conclusions can be drawn:

(1) The optimal mix proportion of CASS consists of 700 kg/m3 of cementitious materials
content, a water–binder ratio of 0.45, a sand ratio of 60%, and a dosage of 8% for the
accelerator amount.

(2) Tensile failure is the primary failure mechanism of uniaxial compression and Brazilian
splitting. Among them, the main failure form of the Brazilian split is the two ends
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crack initiation and spread to the central. Meanwhile, the specimens of CASS exhibit
an increased brittleness with longer curing age.

(3) Compared to OASS, the CASS with an optimal mix proportion has approximately
equal early strength but low later strength. The early strength of CASS increases
rapidly, but the later strength increases slowly. However, the strength of OASS
increases evenly. The filling and water bag effect on coral pores makes a high early
strength of specimens, but the unfilled pores in the specimens are also the reason for
the low later strength.

(4) A novel numerical three-dimensional model based on PFC was proposed to simulate
the static mechanical properties of CASS. The multi-level division and quantitative
description of cracks are realized. The failure in CASS under uniaxial compression
and Brazilian splitting tests is primarily experienced within the cement mortar and
bonding surface between the cement mortar and aggregate (coral debris).

In conclusion, the study of coral aggregate seawater shotcrete (CASS) has revealed
promising properties for its application in construction. The material’s early strength devel-
opment and its environmental benefits, stemming from the use of coral as an aggregate,
make it a sustainable option for construction in coastal and marine environments. However,
consideration must be given to its performance at later stages of curing, which, while
showing a slower increase in strength, still meets the requirements for many construction
applications. Combined with understanding its static mechanical properties and failure
mechanisms, the optimal mix proportion determined in this study provides a foundation
for the potential use of CASS in structural support and other construction elements. Future
research should focus on long-term performance and durability testing to fully assess its
viability in construction practices.
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Abstract: Geopolymers are binder materials that are produced by a chemical reaction between
silica or aluminum compounds with an alkaline activating solution. Foamed geopolymer materials
are increasingly being cited as a viable alternative to popular organic insulation materials. Since
the foaming process of geopolymers is difficult to control, and any achievements in improving
the performance of such materials are extremely beneficial, this paper presents the effect of the
addition of basalt powder on the properties of foamed geopolymers. This paper presents the
results of physicochemical studies of fly ash and basalt, as well as mechanical properties, thermal
properties, and structure analysis of the finished foams. The scope of the tests included density tests,
compressive strength tests, tests of the thermal conductivity coefficient using a plating apparatus,
as well as microstructure tests through observations using light and scanning microscopy. Ground
basalt was introduced in amounts ranging from 0 to 20% by mass. It was observed that the addition
of basalt powder contributes to a reduction in and spheroidization of pores, which directly affect
the density and pore morphology of the materials tested. The highest density of 357.3 kg/m3 was
characterized by samples with a 5 wt.% basalt powder addition. Their density was 14% higher than
the reference sample without basalt powder addition. Samples with 20 wt.% basalt addition had the
lowest density, and the density averaged 307.4 kg/m3. Additionally, for the sample containing 5 wt.%
basalt powder, the compressive strength exceeded 1.4 MPa, and the thermal conductivity coefficient
was 0.1108 W/m × K. The effect of basalt powder in geopolymer foams can vary depending on many
factors, such as its chemical composition, grain size, content, and physical properties. The addition of
basalt above 10% causes a decrease in the significant properties of the geopolymer.

Keywords: alkali-activated materials; foamed geopolymers; basalt powder; waste materials;
insulating materials

1. Introduction

Geopolymers are materials of increasing interest to the scientific community and the
construction industry. They have been studied for several decades [1–3]; however, many
aspects related to improving their properties remain undiscovered. Geopolymer materials
are a very interesting and attractive material; however, comparing their potential 20 years
ago, it must be stated that the situation regarding the feasibility of their implementation has
changed significantly. More and more often, scientists present critical comments regarding
geopolymerization technology. This is related to certain limitations such as difficulties
in eliminating efflorescence and the fact that this technology is very sensitive to changes
in raw material prices, and in recent years, up to 300% increases in the price of sodium
hydroxide have been observed. Most research, publications, and first implementations
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have been carried out for geopolymers produced based on fly ash and slag. It should be
borne in mind that these raw materials are no longer as available as they were in the 1980s,
1990s, and at the beginning of the 21st century. Many steel mills are closed in Europe and
production has been moved to Asia. The situation is similar for coal combustion and fly
ash. The current policy of many countries is to abandon coal burning, which results in
smaller amounts of available fly ash.

Therefore, advanced research and the search for alternative sources of waste raw
materials are of great importance for the further development of geopolymers.

Geopolymer foams are a special type of porous material that is produced by a chemical
reaction between silica or aluminum materials and an alkaline activating solution [1]. This
process leads to the formation of a three-dimensional polymer network, which provides
the structure of the material [4]. Geopolymer foams are used in a variety of construction ap-
plications, including as insulation materials, structural materials, and civil engineering [5].
Geopolymer foams are typically lightweight, which makes them attractive for lightweight
applications such as thermal insulation and lightweight structural components. Despite
their low density, geopolymer foams have good mechanical strength. Thanks to their
porous structure, geopolymer foams have good insulating capacity. They are often resistant
to many chemicals [6–11]. Due to their chemical composition and structure, geopolymer
foams can exhibit good heat resistance. Many geopolymer foams are made from natural
raw materials, making them more environmentally friendly than some traditional building
materials [6].

Despite the continuous development of these materials and the numerous scientific
studies conducted in the area of the effect of ceramic additives on their properties, there is
still much to be discovered to make their implementation more feasible. Continuous efforts
should be made to develop compositions with the least possible environmental impact
and ease of large-scale application. It is known that the most commonly described raw
materials thus far, such as fly ash and blast furnace slag in many countries, are already
scarcely available, and other alternative waste resources should be sought. All over the
world, due to environmental policies, coal combustion is being abandoned, and heavy
industry generates slags, which are largely used in cement plants. However, it should be
remembered that the mining industry still generates quite a lot of waste raw materials from
the extraction and processing of rocks. One such example is basalt powder [12–14].

Basalt powder is a natural product extracted from basalt volcanic rocks. It has many
properties that make it a popular additive in many fields, such as agriculture, horticulture,
construction, and industry. The chemical composition of basalt powder is as follows:
(SiO2) 46.6%, aluminum oxide (Al2O3) 14.3%, iron oxide (Fe2O3) 11.4%, calcium oxide
(CaO) 9.21%, magnesium oxide (MgO) 7.90%, sodium oxide (Na2O) 3.10%, and titanium
oxide (TiO2) 1.95%. In addition, potassium oxide (K2O) 0.823%, phosphorus oxide (P2O5)
0.48%, and manganese oxide (Mn2O3) 0.266% are present in amounts of less than one
percent [15,16].

The powder in its composition also contains micronutrients, including iron, mag-
nesium, manganese, zinc, boron, and silicon. Due to its calcium carbonate content, it is
widely used in horticulture. Nevertheless, the main reason for its use is to balance the pH
of soils. Another feature of this natural product is water absorption. This factor can be
considered negatively or positively depending on the use of basalt powder. In agriculture
and horticulture in the broadest sense, this ability is considered as a favorable aspect for
growing plants and vegetables, since it facilitates the plants’ access to water. When used as
a material for concrete or geopolymers, this property can be problematic due to the risk of
having to use larger amounts of liquid activating solutions [17–19].

Due to its chemical properties, it is increasingly noted that basalt powder can be used
to produce geopolymers or also to form an alkaline solution, the so-called alkaline activator,
due to the presence of calcium carbonate, which acts as a catalyst during the geopolymer
formation process. However, focusing attention on its use in geopolymer formation and
its effect on strength, as well as mechanical properties, it is important to note its porous
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structure. The porosity of the structure affects absorptivity and permeability, as well as
mechanical strength. The use of basalt powder is also ecologically advantageous because,
as a natural product, it is not harmful to the environment [20,21].

The potential applications of foamed geopolymers based on fly ash and basalt powder
are wide and cover many areas of construction. Therefore, they are one of the more
interesting materials to look at in the context of modern and sustainable construction [22,23].

Despite the interesting properties of basalt and the existence of a large amount of
waste basalt material, no attempt has been made thus far to use it as a powdered material
to improve the performance of geopolymers. Basalt fibers are of greatest interest as a
reinforcing material for various types of composites. The Scopus database registers as many
as 237 articles from 2004 to 2024 on the introduction of basalt fibers into the geopolymer
matrix, while only 28 articles deal with the introduction of basalt in powdered form.
Figures 1 and 2 below show an analysis of publications on this topic (according to the
Scopus database). The number of articles regarding 2024 is incomplete because only
2 months of this year were covered by the analysis. Examples of the use of basalt fibers
in geopolymer composites as reinforcement are widely reported in the literature [24–27].
However, due to its chemical composition, basalt in powdered form can also be used as an
additive to improve the performance of foamed geopolymers.
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As analysis in the SCOPUS database showed, the addition of powdered basalt or
basalt fibers to foamed geopolymers was described in only four articles (search criteria
words: basalt AND powder AND geopolymer AND foam) [28–31], of which only one was
about shredded material introduced as an additive to foamed geopolymers. A careful
analysis using various keywords found a few more scientific papers, such as [32,33]. The
addition of basalt powder to geopolymers or cement mortars was also presented in articles
by other authors [34–37]. The authors of these works confirmed the validity of using basalt
powder for the production of cement mortars or geopolymers [38,39]. It has also been
confirmed experimentally that basalt powder has a positive effect on the consistency of
fresh cement composites and the strength of the cured composite [40]. As for geopolymers,
it has been possible to successfully synthesize geopolymers from basalt by activation with
sodium hydroxide solutions [35]. In that study, XRD analysis of various minerals found
in basalt showed that basalt moderately reacted and dissolved with sodium hydroxide.
Consequently, particles of the residue were placed as fillers in geopolymer matrices. The
geopolymerization reactions occurred on the basalt surface, and the unreacted basalt
particles play a supporting role in the geopolymer properties.

Since the number of scientific articles related to the introduction of powdered basalt
into foamed geopolymers is small, and there is an identified knowledge gap in this area,
it was decided to conduct a study involving the introduction of basalt powder additives
into geopolymer paste in amounts ranging from 0 to 20% by mass, and then subject such
compositions to foaming. This article presents the results of this research. The purpose of
the study was to demonstrate the effect that different additions of basalt powder have on the
properties of foamed fly ash-based geopolymers. The innovation of the research is mainly
the introduction of a basalt additive into the composition of foamed geopolymers and the
determination of the effect of this additive on density, thermal conductivity, compressive
and tensile strength, and microstructure. As the analysis of the literature shows, the
described research is innovative and very relevant to the possibility of implementing such
materials. Analysis of the literature showed that the topic of basalt addition to geopolymer
composites became particularly attractive from 2019 to 2020, and since then there has been
a significant increase in the number of scientific reports in this area.

The novelty and innovation of the research presented in this article lie in the introduc-
tion of powdered basalt into foamed geopolymers simultaneously with stabilizers of the
structure of foamed geopolymers. Since there is currently no knowledge on the impact of
basalt addition on foamed geopolymers, this article should be treated as an impulse for
further, more detailed research. As the results below show, the addition of basalt has a
positive effect on the properties of geopolymers only up to a certain amount of addition,
beyond which the properties of the geopolymer mixture decrease. Therefore, further re-
search is necessary and the presented research results are new knowledge contributing to
the development of geopolymer materials, and thus far this aspect has not been solved and
presented in the scientific literature.

2. Materials and Methods

Fly ash from the Skawina Combined Heat and Power Plant (Skawina, Poland) was
used to produce geopolymer foams. The basalt powder used in the study came from NB
Minerals (Tychy, Poland). Oxide chemical composition analysis was performed for the
base materials, namely, fly ash and basalt powder. XRF oxide analysis was performed on a
SCHIMADZU EDX-7200 (SHIMADZU Europa GmbH, Duisburg, Germany). The test was
carried out in an air atmosphere with holders designed for bulk materials and Mylar film,
and the results are shown in Table 1.
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Table 1. XRF oxide analysis of fly ash (main ingredients only).

Precursor
Oxide Composition (wt.%)

SiO2 TiO2 Fe2O3 Al2O3 CaO MgO K2O

Fly ash 56.64 ± 0.32 0.87 ± 0.01 4.99 ± 0.01 30.57 ± 0.41 2.79 ± 0.02 0.1 ± 0.01 2.74 ± 0.01
Basalt 46.92 ± 0.10 2.66 ± 0.03 17.48 ± 0.01 13.01 ± 0.08 10.55 ± 0.01 5.95 ± 0.11 1.20 ± 0.01

Both fly ash and basalt powder were applied to the mixture in powder form (these
materials were not mechanically processed, but were applied as supplied). Figures 3 and 4
show a sample of fly ash and basalt powder. Photographs of particle morphology and
others shown later related to the morphology of the finished composites were taken using
a JEOL IT200 scanning electron microscope (JEOL, Akishima, Tokyo, Japan). Macroscopic
images, on the other hand, were taken on a Keyence VHX-7000 digital optical microscope
(KEYENCE INTERNATIONAL, Mechelen, Belgium).
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Figures 5 and 6 below show the particle size distribution of fly ash and basalt powder,
respectively. These materials were not subjected to additional mechanical treatment before.
A similar grain size distribution can be seen for both materials. The fly ash had a slightly
higher degree of fineness. Measurement of the particle size distribution was carried out
using a laser particle size analyzer from Anton Paar GmbH model PSA 1190 (Anton Paar
GmbH, Graz, Austria) using Kalliope Professional software (version 2.22.1).
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Figure 5. Particle size distribution of fly ash used in the study.
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Figure 6. Particle size distribution of basalt powder used in the study.

Table 2 below shows the grain size parameters of the raw materials used in the study.
The values of D10 for both materials were on a similar level. However, the values of D50
and D90 were already about twice as small for fly ash compared to basalt powder.

Table 2. Parameters of grain size of raw materials used for testing.

D10 [µm] D50 [µm] D90 [µm] Average
Value [µm]

Fly ash Average value 2.09 11.00 25.42 13.26
Standard deviation 0.08 0.21 0.76 0.30

Basalt
powder

Average value 2.62 20.48 55.71 26.72
Standard deviation 0.01 0.14 0.30 0.15

To determine the phase composition of the fly ash and basalt powder samples used
for analysis, the X-ray analysis technique (XRD) was applied. An X-ray diffractometer
(PANalytical Aeris, producer; Malvern PANalytical (Lelyweg 1, Almelo, The Netherlands))
was used to carry out the study. Rietveld phase analysis was performed using the PDF-4+
database provided by the International Center for Diffraction Data (ICDD).
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Figures 7 and 8 below show the phase composition of the raw materials used in the
study. Based on the XRD phase analysis of the fly ash, it was determined that the fly
ash used to produce the geopolymer composites studied in this paper consisted mainly
of mullite (47.1 wt.%) and quartz (46.2 wt.%), with minor contributions from hematite
(1.9 wt.%) and orthoclase (4.8 wt.%). In the case of basalt powder, XRD analysis conducted
showed that the main phases of which it was composed were mainly anorthite (83.4 wt.%),
as well as diopsite (10.6 wt.%), albite (4.8 wt.%), and quartz (1.2 wt.%). Both oxide com-
position and phase composition studies confirmed that fly ash and basalt powder have a
suitable chemical composition and can be used as geopolymerization precursors, because
they contain the appropriate amount of both SiO2 and Al2O3 and the molar ratios of these
compounds are consistent with the literature [1,3,35,36]. Their degree of fineness is also
suitable for carrying out alkaline activation processes.
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Figure 7. Diffractogram of the fly ash used in the study.

For the recorded diffractograms, calculations were made of the amount of the amor-
phous phase in the form of amorphous silica. Calculations were performed in the MAUD
program (Version 2.998; Made on a Mac). For the fly ash sample, the amount of amorphous
silica was 29.81%, while the basalt sample contained 67.32% of amorphous silica.

Five variants of samples of geopolymer compositions with additives of fly ash and
basalt powder were prepared for further studies, the proportions of which, along with the
designations, are shown in Table 3. Basalt powder was added, increasing its amount by 5%
by mass to approximately determine its optimal proportion. The basalt powder was dosed
by precise mass measurement and introduced into the fly ash for uniform mixing.
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Table 3. Variants of geopolymer compositions prepared for testing.

Sample ID Mass Share [%]

Fly Ash Basalt Powder

100FA_0BF 100 0
95FA_5BF 95 5
90FA_10BF 90 10
85FA_15BF 85 15
80FA_20BF 80 20

Foam stabilizers in the form of putty gypsum (Dolina Nidy, Pińczów, Poland) and
cellulose–hydroxyethyl cellulose (Glentham Life Sciences, Corsham UK) were used to
prepare compositions with fly ash and basalt powder. Stabilizing additives ensure that the
porous structure remains for a longer time immediately after foaming and the hardening
process is faster. A 10 M solution of sodium hydroxide (NaOH) and an aqueous solution
of sodium silicate R-145 (water glass) (molar modulus 2.5; density about 1.45 g/cm3), in a
volume ratio of 1:2.5, were used as the activating solution. Hydrogen peroxide 36% was
used as the foaming agent. The amounts of added ingredients are shown in Table 4 below.

Table 4. Additional components of geopolymer mixtures used in each composition variant.

Components of the Geopolymer Mix Amount per 1000 g of Fly Ash

Gypsum 100 g
Cellulose 5 g
Alkaline solution 440 mL
Hydrogen peroxide 30 mL
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The manufacture of geopolymers consisted of mixing the solid components and
introducing the appropriate amount of additives, followed by dosing the alkali solution.
After a dense plastic consistency was obtained (after about 15 min of mixing in a high-speed
mixer), the foaming agent, which was hydrogen peroxide with a concentration of 36%,
was dosed. Immediately after the addition of the foaming agent, the geopolymer mass
was transferred to molds, sealed against moisture loss, and placed in a laboratory dryer.
The curing process of the geopolymer composites was carried out at 75 ◦C for 24 h in
an SLW 750 STD laboratory dryer (POL-EKO-APARATURA, Wodzisław Śląski, Pol-ska).
After 24 h of annealing, the samples were taken out and unmolded. In each case, enough
samples were produced to allow for at least five replicates. The samples were then properly
prepared for further testing.

Thermal conductivity tests were carried out using the HFM 446 Lambda Series from
NETZSCH (Netzsch GmbH & Co., Selb, Germany). The measurements were carried out
in a temperature range of 0–20 ◦C. Panels with dimensions of 20 × 20 × 3 or 4 cm were
prepared for the tests. An example of the appearance of the test specimen and how it was
formed are shown in Figure 9 below.
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Figure 9. Example of manufactured geopolymer with basalt powder—sample for testing of thermal
conductivity coefficient (80FA_20BF) (a); sample manufacturing method—formed samples in a
chamber (b) (samples with dimensions of 20 × 20 × 3 cm).

Compressive strength tests were carried out on a Matest 3000 kN concrete compression
press (Matest, Treviolo, Italy) equipped with compression strength measuring heads and an
additional force sensor up to 300 kN. The measurement was made at a speed of 0.05 MPa/s.
The tests were carried out in accordance with PN-EN 12390-3:2019-07 [41]. Bending strength
tests were carried out on rectangular specimens measuring 4 cm × 4 cm × 18 cm using a
three-point bending test device, an Autograph AGS-X universal testing machine (Shimadzu,
Kyoto, Japan), with a measuring range of up to 10 kN. The test speed was 5 mm/min, and
the support spacing was 150 mm. The tests were conducted in accordance with PN-EN
12390-5:2019-08 [42].

3. Results

The density was read from a heat conduction coefficient tester. The density was
determined automatically using a geometric method by measuring mass and volume.
Figure 10 below presents the results of testing the density of the produced lightweight
fly ash-based geopolymer structures with different proportions of basalt powder. The
highest density of 357.3 kg/m3 was characterized by samples with a 5 wt.% basalt powder
addition. Their density was 14% higher than the reference sample without basalt powder
addition. Samples with 20 wt.% basalt addition had the lowest density, and the density
averaged 307.4 kg/m3. No linear dependence of the density of the produced samples on
the amount of introduced basalt was observed. This is most likely because the addition
of basalt powder did not directly affect the density of the composition due to the similar
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density of the raw material itself to fly ash, but the addition did affect the consistency of
the geopolymer mass and its ability to form a porous structure, as well as its stability.
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Figure 10. Results of a density study of foamed geopolymers made from fly ash with different
proportions of basalt powder.

Figure 11 below shows the results of heat transfer coefficient measurements for the
geopolymer foams produced. Very similar results were observed, as the obtained values
did not differ significantly from each other regardless of the amount of basalt introduced.
The highest values of the thermal conductivity coefficient were characterized by samples
with 5 wt.% and 15 wt.% basalt additions, and these values were 0.11082 W/m × K and
0.11142 W/m × K, respectively. Comparing these values with the density test results
shown in Figure 10, the dependence of the thermal conductivity coefficient on the density
of the material is apparent, a dependence that is quite obvious and has been proven
in many previous studies by other authors [7–11]. The sample with the lowest value
of the thermal conductivity coefficient had 20 wt.% basalt mica addition and this value
was 0.09254 W/m × K. The obtained results of 0.100 W/m × K are not competitive with
commonly used insulation materials for construction, such as polystyrene and polyurethane
foams or various types of wool, but it should be kept in mind that geopolymers are non-
flammable materials capable of carrying loads even up to temperatures exceeding 1000 ◦C.
They also have many other advantages. The literature reports that by properly controlling
the foaming process of geopolymers, it is possible to obtain about twice as good results
in terms of insulating properties. However, the purpose of the conducted research was
not to obtain the best possible insulating parameters but to determine the suitability of
the addition of basalt powder and its effect on the properties of foamed geopolymers.
Obtaining very lightweight foamed structures with good insulating parameters involves
a certain compromise related to their mechanical properties. Foamed geopolymers do
not have to find application only in thermal insulation in construction, but can be used
industrially to insulate various types of high-temperature installations. The experience of
the authors of this article shows that, compared to other insulation materials commonly
used, geopolymers do not lose their insulating properties as the temperature increases.
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Figure 11. Thermal conductivity values for foamed geopolymers with different basalt powder content.

Figure 12 below shows the results of the compressive strength tests of manufactured
geopolymer foams with basalt powder added.
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Figure 12. Compressive strength of geopolymer samples with different contents of basalt powder.

As can be seen from the graph shown in Figure 12, which compares the compressive
strength results for geopolymers with different contents of basalt mica, the material with
5 wt.% basalt addition—sample 95FA_5B—had the highest strength. The strength of this
material was higher than that of the reference material by about 63%. In addition, only
for this sample, the compressive strength exceeded 1 MPa, which means that it met the
requirements of the JC/T2200-2013 [43] standard defining acceptable compressive strengths
of foam insulation panels made of ordinary Portland cement [5]. The sample with a 20 wt.%
addition of basalt powder had the lowest strength. Its compressive strength was lower
than that of the reference sample by about 8%. A linear decrease in compressive strength
with an increase in the proportion of basalt powder is evident.

Comparing the flexural strength results shown in Figure 13, significant discrepancies
in the flexural strength values for the test specimens were also apparent here. The highest
flexural strength value was characterized by the sample with 5 wt.% basalt addition. Its
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flexural strength was 0.67 MPa. Table 5 shows all the average numerical values for the
results obtained in the flexural and compressive strength tests.
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Figure 13. Flexural strength of geopolymer specimens with different contents of basalt powder.

Table 5. Flexural and compressive strength values for foamed geopolymers with basalt powder.

100FA_0BF 95FA_5BF 90FA_10BF 85FA_15BF 80FA_20BF

Compressive
strength
[MPa]

0.89 1.45 0.91 0.84 0.71

Flexural strength
[MPa] 0.56 0.67 0.45 0.40 0.34

A comparison of the test results presented in Figures 12 and 13 confirms that the best
strength properties were obtained with the addition of 5% basalt. The addition of 5% basalt
powder increased both the bending strength and compressive strength. Increasing the
addition of basalt powder resulted in a decrease in compressive and bending strength,
which was particularly visible in samples with 15% and 20% of basalt powder added.

Below, Figures 14–18 present microstructural images taken with a scanning electron
microscope and an optical microscope. All variants of the produced samples are shown in
the figures. The images show a variety of pores of different shapes and sizes. In Figure 14,
the largest pore size is characterized by the sample of the reference material (without basalt
addition). The visualization of the porosity of the other samples is similar. The photographs
also show different wall thicknesses forming the porous geopolymer structure. It can be
unequivocally stated that the addition of basalt powder caused a decrease in the pore size
of the geopolymer. As the amount of basalt powder addition increased, the number of
smaller pores increased, and the number of large pores decreased. This is related to the
change in the consistency of the geopolymer mixture due to the addition of basalt and the
change in surface tension. This causes a greater number of small pores to be produced and
large pores to be annihilated due to the release of the gases that constitute them.
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Figure 14. Images of the microstructure of foamed geopolymer 100FA_0BF: (a,b) macrophotographs
taken with an optical microscope; (c,d) microphotographs taken with a scanning electron microscope.
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Figure 15. Images of the microstructure of foamed geopolymer 95FA_5BF: (a,b) macrophotographs 
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Figure 15. Images of the microstructure of foamed geopolymer 95FA_5BF: (a,b) macrophotographs
taken with an optical microscope; (c,d) microphotographs taken with a scanning electron microscope.
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Figure 16. Images of the microstructure of foamed geopolymer 90FA_10BF: (a,b) macrophotographs
taken with an optical microscope; (c,d) microphotographs taken with a scanning electron microscope.
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Figure 17. Images of the microstructure of foamed geopolymer 85FA_15BF: (a,b) macrophotographs 
taken with an optical microscope; (c,d) microphotographs taken with a scanning electron 
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Figure 17. Images of the microstructure of foamed geopolymer 85FA_15BF: (a,b) macrophotographs
taken with an optical microscope; (c,d) microphotographs taken with a scanning electron microscope.
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Figure 18. Images of the microstructure of foamed geopolymer 80FA_20BF: (a,b) macrophotographs 
taken with an optical microscope; (c,d) microphotographs taken with a scanning electron 
microscope. 
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image analysis software “ImageJ” (https://imagej.net/ij/). The photos were properly 
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area. Samples made from mixtures with the addition of basalt flour were characterized by 
a much higher share of small pores and a less frequent occurrence of large pores, 
compared to the reference sample made from fly ash. The addition of basalt flour had a 
positive effect on reducing the average pore surface size compared to the reference sample 
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Figure 18. Images of the microstructure of foamed geopolymer 80FA_20BF: (a,b) macrophotographs
taken with an optical microscope; (c,d) microphotographs taken with a scanning electron microscope.

Figure 19 below shows the results of the analysis of pore sizes in the tested samples.
For the photos presented in Figures 14, 15, 16, 17 and 18a, analyses were carried out using
the image analysis software “ImageJ” (https://imagej.net/ij/). The photos were properly
cropped (to remove unnecessary background) and saved in shades of gray, which was
necessary for analysis. Porosity was identified in the photos prepared in this way and,
after appropriate graphic processing, the program calculated the average pore surface area.
Samples made from mixtures with the addition of basalt flour were characterized by a
much higher share of small pores and a less frequent occurrence of large pores, compared
to the reference sample made from fly ash. The addition of basalt flour had a positive effect
on reducing the average pore surface size compared to the reference sample 100FA_0BF.
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Figure 19. Dependence of the percentage of pores in classes on the pore area for geopolymer samples
foamed with the addition of basalt.

4. Market Analysis and the Appropriateness of Using Basalt as an Addition
to Geopolymers

The results presented in this paper illustrate the effect of basalt powder addition
on the properties of foamed geopolymers. To date, basalt has been used in geopolymer
materials in the form of reinforcing basalt fibers. However, it can also play the role of a
precursor or stabilizing additive in the form of basalt powder with great success. Basalt
processing plants report demand for basalt waste management in the form of powder

139



Materials 2024, 17, 2336

or dust. This issue is particularly relevant nowadays, as many parts of the world are
experiencing problems with the availability of coal combustion fly ash or smelter slag. The
search for other waste sources of raw materials that can be precursors to geopolymers is of
great importance.

Another very important problem that is currently causing difficulties in the imple-
mentation of geopolymer technology is the fact that most scientific studies are concerned
with the use of fly ash and slag, which, as is well known, due to environmental policy and
the shift away from coal-fired power generation, are running out, so their price is rising.
It is now necessary to look anew for alternative waste sources other than by-products of
coal combustion.

It is widely known that geopolymers can also be produced from available and chem-
ically stable raw materials, such as metakaolins. However, it is important to note here
the considerable cost of doing so. If implemented on a mass scale, products made from
metakaolin-based geopolymers will not be price-competitive with traditional materials.
The average cost of metakaolins in recent years has been about 400 USD per ton.

Kaolin prices on world stock exchanges have fluctuated over the last 15 years at the
level of USD 130 to USD 160 [44], while the prices of kaolin after calcination (metakaolin)
range from USD 300 to USD 650 depending on the quality and degree of whiteness (for
example, raw material prices available in China: [45]).

It turns out that in Poland (but also in other European countries), there is a systematic
problem with the availability of ash. While the problem has been dealt with differently thus
far, predictions for the future are not very optimistic. Even if fly ash becomes available, its
price will rise—it is estimated that it will rise by as much as 1000%. Fly ash is an attractive
material for the cement and concrete industries. There is already a shortage of ash, even for
these industries. If there is a need to use them for geopolymers, the situation will become
even worse.

It is therefore necessary to look for other sources of raw materials for the production
of geopolymers or to reduce the amount of fly ash used. The use of basalt is very attractive
from this perspective. It is estimated that the geopolymer market, despite various diffi-
culties, will develop very dynamically. Figure 20 presents forecasts for the geopolymer
market (information provided at https://www.maximizemarketresearch.com/market-
report/global-geopolymer-market/81356/ (accessed on 29 April 2024).
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5. Conclusions

The studies conducted in connection with the introduction of an additive to foamed
geopolymers in the form of basalt powder have led to the following conclusions:

1. As the amount of basalt powder added increases, the porosity structure changes.
More spheroidal pores are formed and more pores of smaller sizes are created. This
relationship was observed as a result of microscopic observations. This is probably
related to the change in the consistency of the geopolymer mixture and its surface
tension, which results in the formation of pores of different sizes more than in the case
of a geopolymer mixture without the addition of basalt.

2. The addition of basalt powder has a positive effect on the stability of foamed structures
and the ability to foam the geopolymer mass. The addition of 5% basalt powder causes
an increase in density by 14%, as well as an increase in compressive strength by 63%
and an increase in bending strength by 20%. The insulating properties due to the
addition of 5% basalt powder decreased only by less than 7%. These dependencies
result from the change in the consistency of the geopolymer mixture with the addition
of basalt. The addition of 5% basalt is the optimal proportion of this addition because
the highest increase in compressive strength was achieved with a slight deterioration
of insulating properties (by 7%) despite an increase in density by 14%.

3. Further research should be carried out to optimize the share of basalt powder and
optimize the molar ratios of activating solutions, taking into account that some of the
basalt is reactive and takes part in the geopolymerization reaction and does not only
act as a filler. The addition of basalt powder to geopolymers can contribute to the
improvement of several parameters, such as: improvement of strength properties and
abrasion resistance; improvement of thermal and insulating properties; increase in
the ability to accumulate energy; porosity reduction; increased corrosion resistance in
aggressive environments; reducing shrinkage and the risk of cracking. The ecological
aspect is also important here because it is possible to use basalt in crushed form as
waste. The effectiveness of the addition of powdered basalt will depend on many
factors, including the origin of this material and its chemical and phase composition.
Undoubtedly, further work should be carried out and the proportions of basalt ad-
dition should be adjusted to specific application requirements. It is also inevitable
to take into account and accept a certain compromise because it is known that the
addition of basalt will not improve all properties.
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Abstract: The aim of this study is to analyze the effect of the addition of TiO2 nanoparticles (NTs)
on the physical and mechanical properties, as well as the microstructural changes, of cementitious
composites containing partially substituted natural aggregates (NAs) with aggregates derived from
the following four recycled materials: glass (RGA), brick (RGB), blast-furnace slag (GBA), and
recycled textolite waste with WEEE (waste from electrical and electronic equipment) as the primary
source (RTA), in line with sustainable construction practices. The research methodology included the
following phases: selection and characterization of raw materials, formulation design, experimental
preparation and testing of specimens using standardized methods specific to cementitious composite
mortars (including determination of apparent density in the hardened state, mechanical strength in
compression, flexure, and abrasion, and water absorption by capillarity), and structural analysis using
specialized techniques (scanning electron microscopy (SEM) images and energy dispersive X-ray
spectroscopy (EDS)). The analysis and interpretation of the results focused primarily on identifying
the effects of NT addition on the composites. Results show a decrease in density resulting from
replacing NAs with recycled aggregates, particularly in the case of RGB and RTA. Conversely, the
introduction of TiO2 nanoparticles resulted in a slight increase in density, ranging from 0.2% for RTA
to 7.4% for samples containing NAs. Additionally, the introduction of TiO2 contributes to improved
compressive strength, especially in samples containing RTA, while flexural strength benefits from a
3–4% TiO2 addition in all composites. The compressive strength ranged from 35.19 to 70.13 N/mm2,
while the flexural strength ranged from 8.4 to 10.47 N/mm2. The abrasion loss varied between
2.4% and 5.71%, and the water absorption coefficient varied between 0.03 and 0.37 kg/m2m0.5, the
variations being influenced by both the nature of the aggregates and the amount of NTs added.
Scanning electron microscopy (SEM) images and energy dispersive X-ray spectroscopy (EDS) analysis
showed that TiO2 nanoparticles are uniformly distributed in the cementitious composites, mainly
forming CSH gel. TiO2 nanoparticles act as nucleating agents during early hydration, as confirmed
by EDS spectra after curing.

Keywords: TiO2 nanoparticles; physical–mechanical characteristics; cementitious composites; recycled
aggregates; eco-friendly improving technologies; natural aggregates

1. Introduction

In today’s context, there is intense concern around the world to develop less polluting
and more sustainable building materials. The reduction in construction and other waste is
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also a major concern, as the annual recycling rate of construction waste is less than 5% [1,2].
Therefore, integrating the recycling or reutilization of such waste materials into cementitious
construction composites presents a viable strategy to reduce raw material usage and mitigate
environmental impact. It is worth noting that these materials encapsulate residual energy
from their production phase, further highlighting their potential for sustainability [1,3–6].
The scientific literature highlights that construction waste consists mainly of concrete, cemen-
titious materials, and ceramic bricks, which account for over 75% of the waste, in addition to
a variety of recycled aggregates that are compatible with the cementitious binder matrix [7,8].
Nevertheless, each type of waste, depending on its nature (cementitious or ceramic) and
composition, as well as its source of origin, is characterized by several properties (fineness,
density, water absorption, mechanical strength, etc.) that will influence the density, water ab-
sorption, compressive strength, flexural strength, abrasion resistance, freeze-thaw resistance,
or other durability properties of the final cementitious composite [8–15].

Recycled ceramic brick aggregates commonly exhibit higher water absorption rates
and lower mechanical strength than natural aggregates, necessitating increased water
content during preparation and potentially resulting in reduced mechanical strength of
the composite [9,14,16,17]. According to Xue et al. [1], the addition of waste ceramic brick
ground to micrometric sizes may initially result in a decrease in the early (7-day) mechanical
strengths of cementitious composites. However, when a maximum of 10% ceramic powder
is added to the composites, the mechanical strengths at 28 days are higher than those of
the control sample (without waste ceramic powder). Yang et al. [9] reported that the use of
construction demolition waste containing 14.5% ceramic bricks resulted in a reduction in
the workability of the fresh composite, with up to a 20% reduction in compressive strength
at 28 days and up to a 34% reduction in tensile splitting strength. Similarly, Cachim [16]
demonstrated in his work that the replacement of natural aggregates with waste ceramic
brick aggregates reduces the workability of the fresh cementitious composite and the
density of the hardened composite but, contrary to most reports, slightly increases the
compressive strength of the hardened composite.

The effects of aggregates sourced from recycled glass on cementitious composites are
diverse and depend on their granular classification. Thus, the physical–mechanical perfor-
mance of the composite can be improved by using finer glass powder due to its inherent
pozzolanic properties [18]. However, if the waste glass has a larger grain size, it may lead to
the development of alkali–silica reactions. This, in turn, can reduce the physical and mechani-
cal performance of the composite [19,20]. Ling and Poon [19] have shown that it is possible
to replace even 100% natural aggregates with recycled glass aggregates to produce mortars,
provided that the optimum particle size distribution of the recycled aggregates is maintained,
with wear resistance being the most obvious improved parameter. According to Ozkan and
Yuksel’s study [21], replacing cement with “glass powder” can have apparently contradictory
effects: compressive strength increases at low ages for a maximum of 10% replacement but
decreases at high ages or for amounts of cement replaced with glass powder greater than 10%.

Incorporating industrial by-products like slag or fly ash in cement formulations fre-
quently leads to a potential decline in early-age mechanical strengths but enhances physical–
mechanical performance in later stages, possibly reducing density while enhancing dura-
bility [22]. Nevertheless, there is also evidence to suggest that replacing 90% of the sand
with slag can result in an increase in capillary water absorption of over 30%, which may
have a negative indirect effect on the durability of the composite [23].

Although legislation at the European level has promoted the recycling of waste from
electrical and electronic equipment since 2003 [24], there has been limited research to date
on the feasibility of incorporating them into cementitious composites. This is mainly due to
the significant reduction in physical–mechanical strength caused by these wastes when used
as aggregate, which restricts their use to a maximum of 10% as a sand substitute [25–28].
Some research [25–31] demonstrated that the replacement of sand with recycled printed
circuit board (PCB) waste reduced the compressive strength of the cementitious composite
by 38.7% to 95.99% (depending on the substituted NA quantity).
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In another area of research, but with a complementary aim of improving the per-
formance of cementitious composites, there are numerous reports in the literature indi-
cating the benefits of using TiO2 nanoparticles (NTs) as an admixture material. Thus,
TiO2 nanoparticles are used to improve some of the physical–mechanical properties of
cementitious composites [32]. Additionally, they enable the development of new features
such as self-cleaning and hydrophilicity [33–37], increase durability by reducing water
absorption, chloride permeability, and CO2 permeability, increase resistance to freeze–thaw
cycles and sulphate attacks, and reduce the capacity of NOx pollutant compounds [38–45].
Nevertheless, the utilization of TiO2 nanoparticles introduces the challenge of altering
the rheological properties of the fresh composite owing to their notably extensive specific
surface area [35]. Thus, it has been indicated by some authors that the incorporation
of 1 wt.% nano-TiO2 increased the yield stress and viscosity of pastes by 148% and 24%,
respectively [36–41]. Studies indicate that the reinforced composite’s performance is im-
proved by expediting cement hydration processes. This is achieved by TiO2 nanoparticles
acting as nucleating agents primarily in the initial stages of hydration and facilitating the
formation of crystalline compounds, notably calcium silicate hydrate (CSH) and ettringite.
As a result, densification of the composite matrix occurs, leading to heightened compressive
strength along with diminished pore size and their even distribution within the binder
mass [41–46]. Wang et al. [47] found that replacing 1–5% of cementitious composites with
NTs resulted in reduced setting time, increased hydration degree, reduced porosity, and
enhanced compressive and flexural strength. Different studies [48–50] identified varying
optimal percentages of NT replacement, ranging from 1.5% to 10%, with corresponding
increases in compressive strength. Regarding flexural strength, there are few reports in
the literature, but they indicate an increase of 11% for an optimal amount of 3% NTs [50]
and even 51% for an optimal amount of 4% NTs [47]. However, the literature highlights
that the use of NTs presents certain challenges, such as identifying the optimal amount of
NTs to be added, as excessive quantities may have adverse effects. This is particularly true
when it comes to ensuring a homogeneous dispersion of NTs in the composite matrix, as
agglomeration can occur, resulting in weak points in the composite [45].

The study of several industrial by-products or recycled materials, such as glass, brick,
blast furnace slag, and textolite, as partial replacements for natural aggregates in cemen-
titious composites offers several advantages over focusing on just one material. These
materials can be considered aggregates in cementitious composites due to their ability to
act as inert filler materials that provide bulk to the composite mixture. Aggregates typically
contribute to the mechanical properties of the composite, such as strength and durability,
by acting as a framework within the cementitious matrix to distribute loads and resist
deformation. While these materials may also have pozzolanic or hydraulic properties,
they primarily act as fillers rather than binders, like Portland cement. By replacing some
of the natural aggregates with recycled materials, the overall volume of the composite
can be maintained, ensuring proper workability and structural integrity [51]. Therefore,
considering them as aggregates rather than additives or replacements for Portland cement
emphasizes their role in improving the mechanical properties and sustainability of cemen-
titious composites. A comparative analysis of aggregates derived from recycled waste
glass (RGA), recycled ceramic brick (RBA), blast furnace slag (GBA), and textolite (RTA)
derived from non-metallic waste of electronic equipment, together with the addition of
TiO2 nanoparticles, allows for the performance of different recycled materials to be assessed
in terms of their physical, mechanical, and durability properties [7]. RGA, GBA, and RBA
are aggregates derived from abundant sources that have been extensively investigated,
yielding numerous findings regarding their potential influences on cementitious compos-
ites. In contrast, RTA is a less-explored waste material that lacks thorough documentation
of its recycling potential in both the construction sector and various other domains. Previ-
ous research suggests that the use of recycled waste aggregates and the addition of TiO2
nanoparticles can have varying effects on the properties of cementitious composites, the
magnitude of which depends on the amount used and the granularity and type of crystal-
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lization. It is important to note that these effects can be both positive and negative. The
challenge is to determine the optimum balance to find the most convenient solution for the
use of recyclable waste aggregates while exploring the benefits of a low enough amount of
TiO2 to avoid very high additional costs but high enough to provide mechanical strength
and durability benefits for cementitious composites. This comparative approach provides
insight into the relative effectiveness of each material and allows the identification of the
most suitable options for specific applications where TiO2 nanoparticles are to be added. In
addition, the study of multiple materials provides a more comprehensive understanding of
the challenges and opportunities associated with the incorporation of recycled aggregates
and TiO2 nanoparticles into cementitious composites. Each material may exhibit unique
characteristics, such as varying particle size distributions, chemical compositions, and
hydration behavior, which can influence their performance within the composite matrix.
Overall, studying the possibility of substituting multiple recycled materials in cementitious
composites in conjunction with the addition of TiO2 nanoparticles increases the robust-
ness and applicability of research findings, facilitating informed decision-making in the
development of sustainable building materials and practices.

Motivated by the above, the aim of this work was to perform an analysis of the influ-
ence that the addition of TiO2 nanoparticles has on the physical–mechanical performance
in correlation with microstructurally induced changes in cementitious composites in which
natural aggregates are partially substituted by aggregates derived from recycled waste
glass (RGA), recycled ceramic brick (RBA), blast furnace slag (GBA), and textolite (RTA)
derived from the non-metallic waste of electronic equipment.

2. Materials and Methods

Several types of cementitious composites were designed, prepared, and analyzed for
the purpose of the research. Based on the preliminary investigations, which aimed to assess
the effect of the incorporation of recycled waste aggregates on the properties of cementi-
tious composites, the current study extends the research initiative with a primary focus on
investigating the effects of nano-TiO2 addition on composite properties. The preliminary
investigations carried out in [52] aimed to determine the optimum proportions of natural
aggregates replaced by recycled waste aggregates that would produce the most favorable
results in terms of the physical and mechanical properties of the composites. In addition,
they highlighted the potential need for additional mixing water, depending on the use of
specific types of recycled aggregate. The research hypothesis, formulated from an extensive
review of the scientific literature and preliminary results, was that the incorporation of NTs
would improve composite properties. However, this improvement followed a Gaussian dis-
tribution model, and efforts were focused on identifying the optimum level of NT addition.
The control composition (R1) was produced using cement, natural aggregates, a superplas-
ticizer additive, and water. In relation to this control composition, based on preliminary
research, compositions (R2–R5) were identified, in which part of the natural aggregates were
substituted with aggregates from recycled waste glass, brick, blast furnace slag, or textolite.
To analyze the influence of TiO2 nanoparticles on the physical–mechanical performance of
cementitious composites, in the cement matrixes of the control sample, respective of the
composites in which natural aggregates were substituted with recycled waste aggregates,
quantities of 2%, 3%, 4%, and 5% TiO2 nanoparticles (NTs) were introduced as admixtures,
with percentages reported by mass relative to the amount of cement in the composition.

2.1. Raw Materials

The following raw materials were selected for the production of cementitious compos-
ites: Portland cement CEM I 52.5 R (HOLCIM Romania, Ales, d, Bihor County, Romania),
natural aggregates (NAs) granular class 0/4 mm and 4/8 mm, recycled waste glass aggre-
gates (RGAs) granular class 0/4 mm and 4/8 mm, recycled ceramic brick aggregates (RBAs)
granular class 0/4 mm, blast furnace slag (GBA) granular class 0/2 mm, recycled texto-
lite aggregates (RTAs) granular class 0/2 mm, MasterEase 5009 superplasticizer additive
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(BASF, Ludwigshafen, Germany), water, and TiO2 nanoparticles type AEROXIDE® TiO2
P25 Degussa (Evonik Industries AG, Hanau, Germany). All the recycled waste aggregates
were of local origin. The characteristics of the raw materials were as follows:

- Portland cement CEM I 52.5 R was purchased commercially and is characterized by
a content of min. 95% Portland clinker and a compressive strength at 28 days of
minimum 52.5 N/mm2 and maximum 62.5 N/mm2.

- MasterEase 5009 superplasticizer/strong water-reducing additive was
purchased commercially.

- TiO2 nanoparticles of type AEROXIDE® TiO2 P25, according to the manufacturer’s
technical data sheet, were characterized by a purity of 99.5%, containing more than
70% anatase crystalline phase.

- Natural aggregates as well as aggregates from recycled waste were characterized
by determining the particle size distribution curve according to EN 933-1 [53], bulk
density and intergranular porosity according to EN 1097-3 [54], and true mass and
water absorption coefficient according to EN 1097-6 [55], as shown in Figures 1–4.
Additionally, for blast furnace slag (GBA), the oxide composition was determined
by X-ray fluorescence (XRF) analysis (Table 1). The textolite slag was analyzed for
residual metal content (Table 2) according to the methodology indicated in specific
standard documents [56–59].
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Note: the “<“ sign represents values below the detection limit of the method.
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Figure 4. Water absorbtion capacity (WA24) of the aggregates [52].

Example images of the raw materials are shown in Figure 5.
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2.2. Production of Cementitious Composites

The control sample (R1-0) was designed as a Portland cement and natural aggregate-
based mortar with a water/cement ratio of 0.6, according to Table 3 [52].

Table 3. Control sample mixture (R1-0).

Mixture
Code

Design
Class

Water/
Cement

Ratio

Cement
(kg/m3)

Natural
Aggregates,
Cumulative

(kg/m3)

Natural Aggregates,
0/4 mm

(% of Total
Aggregates)

Natural Aggregates,
4/8 mm

(% of Total
Aggregates)

MasterEase 5009
Superplasticizer Additive
(% Mass Ratio to Cement

Quantity)

R1 C 20/25 0.6 366 1577 70 30 0.5

Subsequently, for each type of waste proposed to partially replace natural aggregates
(glass, brick, slag, or textolite), specific recipes R2-0, R3-0, R4-0, and R5-0 were designed
starting from the control sample (R1-0). For these mixtures, the code containing the
indicator ‘0’ represents the absence of NTs in the composition. The difference from the
control sample is that in the compositions R2-0. . .R5-0, part of the amount of natural
aggregates was replaced by an equal amount of recycled waste aggregates, with all other
parameters remaining constant, as shown in Figure 6. The mix-design in which natural
aggregates were substituted with recycled waste aggregates (R2-0. . .R5-0) was based on
the condition that each aggregate cumulative distribution curve fell within the favourable
range, or at least the usable range, as indicated by the concrete design and preparation
standard [60–63]. Since some of the recycled aggregates used (waste ceramic brick (RBA),
slag (GBA), and waste textolite (RTA)) were characterized by higher water absorption
than natural aggregates, as shown in Figure 4, in order to not influence the workability of
the composites and the cement hydration processes because of insufficient water, prior to
preparation, these aggregates were immersed for 24 h in water, then drained, and excess
water was removed by swabbing.
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Figure 6. Raw materials used, mixture structure of aggregates, amount of NTs added, and composition
identification code for the cement composite mixtures where natural aggregates were substituted
with recycled waste aggregates.

In the next step, for each designed mixture in which natural aggregates were substi-
tuted by recycled waste aggregates, compositional variants were developed in which 2%,
3%, 4%, or 5% TiO2 nanoparticles were added as a mass percentage of the cement quantity.
In total, 25 mixtures of cementitious composites were designed and developed. Figure 6
shows the raw materials used, the compositional structure of the aggregates, the amount
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of NTs added, and the identification code of the compositions according to the types of
aggregates and NT content.

For all the compositions prepared, the quantity of cement was kept constant, the
quantity of superplasticizer additive used was 0.5%, mass percentages referred to the
quantity of cement, and the mixing water was determined considering as a reference
indicator the workability expressed by the diameter of the cake on the spreading mass for
which the condition of falling within the range 175 ± 10 mm was set. The raw materials
were weighed using a KERN FKB 36K0.1 balance (KERN & SOHN GmbH, Balingen,
Germany) with an accuracy of 0.1 g.

The preparation of the cementitious composites was achieved by mixing the dry raw
materials with water and the MasterEase 5009 superplasticizer additive using an ELE
paddle mixer (ELE International Ltd., Milton Keynes, UK).

Based on literature references [36,40,42,46,64–66], it is known that NTs are also “con-
suming” water; therefore, in order not to jeopardize the hydration–hydrolysis reactions
of cement due to insufficient water as a result of its absorption by NTs, the amount of
water was adjusted so that the workability parameter of the composite remained constant
and similar to that of NT-free composites, i.e., the diameter of the cake on the spreading
mass, according to EN 196-3 [67], was in the range 175 ± 10 mm. Another difficulty that
arose during this stage of the research was ensuring homogeneous dispersion of NTs in the
cementitious matrix. Additionally, adjusting the amount of water for preparation proved
to be challenging. Due to their tendency to agglomerate and form deposits or islands,
which can reduce the yield of benefits induced by photo-activation and even cause negative
effects on the physical–mechanical performance of the composite, representing points of
vulnerability [7,34–59,64–66,68–70], a method was chosen for the incorporation of NTs. The
raw materials were pre-mixed in the dry phase, and then water and the superplasticizer
additive were added.

To maintain the consistency of the fresh composite, based on preliminary tests, it
was determined that mixing water supplementation was necessary, both depending on
the type of waste used and the amount of NTs added to the mass. Thus, for every 1%
NTs added to the composite mass, the mixing water was supplemented by approxi-
mately 1.8–3.5 kg water/m3 composite, resulting in w/c ratios of w/c = 0.625 for R1-5
and w/c = 0.65 for R5-5, with all other w/c ratio values falling within these limits.

For each casting batch, the specimens were made by casting the fresh composite in
metal molds with dimensions 40 × 40 × 160 mm and in metal molds with dimensions
70 × 70 × 70 mm. After casting, the specimens were kept in the molds for 24 h in a humid
air box at a constant temperature of 20 ± 1 ◦C and a relative humidity of min. 90%, then
demolded and kept submerged in water at a temperature of 20 ± 2 ◦C until reaching the
age of 28 days.

2.3. Analysis of the Physical–Mechanical Performances of Cementitious Composites

The test specimens were tested at the age of 28 days after casting. The following
performance indicators were determined and analyzed for each type of cementitious
composite: hardened density according to the standard method given in EN 1015-10 [71];
compressive strength and flexural strength according to the standard method given in EN
1015-11 [72] using ADR Auto 250/25 test equipment (ELE International Ltd., Milton Keynes,
UK) with an accuracy of 0.01 kN; abrasion wear resistance (Bohme wear) according to
the standard method given in EN 1338 [73]; capillary water absorption according to the
standard method given in EN 1015-18 [70].

Weighing of specimens was conducted using a KERN FKB 36K0.1 balance (KERN
& SOHN GmbH, Balingen, Germany) with an accuracy of 0.1 g and measurement of
dimensions using an electronic calliper gauge with an accuracy of 0.01 mm.

Testing was carried out under laboratory conditions of 23 ◦C and 60% relative air
humidity for a series of 3 sets of identical specimens, reporting the result as the arithmetic
mean of the individual results.
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2.4. Microstructural Analysis of Cementitious Composites

The visual macrostructural analysis of cementitious composites was initially conducted
without optical magnification equipment to assess the uniformity of aggregate distribution
in the cementitious binder matrix. Subsequently, a LEICA SAPO optical microscope (Leica
Microsystems, GmbH, Wetzlar, Germany) was used for microscopic analysis to examine
the distribution at the macroporosity level.

A JEOL/JSM 5600—LV scanning electron microscope (JEOL Ltd., Tokyo, Japan) oper-
ating in the secondary electron imaging (SEI) mode at 15 kV acceleration voltage was used
to take SEM and EDS images. As part of the preparation process, the samples were gold
coated by plasma sputtering to improve the electrical conductivity for electron microscopy
analysis. Phase identification in the samples was carried out using X-ray diffraction (XRD)
in the angular range 2θ = 20−85◦. An INEL Equinox 3000 diffractometer (Thermo Fisher
Scientific S.p.A., Milan, Italy) using Co-Kα radiation (λ = 1.7903 Å) was used.

3. Results and Discussions
3.1. Influence of the Addition of TiO2 Nanoparticles on the Physical–Mechanical Characteristics of
Cementitious Composites

The experimental results indicate, in terms of the density of cement composites in the
hardened state (Figure 7 and Table 4), the following:

- The addition of NTs leads to the densification of the composites. This increase in bulk
density occurs in all composites, regardless of whether natural aggregates have been
substituted with recycled waste aggregates.

- The most significant increases in bulk density are recorded for the cases where NAs
were not substituted with recycled aggregates (7.40–4.66% compared to the sample
without NT content, R1-0). However, it can be observed that this increase in density is
lower in the case of compositions with a higher addition of NTs.

- The smallest increases in bulk density are recorded for the cases where NAs were
substituted with RTAs (0.24–1.41% compared to the NT-free sample, R5-0). This time,
it was observed that this increase in density could not be correlated with the amount
of NTs introduced as an addition. This non-uniform variation in the parameter could
be interpreted as a sign of the inhomogeneity of the distribution of the components,
i.e., the difficulty of homogeneous distribution in the composite matrix, on the one
hand of RTAs and on the other hand of NTs, concomitant with the inhomogeneity of
the formation of cement hydration compounds and pore distribution.

- Regarding the evolution of the parameter for the other recycled aggregate types, in
the case of RGAs, there is an increase of 0.88–1.99% compared to the sample without
NTs (R2-0); in the case of RBAs, the increase is within 2.11–6.92% compared to the
sample without NTs (R3-0); and in the case of GBAs, the increase is within 3.47–3.92%
compared to the sample without NTs (R4-0).
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In terms of mechanical strengths (compressive strength, Figure 8; flexural strength,
Figure 9), for all cementitious composites, with or without substitution of NAs with recycled
waste aggregates, a positive effect is observed due to the introduction of NTs into the
composite mass (Table 4). This increase in mechanical strength is influenced both by the
amount of NTs used as an admixture and by the nature of the aggregates. Thus, in general, an
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addition of 3% NTs (by mass, relative to the amount of cement) is favorable for increasing the
compressive strength (Figure 8) for all types of composites, except for composites in which
NAs have been substituted with GBAs, for which the effect is maximum for 4% NTs (by
mass, relative to the amount of cement). Overall, the increase in compressive strength due
to the introduction of NTs into the composite matrix is not large. Compared to the control
samples specific to each type of aggregate (R1-0, R2-0, R3-0, R4-0, or R5-0), this increase
in compressive strength shows maximums of: 2.62% for the case of natural aggregate
compositions (R1-3); 0.95% for RGA compositions (R2-3); 1.94% for RBA compositions
(R3-3); 1.70% for GBA compositions (R4-4); and 16.23% for RTA compositions (R5-3). A
significant increase in compressive strength is noted for the RTA compositions. This could
be interpreted as an indication of the fact that the nanoparticles present in the binder mass,
through their function as nucleating agents and the positive influences they have on the
formation of cement hydration compounds, probably manage to contribute significantly to
mitigating the negative effect of partial substitution of NAs with RTAs.

Table 4. The average values of the experimental results.

Code w/c Ratio Apparent Density
(kg/m3)

Flexural Strength
(N/mm2)

Compressive
Strength (N/mm2)

Abrasion
Resistance

(% Mass Loss)

Coefficient of Water
Absorption by

Capillarity
(kg/m2min0.5)

R1-0 0.60 2298 8.27 59.18 5.71 0.16
R1-2 0.61 2468 8.32 60.03 5.24 0.10
R1-3 0.62 2453 8.72 60.73 3.16 0.09
R1-4 0.62 2411 8.71 59.38 2.64 0.04
R1-5 0.63 2405 8.92 59.04 2.40 0.03
R2-0 0.60 2262 8.24 56.93 3.41 0.09
R2-2 0.61 2282 8.22 56.98 3.19 0.09
R2-3 0.62 2287 8.28 57.47 3.13 0.08
R2-4 0.62 2291 8.24 57.43 3.56 0.08
R2-5 0.63 2307 8.03 56.47 3.36 0.07
R3-0 0.61 1993 8.31 57.75 5.12 0.27
R3-2 0.62 2035 8.38 57.79 5.09 0.25
R3-3 0.63 2111 8.64 58.87 4.91 0.12
R3-4 0.64 2131 8.51 58.04 4.83 0.11
R3-5 0.64 2095 8.40 58.23 4.96 0.09
R4-0 0.61 2246 9.67 68.96 4.93 0.08
R4-2 0.62 2332 9.78 69.01 4.33 0.04
R4-3 0.63 2331 10.17 69.55 4.45 0.03
R4-4 0.64 2324 10.47 70.13 4.19 0.03
R4-5 0.65 2334 10.40 69.88 4.68 0.04
R5-0 0.62 2054 8.15 37.58 4.68 0.37
R5-2 0.64 2059 8.32 43.31 4.55 0.34
R5-3 0.64 2083 8.50 43.68 4.23 0.16
R5-4 0.65 2072 8.51 43.30 4.76 0.14
R5-5 0.65 2077 8.06 35.19 5.17 0.11
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Figure 9. Flexural strength.

Although lower compared to some reports in the literature [43,68,74–77], which show
compressive strength increases of 10% to 80%, depending on test age and NT content
(1–4 wt.% NT), it can be said that the research results are in agreement with these reports,
maintaining an increasing trend, and in contradiction with those indicated by Shekari
and Razzaghi [60], who for a cementitious composite with 1.5% NTs report a reduction in
compressive strength of 20.73% at the age of 28 days.

In terms of flexural tensile strength (Figure 9), the results show less obvious improve-
ments with NTs, but in a similar trend to the compressive strength. Thus, the greatest increases
in flexural strength can be identified from 8.27 N/mm2 (R1-0) to 8.92 N/mm2 (R1-5) for NA
compositions; from 8.24 N/mm2 (R2-0) to 8.28 N/mm2 (R2-3) for RGA compositions; from
8.31 N/mm2 (R3-0) to 8.64 N/mm2 (R3-3) for RBA compositions; from 9.67 N/mm2 (R4-0)
to 10.47 N/mm2 (R4-4) for GBA compositions; and from 8.15 N/mm2 (R5-0) to 8.51 N/mm2

(R2-4) for RTA compositions. As can be seen, the most favorable situations are also for
additions of 3% or 4% NTs (mass percentage, relative to the amount of cement).

Abrasion mass loss, the indicator inversely proportional to abrasion resistance
(Figure 10 and Table 4), is also influenced by both the nature of the aggregates and the addi-
tion of NTs. Thus, in the case of composites with NAs, there is an increasing improvement
in abrasion resistance with the increasing addition of NTs, with the best performance for
5% NTs (by mass, relative to the amount of cement). However, this trend is not maintained
for the composites in which NAs were partially substituted by recycled waste aggregates,
with the most favorable results (lowest mass loss) for 3% or 4% NTs (mass, relative to
the amount of cement) as follows: 8.21% decrease in mass loss compared to the control
composition (R2-0) for 3% NTs in the composition with RGAs (R2-3); 5.66% decrease in
mass loss compared to the control composition (R3-0) for 4% NTs in the composition with
RBAs (R3-4); 15% decrease in mass loss compared to the control composition (R4-0) for 4%
NTs in the composition with GBAs (R4-4); and 9.62% decrease in mass loss compared to
the control composition (R5-0) for 3% NTs in the composition with RTAs (R5-4). A notable
phenomenon was observed in the case of composites prepared using only NAs, where wear
resistance increased significantly with the increase in the amount of NTs. This observation
is consistent with the results reported in the literature and corresponds to the increasing
trends observed for compressive and flexural strength and the decreasing trend for water
absorption. These results support the hypothesis of matrix densification in the composite as
a result of the addition of NTs. Despite the less pronounced improvement trends observed
for compressive and flexural strength, it is noteworthy that these behaviors are under-
pinned by microstructural phenomena such as porosity and microcracking, which are likely
to be more pronounced within the bulk rather than the surface layer of the specimen. This
surface layer is subjected to abrasion, whereas the entire bulk of the composite is subjected
to loading in the case of the other two strength properties.

From the point of view of water behavior and the coefficient of water absorption by
capillarity (Figure 11 and Table 4), it is influenced by both the nature of the aggregates
and the addition of NTs. On the one hand, the substitution of natural aggregates with
those from waste induces an increase or decrease in water absorption, depending on their
nature. Thus, the partial substitution of natural aggregates (NAs) with aggregates from
glass waste (RGA) or slag (GBA) leads to an improvement in this performance; the water

154



Materials 2024, 17, 2014

absorption coefficient by capillarity decreases compared to the composition containing only
natural aggregates (R1-0), while the aggregates from ceramic brick waste (RBA) or textolite
(RTA) have the reverse effect. With the introduction of TiO2 nanoparticles in cementitious
compositions, an improvement in this performance is observed for all analyzed cases, more
so as the addition is higher. It is also noted that the use of NTs can counteract the negative
effects of ceramic brick waste aggregates (RBAs) or textolite (RTA), the most significant
reductions in the indicator being recorded in these situations. In the case of brick waste
(RBA) or textolite (RTA), it is assessed that 3% NTs can lead to a composition with a water
absorption coefficient approximately equal to or even slightly better compared to that of a
composition with natural aggregates (0.12 kg/m2min0.5 for R3-3 and 0.16 kg/m2min0.5 for
R5-3 compared to 0.16 kg/m2min0.5 for R1-0).
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Figure 10. Abrasion resistance.
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Figure 12. Fracture aspect for cementitious composites made without NTs. (a) Cementitious composite 

with NA;  (b) Cementitious  composite with NA partially  substituted with RGA;  (c) Cementitious 

Figure 11. Water absorption coefficient.

3.2. Influence of TiO2 Nanoparticle Addition on the Structure and Microstructure of
Cementitious Composites

In the case of composites without NTs, visual analysis without optical magnification
(Figure 12) indicates a homogeneous distribution of natural aggregates and aggregates
from recycled waste in the cementitious binder mass without segregation areas. However, a
clear influence of the type of recycled aggregate on the texture of the composite is identified.
Thus, the most obvious change in texture is observed in the case of composites with
RTAs, where, due to the poor adhesion between the cementitious binder matrix and the
recycled aggregate part, the RTA granules are weakly bound, have a random orientation,
and have a disorganized appearance in the crack of the composite (Figure 12e). In the
case of cementitious composites with 2–5% NT content, the visual analysis records the
same homogeneous distribution of aggregates in the binder matrix and the preservation
of the specific appearance for the composite with RTA, regardless of the amount of NTs
introduced at preparation. Figure 13 exemplifies the appearance of these composites.
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Figure 12. Fracture aspect for cementitious composites made without NTs. (a) Cementitious compos-
ite with NA; (b) Cementitious composite with NA partially substituted with RGA; (c) Cementitious
composite with NA partially substituted with RBA; (d) Cementitious composite with NA partially
substituted with GBA; (e) Cementitious composite with NA partially substituted with RTA.
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Figure 13. Section appearance of cementitious composites made with NT-exemplary images.
(a) Cementitious composite with NA, R1-3; (b) Cementitious composite with NA partially sub-
stituted with RGA, R2-3; (c) Cementitious composite with NA partially substituted with RBA, R3-4;
(d) Cementitious composite with NA partially substituted with GBA, R4-3; (e) Cementitious compos-
ite with NA partially substituted with RTA, R5-4.

Optical microscope analysis of NT-free composites, exemplified in Figure 14, highlights
the changes that substitution of natural aggregates (NAs) with aggregates from recycled
waste induces on the macroporosity of the composites. Thus, for the control composite,
pores with dimensions ranging from 0.40–1.1 mm are identified in the binder matrix, with
the binder evenly enclosing the aggregate grain. The substitution of NA with RGA causes
a numerical increase in the pores simultaneously with the reduction in their dimensions
(dimensions generally in the range 0.27–0.60 mm and rarely over 0.8 mm). Additionally,
the AN or RGA granules are well embedded in the binder matrix. When RBA is used as a
replacement aggregate for NAs, a good incorporation in the binder matrix is observed, with
a uniform distribution of pores, more numerous compared to the control, but with smaller
dimensions (0.109–0.335 mm). The use of GBA as a substituent aggregate has similar effects,
with a uniform distribution of pores in the binder matrix that is more numerous, with
dimensions in the range of 0.107–0.500 mm. However, the main difference is observed
when RTA is used: at the RTA–cement binder interface, there are numerous areas of no
contact, the distribution of RTA in the binder matrix is relatively inhomogeneous, as is the
porosity, which is unevenly distributed, and the pore dimensions have large variations,
with the diameter reaching almost 1 mm.

When NTs are introduced into the composite mass, a reduction in pore size is observed
in the range of 0.25–0.8 mm for compositions prepared with NAs only and with 2–5% NTs.
For composites with 2–5% NT and RGA content, the pore dimensions are in the range of
0.15–0.51 mm; for composites with RBA content, the pore dimensions are in the range of
0.12–0.30 mm; for composites with GBA content, the pore dimensions are in the range of
0.10–0.45 mm; and for composites with RTA content, the pore dimensions are in the range
of 0.50–0.85 mm. Example images are shown in Figure 15. Based on these observations, a
decrease in pore size can be seen, which is less pronounced in the case of composites with
RBA or GBA and more pronounced in the case of composites with NA, RGA, and RTA.

156



Materials 2024, 17, 2014

Materials 2024, 17, x FOR PEER REVIEW  14  of  24 
 

 

composite with NA partially substituted with RBA; (d) Cementitious composite with NA partially 

substituted with GBA; (e) Cementitious composite with NA partially substituted with RTA. 

         
(a)  (b)  (c)  (d)  (e) 

Figure 13. Section appearance of cementitious composites made with NT-exemplary images. (a) Ce-

mentitious composite with NA, R1-3;  (b) Cementitious composite with NA partially substituted 

with RGA, R2-3; (c) Cementitious composite with NA partially substituted with RBA, R3-4; (d) Ce-

mentitious composite with NA partially substituted with GBA, R4-3; (e) Cementitious composite 

with NA partially substituted with RTA, R5-4. 

     
(a)  (b)  (c) 

   
(d)  (e) 

Figure 14. Microscopic analysis of cementitious composites without NTs but (a) with NA; (b) with 

NA partially substituted with RGA; (c) with NA partially substituted with RBA; (d) with NA par-

tially substituted with GBA; and (e) with NA partially substituted with RTA. 

When NTs are  introduced into the composite mass, a reduction  in pore size  is ob-

served in the range of 0.25–0.8 mm for compositions prepared with NAs only and with 2–

5% NTs. For composites with 2–5% NT and RGA content, the pore dimensions are in the 

range of 0.15–0.51 mm; for composites with RBA content, the pore dimensions are in the 

range of 0.12–0.30 mm; for composites with GBA content, the pore dimensions are in the 

range of 0.10–0.45 mm; and for composites with RTA content, the pore dimensions are in 

the range of 0.50–0.85 mm. Example images are shown in Figure 15. Based on these obser-

vations, a decrease in pore size can be seen, which is less pronounced in the case of com-

posites with RBA or GBA and more pronounced in the case of composites with NA, RGA, 

and RTA. 

Figure 14. Microscopic analysis of cementitious composites without NTs but (a) with NA; (b) with
NA partially substituted with RGA; (c) with NA partially substituted with RBA; (d) with NA partially
substituted with GBA; and (e) with NA partially substituted with RTA.
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Figure 15. Microscopic analysis of cementitious composites with NTs (a) with NA, R1-3; (b) with NA
partially substituted with RGA, R2-5nt; (c) with NA partially substituted with RBA, R3-2nt; (d) with
NA partially substituted with GBA, R4-2nt; and (e) with NA partially substituted with RTA, R5-3NT.
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Figure 16 depicts the SEM images of the cementitious composite with NA (Figure 16a)
and the cementitious composites with NA partially substituted with RGA (Figure 16b),
RBA (Figure 16c), GBA (Figure 16d), and RTA (Figure 16e).
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Figure 16. SEM images of the samples without NTs: (a) NA sample R1-0; (b) Cementitious composite
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The compatibility of the natural aggregate, as well as RBA, GBA, and RTA, with the
cement is shown to be cohesive, forming a coalesced mass with no visible cracks between
the aggregates and the cement matrix. However, in the case of the sample containing RGA,
there is a distinct interfacial transition zone (ITZ) between the aggregate surface and the
cement matrix, indicating a weaker compatibility between RGA and the cement paste, as
confirmed by the slight decrease in flexural strength and compressive strength. The SEM
images indicate that the NA, RBA, and RTA samples present a finer pore structure than
those containing RGA and GBA. The main hydration products observable for all samples
are the rod-like crystals of ettringite (E), the calcium hydroxide hydrate (CH), and the
calcium silicate hydrate (CSH), a highly porous, poorly crystalline structure. Ettringite pre-
cipitation occurs during the hydration process of Portland cement when calcium aluminate
reacts with calcium sulfate, and its presence depends on the ratio of tricalcium aluminate.
Variations in the ettringite ratio, correlated with its permeability to water and interaction
with other chemical species, have a significant impact on the structural progression during
cement hydration, which in turn affects the resulting properties of the cement. Ettringite
formation, which is critical in determining the setting rate of the highly reactive aluminate
phases, dominates the initial phase of cement hydration. A direct result of this process
is volume expansion in fresh concrete, which has been proven to cause cracking in cured
concrete during events such as delayed ettringite formation (DEF) and sulfate attack cement
degradation [61].

In Figure 16a, an SEM micrograph illustrates the cementitious composite with natural
aggregates (R1-0). The image shows a heterogeneous material where portlandite dominates
the surface and emerges as the primary product after 28 days of concrete curing. As a
result of the consumption of portlandite in the pozzolanic reaction, areas rich in CSH
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can be observed in the image. The RGA sample (Figure 16b) shows a relatively dense
structure with no apparent cracks or pores. Extensive regions of CSH and portlandite cover
most of the surface, leaving only a thin region representing the interfacial transition zone
between the aggregate particle and the cement matrix. The glass granules, with sizes of
0/4 mm and 4/8 mm, are evenly dispersed within the concrete matrix. However, due
to the presence of sharp particle edges and a smooth matrix surface, the possibility of
insufficient bonding between the cement mortar and glass particles arises. Furthermore,
the formation of CSH gel in aggregated networks with relatively small pores, combined
with the limited water absorption capacity of the glass (in contrast to fine glass powder
used as a concrete replacement in previous studies [62,63]), resulted in a small decrease in
compressive strength.

Similarly, Figure 16c–e illustrates the morphology of the RBA, GBA, and RTA samples.
There is no discernible ITZ for the RBA and GBA samples; however, an ITZ is evident
in the sample containing RTA. The RBA has a porous structure with a rough, irregular
surface, which greatly enhances the interlocking between the two surfaces. The compactness
of the sample can also be attributed to the pozzolanic reaction between the RBA and the
Ca(OH)2 crystals, facilitated by the absorption of free water in the concrete resulting from the
introduction of RBA as well. This reaction likely contributed to a decrease in the porosity of
the hardened matrix, consequently leading to an increase in the overall flexural strength. In
the sample containing GBA, the microstructure reveals the presence of several characteristic
mineral phases. Larger pores with ettringite needles are distributed throughout the matrix,
and the surface is predominantly covered by reticulated CSH gel. In addition, small areas
show the presence of portlandite crystals. Angular particles of GBA are scattered throughout
the microstructure, indicating incomplete hydration of the slag. This incomplete hydration is
attributed to the lower reaction activity of the slag compared to that of the Portland cement.
However, it is the foil-like, dense, crack-free, amorphous gel structure that provides the
benefits of slag in increasing the compressive and flexural strength of composites. With
respect to the RTA sample, the microstructure shows a dense composition with portlandite
as the dominant mineral phase. Notable hydration products include ettringite and CSH gel.
Thicker rod-like structures corresponding to the RTA are observed in the microstructure and
appear to be well embedded in the cementitious matrix. However, the adhesion between
the sleek surface of RTA and the smooth cementitious matrix is limited. This, coupled with
the absence of any pozzolanic effect from RTA, has resulted in a significant reduction in
compressive strength and a notable decrease in flexural strength.

The SEM micrographs of samples R1-3, R2-3, R3-3, R4-3, and R5-3 after 28 days of
curing are shown in Figure 17. In the NA sample containing 3% NTs (Figure 17a), the
microstructure consists mainly of reticulated CSH gel, with only small areas of portlandite
visible. This phenomenon can be attributed to the TiO2 particles acting as nucleating
agents, particularly in the early stages of the hydration process, thereby accelerating cement
hydration and promoting the formation of crystalline compounds. A similar trend is
observed for the RGA, RBA, GBA, and RTA samples. In the case of the RGA sample
(Figure 17b), the ITZ is less pronounced, with RGA particles exhibiting greater cohesion
with the cementitious matrix. Pores containing needle-shaped ettringites are scattered
in areas of RGA. Figure 17c shows the sample containing RGA + 3% NTs (R3-3), where
portlandite crystals are rarely observed in the analyzed area and CSH gel appears as the
predominant hydration product with no discernible ITZ.

Within the BGA microstructure (Figure 17d), numerous large pores filled with et-
tringite (3CaO-Al2O3-3CaSO4-32H2O) can be observed, indicating a similar hydration
mechanism between GBA and Portland cement. Unreacted GBA particles, together with
portlandite crystals, can be identified throughout the investigated area. In comparison,
the RTA sample (Figure 17e) shows only a few areas of ettringite. CSH emerges as the
predominant hydration product, with small clusters of portlandite identified throughout
the observed section. The rod-shaped RTA particles are sparse and barely discernible
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within the cementitious matrix due to the extensive coverage by CSH, influenced by the
presence of TiO2 nanoparticles during the hydration process.
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Figure 17. SEM images of the samples containing NTs: (a) NA sample R1-3; (b) Cementitious
composite with NA partially substituted with RGA, R2-3; (c) Cementitious composite with NA
partially substituted with RBA, R3-3; (d) Cementitious composite with NA partially substituted with
GBA, R4-3; (e) Cementitious composite with NA partially substituted with RTA, R5-3.

The prevalent presence of CSH gel as the primary hydration product is observed,
exhibiting reduced porosity compared to images of samples lacking NTs, showcasing a
dense, sheet-like structure spanning considerable surface areas. The absence of distinct
regions featuring portlandite, which typically exhibits lower elastic modulus and hardness,
alongside the emergence of ettringite likely contributed to the enhanced compressive and
flexural strength observed in the majority of samples following NT incorporation. Moreover,
the increase in abrasion resistance of the samples containing NTs can be explained by their
higher compressive and flexural strengths.

Figure 18 displays the EDX spectra of samples, including (a) NTs and 3% NTs (R1-3);
(b) NA partially substituted with RGA + 3% NTs (R2-3); (c) NA partially substituted
with RBA + 3% NTs (R3-3); (d) NA partially substituted with BGA + 3% NTs (R4-3); and
(e) NA partially substituted with RTA + 3% NTs (R5-3). The spectra were recorded at
different selected punctual areas to gather additional information regarding the elemental
composition of specific regions. The distribution of three different elements, respectively,
Ca, Si, and Ti, has been considered in all samples. Therefore, it can be seen that Ca is evenly
distributed in all the R1-3 to R5-3 samples over the whole examined area. In the sample
containing NA + 3% NTs (Figure 18a), Si is evenly distributed over the area examined.
However, in the sample containing RGA (Figure 18b), Si appears to be preferentially
distributed in certain locations due to the higher content resulting from the presence of
recycled glass aggregates. Similar to R1-3, the sample containing RGB + 3% NTs (Figure 18c)
shows an area of uniform Si distribution, whereas for the samples containing GBA + 3%
NTs and RTA + 3% NTs, the distribution of Si appears to be less dense and more localized to
specific areas of the sample. Ti appears to be uniformly scattered in all samples, suggesting
a homogeneous distribution of TiO2 in the cementitious composite.
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Figure 18. SEM and EDX images of the samples containing (a) NTs and 3% NTs (R1-3); (b) NA
partially substituted with RGA + 3% NTs (R2-3); (c) NA partially substituted with RBA + 3% NTs
(R3-3); (d) NA partially substituted with BGA + 3% NTs (R4-3); (e) NA partially substituted with
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Figure 19 presents the comparison XRD patterns of the samples without NTs, R1-0 to
R5-0 (Figure 19a), and the samples containing 3% NTs, R1-3 to R5-3 (Figure 19b). Figure 19a
reveals the presence of primary peaks characteristic of ordinary Portland cement, such as
calcite—CaCO3 (present at 2θ = 25.2◦, 31.5◦, and 33.9◦), aluminoferrite—Ca6Al4Fe2O15
(present at 2θ = 27.9◦, 38.1◦, and 55.4◦), and portlandite—Ca(OH)2 (present at 2θ = 21.0◦,
and 40.2◦). In addition, Figure 19b presents the XRD pattern for the anatase and rutile
phases of the TiO2 nanoparticles. As it can be observed in the spectra for the samples R1-3
to R5-3, the presence of peaks specific for the anatase phase of the nano-TiO2 particles
is noticeable at 2θ = 29.6◦, 43.1◦, 57.2◦, and 64.1◦. Several peaks corresponding to the
rutile phase of the TiO2 nanoparticles can be observed in different spectra at 2θ = 32.5◦

for R3-3 and R5-3, 42.9◦ for R2-3, and 53.7◦ for R1-3 and R4-3. This underlines the lack of
chemical interaction between the TiO2 nanoparticles and the cementitious matrix and the
clear presence of a predominantly anatase phase in the samples containing 3% NTs.

Summarizing the experimental results, it can be concluded that the incorporation of
NTs improves the densification of the cementitious composite matrix, as demonstrated by
both the physical–mechanical parameters and the microstructural investigations, potentially
heralding an improvement in durability. However, an overarching observation is that,
while the properties of the aggregates used significantly enhance the physical–mechanical
performance, the optimum percentage of NTs to maximize the benefits varies from case
to case. The increase in matrix densification is most strongly supported by the variation
in water absorption coefficient and the progression of compressive, flexural, and abrasion
strengths, whereas the influence on apparent density is less pronounced. This phenomenon
is likely to be due to localized microstructural changes in porosity, as evidenced by SEM
and EDS analyses, which pose a challenge in quantifying their representation in the high
values expressed for apparent density.
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4. Conclusions

The study of recycled materials such as glass, brick, blast furnace slag, and textolite
as partial replacements for natural aggregates in cementitious composites offers several
advantages, including improved mechanical properties and sustainability. By analyzing
these materials alongside TiO2 nanoparticles, insights into their physical, mechanical, and
durability properties can be gained, facilitating informed decision-making in sustainable
construction practices.

- The introduction of NTs into the composite mass, regardless of the type of aggregates
used, has the effect of increasing the apparent density in the hardened state.

- The introduction of NTs into the composite mass, regardless of the type of aggregates
used, has the effect of increasing the compressive strength, with a maximum obtained
for 3% or 4% NTs, with values between 43.3 and 70.13 N/mm2, depending on the
nature of the recycled aggregates substituted for the natural aggregates.

- The introduction of NTs into the composite mass, regardless of the type of aggregates
used, has the effect of increasing the flexural strength, with a maximum obtained for
3% or 4% NTs, with values between 8.24 and 10.47 N/mm2, depending on the nature
of the recycled aggregates substituted for the natural aggregates.

- The introduction of NTs into the composite mass, regardless of the type of aggregates
used, has the effect of increasing wear resistance, with a maximum obtained for 3% or
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4% NTs, with values between 0.03 and 0.11 kg/m2min0.5, depending on the nature of
the recycled aggregates substituted for the natural aggregates.

- The introduction of NTs into the composite mass, regardless of the type of aggregates
used, has the effect of reducing water absorption by capillarity. In some cases, if
recycled aggregates replacing natural aggregates induce an effect of increasing co-
efficient water absorption, adding NTs can reduce or even cancel this effect.

- The SEM micrographs of samples R1-3, R2-3, R3-3, R4-3, and R5-3 after 28 days show
different microstructures, such as a predominantly reticulated CSH gel in the NA
sample with 3% NTs, attributed to TiO2 acting as a nucleating agent, accelerating
cement hydration; a similar trend is observed for RGA, RBA, GBA, and RTA samples,
with variations in ITZ, cohesion, and predominant hydration products, highlighting
the strong influence of TiO2 nanoparticles on the hydration process. The EDX spec-
tra complete the TiO2 nanoparticle distribution image across the investigated areas,
confirming the even distribution of the nanoparticles across the sample and therefore
indicating a homogenous distribution of TiO2 in the cementitious composites.

- The XRD patterns of the samples with and without NTs reveal characteristic peaks of
ordinary Portland cement (such as peaks corresponding to calcite, aluminoferrite, and
portlandite) and distinct peaks for anatase and rutile phases of TiO2 nanoparticles in
the samples R1-3 to R5-3, indicating a lack of chemical interaction with the cementitious
matrix and the prevalence of the anatase phase in 3% NT-containing samples.

In conclusion, this study serves as a solid foundation for future research efforts aimed
at advancing waste recycling by incorporating it into innovative cementitious matrices
alongside the development of highly durable materials. Such initiatives hold great promise
for environmental conservation and improved structural resilience. A first avenue for
such material advances could be the production of small-scale prefabricated components
(e.g., paving elements, cladding units, decorative and finishing elements, urban furniture)
made from cementitious composites with a blend of natural aggregates partially replaced
by recycled counterparts, complemented by a surface wear layer made from a cementitious
composite reinforced with NTs to increase durability.
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Abstract: Nanosilica and diatomite are pozzolanic resources rich in SiO2. In this study, the purpose
of this study was to improve the moisture resistance of the specimen by producing a mixed material
using pozzolanic materials and calcium stearate and adding it to cement mortar while stirring.
The results showed that the hydration reaction was not activated when calcium stearate adhered
to the fine particles of nanosilica; it existed simply in the form of a filler inside the specimen.
Diatomite, due to its atypical particles and porosity, may have greater water tightness than nanosilica
because of the pozzolanic reaction in particles to which calcium stearate is not attached.

Keywords: calcium stearate; water repellent; nanosilica; diatomite

1. Introduction

Concrete has microscopic pores on the surface, which can cause damage such as water
leaks when exposed to moisture. Damage due to the moisture infiltration of concrete
occurs frequently, and the corrosion and expansion of reinforcing bars result in exposure to
deterioration due to salt damage, freeze–thaw, etc., over time, and a decrease in durability.

Special processes are required to prevent moisture contact and penetration and im-
prove the durability of concrete. In general, liquid-permeable paint or asphalt sheets are
applied and attached to the concrete surface to install a separate waterproof protective
layer to block moisture infiltration from the outside [1–4]. However, the installed protective
layer may be destroyed due to external environmental factors such as cracks, impacts, and
ultraviolet rays, creating a path for moisture to penetrate through the defect.

As a result, the damaged waterproofing layer may need to be partially repaired or
completely rebuilt, causing inconvenience to users and requiring much time and cost [5].
Therefore, in order to compensate for these shortcomings, it is deemed necessary to conduct
research on the development, and a performance evaluation, of moisture-resistant concrete.
However, there is a lack of research on implementing moisture resistance in the concrete
itself by using additive materials when mixing concrete instead of blocking moisture
infiltration only on the concrete surface by applying materials to the surface.

Therefore, in this study, in order to develop a cement mortar with a moisture-resistant
performance, an admixture was prepared using pozzolanic materials such as nanosilica
and diatomite and moisture-resistant calcium stearate, and experiments were performed
by mixing them at a certain ratio when manufacturing cement mortar. Naseroleslami
and Chari (2019) showed that cement mortar and paste mixed with calcium stearate
enhanced durability performance such as capillary water absorption under non-static
pressure conditions [6]. However, when calcium stearate is used, a mixture of at least
1% of the cement weight causes changes in its physical properties, such as a decrease in
compressive strength. Calcium stearate is an inorganic mixture of saturated fatty acid
metal salts that is already used to manufacture hydrophobic materials, and it has dis-
advantages, such as the need to be preprocessed before dispersion in a solid state and
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the difficulty of dispersion [7–10], but fatty acid metal salts are more insoluble and are
expected to be better laminated on the surface of cement mortar (Choi et al., 2010) [11].
Thus, calcium stearate is expected to create hydrophobicity in cement mortar when applied
to the surface or mixed internally. Nanosilica is an ultrafine particle of cement that causes
a pozzolanic reaction during the hydration reaction. Thus, the compressive strength is
expected to increase in the early stages. Previous studies using nanosilica have examined
dispersion to improve compressive strength in terms of durability and demonstrated that
nanosilica could improve strength through a hydration reaction in mixed cement [12–16].
Gaitero et al. and Ji [17,18] discovered that water penetration decreased when using
nanosilica in mixing cement due to the creation of a watertight structure with the filling of
hydration products in the transition zone resulting from the pozzolanic reaction.

Diatomite is a very light and porous pozzolanic material consisting of deposited phyto-
plankton shells with unique physical properties, such as high porosity, water permeability,
surface area, chemical stability, water absorption, and thermal resistance, owing to the
irregular shapes and porous structure of diatom particles and their fragments. The principal
component of the shell is opal (SiO2·nH2O), which is amorphous silica. The content of SiO2,
the principal component, is approximately 70–80%, with the remainder consisting of Al2O3,
Fe2O3, CaO, and MgO. The particle size is approximately 1 mm and takes various forms
depending on the species [19]. Recently, diatomite has been used as a concrete admixture
after firing to improve the durability and strength efficiency of concrete [20–24].

Calcium stearate is a powder-type material and has its own hydrophobicity, and
nanosilica and diatomite have a high content of SiO2 and also have amorphous pores.
Therefore, a pozzolanic reaction occurs during the hydration stage, which has the advantage
of increasing water tightness and improving durability [25,26]. Using the pores of nanosilica
and diatomite, calcium stearate, a powder-like material that can reduce moisture resistance,
was attached to the inside of the pores to produce a moisture-resistant mixed material, and
its physical performance and durability were evaluated. Figure 1 shows SEM images of
nanosilica, diatomite, and calcium stearate used in the experiment.
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2. Materials and Methods of the Experiment
2.1. Materials

The cement used in this experiment is a domestic type 1 ordinary Portland cement
specified in KS F 5201 [27] and ASTM C 150 [28], with a density of 3.15 g/cm3 and
3000 cm2/g. The nanosilica used is available in the domestic market (S teck company,
Ansan, Gyeonggi, Republic of Korea), as well as the diatomite (Daejung company, Seoul,
Republic of Korea). For the fine aggregate, a product that complies with ISO 679:2009 [29]
was used, and the washed aggregate with a fineness modulus of 2.8 was used. The calcium
stearate used in this experiment was obtained from the reaction of stearic acid and lime and
exhibited lubricating and water-repellent properties. More specifically, it is a white powder,
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available in the domestic market (Daejung company, Seoul, Republic of Korea), that has
a lower density than cement and a pH close to slightly alkaline or neutral. The chemical
compositions of the cement, nanosilica, diatomite, and calcium stearate are shown in
Tables 1 and 2 below.

Table 1. Chemical composition of materials [30].

Name
Chemical Composition (%)

SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O L.O.I

OPC 19.29 5.16 2.87 61.68 4.17 2.53 0.89

Diatomite 91.56 1.34 3.83 1.0 0.2 0.01 0.06

NanoSilica 99.46 0.03 0.02 0.07 0.01 0.24 0.01 0.17

Table 2. Chemical composition of metallic salts.

Name

Chemical Composition of Metallic Salts

Chemical
Formula

Density
(g/cm3) pH Melting

Point

Molecular
Weight
(g/mol)

Calcium
stearate C36H70CaO4 1.10 7−9 147−149 607

2.2. Overview and Methods of the Experiment
2.2.1. Preparation of Hydrophobic Powder

This experiment aimed to produce moisture resistance inside cement mortar using
nanosilica and diatomite, which have an excellent pozzolanic reactivity, and using calcium
stearate to enhance insolubility. Owing to its unique insolubility, calcium stearate does not
easily dissolve in contact with cement mortar mixing water. Accordingly, it is expected to
result in bleeding. Thus, an impregnation method was applied to prevent the detachment
of calcium stearate by attaching calcium stearate to the surface of each pozzolan powder
using nanosilica and diatomite as carriers. To this end, calcium stearate was dissolved
using isopropylene as a solvent, after which nanosilica and diatomite were added and
mixed evenly in an ultrasonic stirrer for approximately 3 h so that the nanosilica, diatomite,
and calcium stearate could adhere. The mixture was then completely dried for 3 days in
natural conditions and 2 days at 70 ◦C. Subsequently, it was powdered. The powders that
passed the standard screen size of 150 µm were used to obtain an even fineness. Finally,
the completed powders were named NSC and DTC. The experimental formulation table is
shown in Table 3.

Table 3. Experimental mixing table of cement mortar.

Specimen W/B C S W NSC DTC

OPC

50% 510 1530

255 -
NSC 1% 257.5 5.1
NSC 3% 260.1 10.2
DTC 1% 257.5 5.1
DTC 3% 260.1 10.2

2.2.2. Method of Specimen Production and Experiment

Mixing was performed according to KS L 5109 [31] for a physical performance evaluation
and microstructure analysis. For mixing, cement and binding powder were dry-mixed by adding
1% and 3% of the cement weight ratio, respectively. Next, mixing water was added and stirred
for 30 s at a single speed, and then sand was added and mixed for 30 s at two speeds. It was
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stirred slowly for 30s at a speed of 140 ± 5 r/min, then left for 90 s, and finally stirred for 60 s at
two speeds of 285 ± 10 r/min. For the compressive strength and microstructure analysis, water
absorption test, and chloride penetration resistance test, the specimen was cast into a square mold
50 mm on the side and a round cylinder of ϕ 100 × 150 mm, which was demolded after 1 day
and cured in water. The experiments were then conducted at the ages of 7 and 28 days. The mix
proportions for this experiment are shown in Table 3.

Furthermore, this study measured the activity factor using the compressive strength
at the age of 28 days and the compressive strength according to KS L 5105 [32] and KS
L 5405 [33] to determine the physical properties of the specimen. Afterward, a thermal
analysis (TGA) was conducted, and a scanning electron microscope (SEM) was used for
microanalysis, and water absorption and permeability resistance tests were performed at
the ages of 7 and 28 days based on KS F 4919 [34] to evaluate the internal moisture resistance
of the specimen. In addition, the chloride ion penetration resistance was tested according
to ASTM C 1202 [35] “Standard Test Method for Electrical Indication of Concrete’s Ability
to Resist Chloride Ion Penetration” (ASTM 1993) and KS F 2711 [36] “Standard test method
for resistance of concrete to chloride ion penetration by electrical conductance” (KSA 2017).

3. Experimental Results
3.1. Thermal Analysis Measurement

Ca(OH)2 is thermally decomposed at approximately 450–550 ◦C. A thermal analysis of
the reference mortar and NSC3% and DTC3% was conducted after 7 days to determine the
weight loss of the specimen using mass reduction and quantitatively evaluate the amount
of Ca(OH)2 produced in the hydrate. The TGA measurement results are shown in Figure 2.
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The amount of Ca(OH)2 produced from the reference mortar was 13.4%, whereas the
amounts from DTC3 and NSC3% were 2.51% and 12.05%, respectively. In the NSC specimen,
the lowest mass reduction rate was determined through the endothermic peak in the section
where Ca(OH)2 was decomposed. Nanosilica promotes the hydration of cement at the early
stage of the hydration reaction, consumes calcium hydroxide (CH) due to its high pozzolanic
reaction, and then converts it to calcium silicate hydrate (CSH) gel to improve the mechanical
properties of concrete. However, the pozzolanic reaction was reduced when insufficient CH
was produced, as under the conditions of this experiment. The NSC specimen using nanosilica
does not adhere to the surface when combined with calcium stearate, whereas calcium stearate
adheres in the form of a coating due to the shape of the fine particles of nanosilica, without
causing a pozzolanic reaction. Moreover, in the specimen using diatomite, the CH generated

170



Materials 2024, 17, 1014

by the hydration reaction of cement and the SiO2 present in large amounts in diatomite seems
to have partially compensated for the loss of compressive strength following the mixing of
calcium stearate due to the pozzolanic reaction.

3.2. Compressive Strength and Activity Factor

The following values were determined when measuring the 7-day and 28-day com-
pressive strength. OPC, the control group, showed 28 MPa on the 7th day and 37 MPa on
the 28th day, whereas NSC, which combined nanosilica and calcium stearate, exhibited
a significantly lower compressive strength. The 7-day and 28-day compressive strengths
of the specimen mixed with a weight ratio of 1% were 21 and 24 MPa, respectively, and
those of the specimen mixed with a weight ratio of 3% were 13 and 16 MPa, respectively.
The compressive strength, activity factors, and the equation used to evaluate the activity
factor used in Equation (1) are shown in Figure 3 below.

As =
C1

C2
× 100(%) (1)

where

As: activity factor (%);
C1: average compressive strength of the specimen replacing admixture (MPa);
C2: average compressive strength of OPC specimen (MPa).
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Figure 3. Results for compressive strength and activity factor.

The compressive strength increased when nanosilica was mixed because the size of
the basic particles of nanosilica was 10–20 nm, and the fine particles reduced the porosity
of concrete due to the void filling and particle distribution and increased the pozzolanic
reaction with Ca(OH)2, thereby generating CSH [37,38]. However, in this experimental
condition, the dissolved calcium stearate surrounded the entire particle when attached
to nanosilica; thus, the high content of SiO2 in nanosilica could not cause a pozzolanic
reaction and delayed the hydration reaction when only calcium stearate was mixed, re-
ducing the increase in compressive strength because the transition area representing the
interface between cement paste and particles of aggregate was expanded. This conse-
quently hindered a uniform dispersion force [39,40]. The DTC specimens that combined
diatomite and calcium stearate showed an increase in activity of up to 83% compared to
the reference mortar. In contrast to the NSC case, calcium stearate was attached within
the pores due to the characteristics of the internal pore structure of diatomite. Thus, some
of the diatomite compensated for the compressive strength that was reduced through the
pozzolanic reaction.
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3.3. Water Absorption Measurement

Water absorption was measured at 7 days and 28 days based on KS F 4919 [34]. Absorption is
typically measured by immersing the lower surface of a 70 mm × 70 mm × 20 mm test specimen
coated with a waterproofing agent in water; however, in this experiment, the central part of a
50 mm × 50 mm × 50 mm square mortar plate was cut, and the cut surface was immersed to
measure water absorption inside the mortar plate specimen. The initial mass (W0) was measured
after applying epoxy to the remaining surfaces, except the lower bottom, where the cut surface
was immersed in water. The immersed surface was taken out after 24 h, and the mass (W1) was
measured after gently wiping the surface. Absorption was determined by calculating the means
of the three specimens according to Equation (2). Moreover, a ϕ 100 × 200 circular test piece
was divided into four lengthwise sections to conduct a water penetration test in pressurization.
Subsequently, a water permeability test was conducted using a specimen with a height of 50 mm
on the inner part. The experiment was conducted under the atmospheric pressure of 0.3 N/mm2

to allow moisture to permeate the specimen, whereas the weight was measured after 3 h of
pressurization. The equation used to measure moisture absorption is shown in Equation (2), and
the hydrostatic pressure and atmospheric pressure are shown in Figure 4.

Absorption(g) = W1 − W0 (2)

where

W0: mass before measurement (g);
W1: mass after measurement (g).
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The water absorption measurements revealed that the reference mortar showed a
water absorption of 2.7 g, whereas the NSC specimen using nanosilica showed slightly
less water absorption than the DTC specimen using diatomite. However, when a pressure
of 0.3 N/mm2 was applied, the NSC specimen showed an increase in absorption as the
pressure increased compared to the reference mortar. Specifically, the NSC specimen only
showed moisture resistance due to the characteristics of the calcium stearate surrounding
the surface of nanosilica. The DTC specimen showed a lower compressive strength than
the reference mortar; however, in contrast to the NSC specimen, the characteristics of
calcium stearate attached inside the pores of the diatomite and the hydration reaction due
to the pozzolanic reaction had a simultaneous effect that enhanced the moisture resistance
performance. Except for the reference mortar, the pore structure was not improved by the
filling of the capillary pores with the hydration product formed by the pozzolanic reaction.
More precisely, moisture resistance was found to be due to the characteristics of calcium
stearate. The results are presented in Tables 4 and 5, respectively.
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Table 4. Results of water absorption test.

Specimen [28 Days]

OPC NSC 1% NSC 3% DTC 1% DTC 3%

0 H (g, W0) 133.4 137.7 131.5 134.9 139.5
24 H (g, W1) 136.1 140.1 133.1 137.6 141.8

Absorption (g) 2.7 2.4 1.6 2.7 2.3

Table 5. Results of water penetration test.

Specimen [28 Days]

OPC NSC 1% NSC 3% DTC 1% DTC 3%

Weight (before testing) 855.8 869.5 850.7 862.8 860.4
Weight (after the test) 870.9 888.4 875.3 879.1 876.1

Absorption (g) 15.1 18.9 24.6 16.3 15.7

The water absorption measurements revealed that the reference mortar showed a water
absorption of 2.7 g, whereas the NSC specimen using nanosilica showed slightly less water
absorption than the DTC specimen using diatomite. However, when a pressure of 0.3 N/mm2

was applied, the NSC specimen’s water absorption increased as the pressure increased compared
to the reference mortar. Specifically, the NSC specimen only showed moisture resistance due
to the characteristics of the calcium stearate surrounding the surface of nanosilica. The DTC
specimen showed a lower compressive strength than the reference mortar; however, in contrast
to the NSC specimen, the characteristics of the calcium stearate attached inside the pores of
the diatomite and the hydration reaction due to the pozzolanic reaction had a simultaneous
effect that enhanced the moisture resistance performance. Except for the reference mortar, the
pore structure was not improved by the filling of the capillary pores with the hydration product
formed by the pozzolanic reaction. More precisely, moisture resistance was found to be due to
the characteristics of calcium stearate.

3.4. Measurement of Chloride Ion Penetration Resistance

To measure the chloride ion penetration resistance of each specimen as chloride ions
moved, along with water penetration, an experiment was conducted according to ASTM C 1202
(ASTM 1993) and KS F 2711 [34,35]. The experimental measurement is shown at Figure 5.
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The specimens were retained in a desiccator under vacuum for 3 h. Subsequently, they
were immersed in distilled water for 18 ± 2 h until the interiors of the specimens were
completely saturated. The cathode of the applied voltage cell was then filled with a 3.0%
NaCl solution and the anode with a 0.3 N NaOH solution. A direct current voltage of 60 V
was maintained on both sides of the applied voltage cell and the current was recorded
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every 30 min for 6 h. Equation (3) and Table 6 were used to calculate the total charge that
passed and the results of coulombs (C) are shown at Figure 6.

Q = 900(I0 + 2I30 + 2I60 + . . . 2I300 + 2I330 + I360) (3)

where

Q: total passing charge;
I0: current immediately after starting test with applied voltage;
I360: current 360 min after applying voltage.

Table 6. Evaluation according to chloride ion penetration [41].

Coulombs (C) Permeability

>4000 High
2000–4000 Normal
1000–2000 Low
100–1000 Very low

<100 Negligible
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Figure 6. Mesurement of RCPT.

In the 28-day measurement, the OPC, the reference mortar in this experiment, showed
a high value of approximately 4300 coulombs, whereas the C values of NSC 1% and 3%
specimens were 5600 and 6300, respectively, somewhat higher than DTC 1% and 3% at
4900 and 5400. Calcium stearate generally exhibits water penetration resistance because
a hydrophobic wax compound is created through contact with moisture. However, the
specimen lacks water tightness, as the calcium stearate coating film formed on the nanosilica
particles inhibits the formation of hydrates in the cement mortar, causing water penetration.
The reaction of calcium stearate and cement may decrease chloride penetration resistance
due to the deterioration in compressive strength [42]. The results for the samples with
calcium stearate revealed no improvement in the pore structure inside the cement mortar.

3.5. Scanning Electron Microscope (SEM)

In the OPC specimen, hydration products such as CSH and CH, Ca(OH)2 were evenly
distributed according to the hydration process, whereas, in the NSC specimen, the hy-
dration reaction was observed only in some parts. In the SEM image, the size of the
nanosilica particles was approximately 17–18 nm, which was ultrafine. Thus, the dis-
solved calcium stearate seemed to have surrounded the aggregated particles instead of
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being attached to the nanosilica particles. Accordingly, the limited bonding between
calcium oxide and nanosilica, with its high SiO2 content, seems to have inhibited the
pozzolanic reaction. As in OPC, hydration products were found in the DTC specimen.
Calcium stearate attached inside the pore structure of diatomite, resisting water that had
penetrated. However, its compressive strength was less than that of OPC, the reference
mortar, due to the uneven adhesion of calcium stearate to diatomite and the delay in the
production of hydration because even dispersion was not secured within the cement mortar.
The sem measurement image was shown at Figure 7.
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4. Conclusions

This study used nanosilica and diatomite, which can serve as pozzolanic admixture
materials, to endow concrete with a hydrophobic property through adhesion with calcium
stearate, selected for its moisture resistance. It was added when mixing cement mortar, and,
subsequently, we tested the internal moisture resistance. The following results were obtained:

(1) The results of the literature review showed that mixing in only nanosilica can increase
compressive strength. However, the fine particles of nanosilica are coated with lique-
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fied calcium stearate, thereby inhibiting the pozzolanic reaction under the conditions
of this experiment.

(2) The moisture resistance measurement results were the best for the NCS3% specimen,
which was rich in calcium stearate. It exhibited the best results under hydrostatic
pressure, whereas its permeability was the highest under pressurization. As a simple
filler, it can resist some moisture; however, water tightness cannot be expected due to
the chemical reaction of nanosilica.

(3) The chloride ion penetration resistance measurements also demonstrated that the
increase in the amount of mixing admixture to which calcium stearate was attached
led to an increase in the total charge that passed.

(4) Diatomite, with its atypical particles and porosity, seems to have secured water
tightness better than nanosilica because of the pozzolanic reaction in particles to
which calcium stearate was not attached.

It is expected that it will be possible to determine the feasibility of using porous
pozzolanic admixtures such as diatomite as a carrier for developing admixtures with
moisture resistance. Further research should combine hydrophobic substances using
pozzolanic powder with porosity and compensate for the reduction in compressive strength.

Author Contributions: C.B.Y. and J.H.P. designed the study, performed the experiments, analyzed
the data, and wrote the initial draft of the manuscript. C.B.Y. was also involved in the scientific
discussion, revision, and finalization of the manuscript, as well as acquiring funds. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Research Foundation of Korea (NRF) grant
funded by the South Korean government (MSIT), grant number No. 2021R1F1A1061684.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Shim, H.B.; Lee, M.S. An Experimental Study on Water Resistance of Penetrating Water Repellency of Emulsified Silicon Type

Exposed to The Outdoor Environment. J. Korea Concr. Inst. 2014, 16, 477–484. [CrossRef]
2. Maravelaki-Kalaitzaki, P. Hydraulic Lime Mortars with Siloxane for Waterproofing Historic Masonry. Cem. Concr. Res. 2007, 37, 283–290.

[CrossRef]
3. Moradllo, M.; Sudbrink, B.; Tyler Ley, M. Determining the Effective Service Life of Silane Treatments in Concrete Bridge Decks.

Constr. Build. Mater. 2016, 116, 121–127. [CrossRef]
4. Zhang, P.; Wittmann, F.; Vogel, M.; Muller, H.; Zhao, T. Influence of Freeze-thaw Cycles on Capillary Absorption and Chloride

Penetration into Concrete. Cem. Concr. Res. 2017, 100, 60–67. [CrossRef]
5. Yoon, C.B.; Lee, H.S. Selection of the Optimum Carrier for Manufacturing Water-Repellent Concrete and Durability Evaluation of

Cement Mortar Using It. Appl. Sci. 2020, 10, 9097. [CrossRef]
6. Naseroleslami, R.; Chari, M.N. The effects of calcium stearate on mechanical and durability aspects of self-consolidating concretes

incorporating silica fume/natural zeolite. Constr. Build. Mater. 2019, 225, 384–400. [CrossRef]
7. Yao, N.; Zhang, P.; Song, L.; Kang, M.; Lu, Z.; Zheng, R. Stearic acid coating on circulating fluidized bed combustion fly ashes and

its effect on the mechanical performance of polymer composites. Appl. Surf. Sci. 2013, 279, 109–115. [CrossRef]
8. Spathi, C.; Young, N.; Heng, J.Y.; Vandeperre, L.J.; Cheeseman, C.R. A simple method for preparing super-hydrophobic powder

from paper sludge ash. Mater. Lett. 2015, 142, 80–83. [CrossRef]
9. Liu, W.; Xie, Z.; Yang, X.; Wu, Y.; Jia, C.; Bo, T.; Wang, L. Surface modification mechanism of stearic acid to zirconia powders

induced by ball milling for water-based injection molding. J. Am. Ceram. Soc. 2011, 94, 1327–1330. [CrossRef]
10. Alonso, M.M.; Palacios, M.; Puertas, F. Compatibility between polycarboxylate-based admixtures and blended-cement pastes.

Cem. Concr. Compos. 2013, 35, 151–162. [CrossRef]
11. Choi, S.S.; Chung, H.S.; Joo, Y.T.; Yang, K.M.; Lee, S.H. Appearance contamination of EPDM article from water solution. Elastomers

Compos. 2010, 45, 100–105.
12. Abhilash, P.P.; Nayak, D.K.; Sangoju, B.; Kumar, R.; Kumar, V. Effect of nano-silica in concrete; a review. Constr. Build. Mater. 2021,

278, 122347.

176



Materials 2024, 17, 1014

13. Mondal, P.; Shah, S.P.; Marks, L.D.; Gaitero, J.J. Comparative study of the effects of microsilica and nanosilica in concrete. Transp.
Res. Rec. 2010, 2141, 6–9. [CrossRef]

14. Ren, J.; Lai, Y.; Gao, J. Exploring the influence of SiO2 and TiO2 nanoparticles on the mechanical properties of concrete. Constr.
Build. Mater. 2018, 175, 277–285. [CrossRef]

15. Khan, K.; Ahmad, W.; Amin, M.N.; Nazar, S. Nano-silica-modified concrete: A bibliographic analysis and comprehensive review
of material properties. Nanomaterials 2022, 12, 1989. [CrossRef]

16. Chekravarty, D.S.V.S.M.R.K.; Mallika, A.; Sravana, P.; Rao, S. Effect of using nano silica on mechanical properties of normal
strength concrete. Mater. Today Proc. 2022, 51, 2573–2578. [CrossRef]

17. Ji, T. Preliminary study on the water permeability and microstructure of concrete incorporating nano-SiO2. Cem. Concr. Res. 2005,
35, 1943–1947. [CrossRef]

18. Gaitero, J.J.; Campillo, I.; Guerrero, A. Reduction of the calcium leaching rate of cement paste by addition of silica nanoparticles.
Cem. Concr. Res. 2008, 38, 1112–1118. [CrossRef]

19. Jeong, G.Y. Quantitative Determination of Cristobalite Content in Diatomite and Filtered Food. J. Mineral. Soc. Korea 2019, 32, 313–321.
[CrossRef]

20. Zhang, X.; Liu, X.; Meng, G. Sintering Kinetics of Porous Ceramics from Natural Diatomite. J. Am. Soc. Ceram. 2005, 88, 1826–1830.
[CrossRef]

21. Sarıdemir, M.; Çelikten, S.; Yıldırım, A. Mechanical and microstructural properties of calcined diatomite powder modified high
strength mortars at ambient and high temperatures. Adv. Powder Technol. 2020, 31, 3004–3017. [CrossRef]

22. Degirmenci, N.; Yilmaz, A. Use of diatomite as partial replacement for Portland cement in cement mortars. Constr. Build. Mater.
2009, 23, 284–288. [CrossRef]

23. Aydin, A.C.; Gül, R. Influence of volcanic originated natural materials as additives on the setting time and some mechanical
properties of concrete. Constr. Build. Mater. 2007, 21, 1277–1281. [CrossRef]

24. Posi, P.; Lertnimoolchai, S.; Sata, V.; Chindaprasirt, P. Pressed lightweight concrete containing calcined diatomite aggregate.
Constr. Build. Mater. 2013, 47, 896–901. [CrossRef]

25. Du, H.; Du, S.; Liu, X. Durability performances of concrete with nano-silica. Constr. Build. Mater. 2014, 73, 705–712. [CrossRef]
26. Wu, S.; Zhang, C.; Zhou, F.; Ma, S.; Zheng, H. The effect of nano-scale calcium stearate emulsion on the integral waterproof

performance and chloride resistance of cement mortar. Constr. Build. Mater. 2022, 317, 125903. [CrossRef]
27. KSL5201; Portland Cement. Korean Industrial Standards: Seoul, Republic of Korea, 2017.
28. ASTM A C150; Standard Specification for Portland Cement. ASTM International: West Conshohocken, PA, USA, 2001.
29. KS L ISO 679; Cement-Test Methods-Determination of Strength (Second edition 2009-05-01). Korean Industrial Standards: Seoul,

Republic of Korea, 2009.
30. Park, J.H.; Yoon, C.B. Properties and durability of cement mortar using calcium stearate and natural pozzolan for concrete surface

treatment. Mater. Sci. 2022, 15, 5762. [CrossRef] [PubMed]
31. KSL5109; Practice for Mechanical Mixing of Hydraulic Cement Pastes and Mortar of Plastic Consistency. Korean Industrial

Standards: Seoul, Republic of Korea, 2017.
32. KSL5105; Test Method for Compressive Strength of Hydraulic Cement Mortar. Korean Industrial Standards: Seoul, Republic of

Korea, 2022.
33. KSL5405; Fly AHY. Korean Industrial Standards: Seoul, Republic of Korea, 2018.
34. KSL4919; Cement-Polymer Modified Waterproof Coatings. Korean Industrial Standards: Seoul, Republic of Korea, 2017.
35. ASTM C 1202; Electrical Indication of Concrete’s Ability to Resist Chloride Ion Penetration. Annual Book of American Society for

Testing Materials Standards, Vol. C04.02. ASTM International: West Conshohocken, PA, USA, 1993.
36. KS F 2711; Standard Test Method for Resistance of Concrete to Chloride Ion Penetration by Electrical Conductance. Korean

Industrial Standards: Seoul, Republic of Korea, 2017.
37. Fernández, J.M.; Duran, A.; Navarro-Blasco, I.; Lanas, J.; Sirera, R.; Alvarez, J.I. Influence of nanosilica and a polycarboxylate

ether superplasticizer on the performance of lime mortars. Cem. Concr. Res. 2013, 43, 12–24. [CrossRef]
38. Shih, J.Y.; Chang, T.P.; Hsiao, T.C. Effect of nanosilica on characterization of Portland cement composite. Mater. Sci. Eng. A 2006,

424, 266–274. [CrossRef]
39. Li, H.; Zhang, M.H.; Ou, J.P. Abrasion resistance of concrete containing nano-particles for pavement. Wear 2006, 260, 1262–1266. [CrossRef]
40. Nemati Chari, M.; Naseroleslami, R.; Shekarchi, M. The impact of calcium stearate on characteristics of concrete. Asian J. Civ. Eng.

2019, 20, 1007–1020. [CrossRef]
41. Lee, W.G.; Yoon, C.B. Experimental Study on Physical Properties and Water Absorption Resistance Evaluation of Cement Mortar

Incorporating Inorganic Metal Salt-based Water Repellent Powder. J. Korean Recycl. Constr. Resour. Inst. 2021, 9, 609–616.
42. Azarhomayun, F.; Haji, M.; Kioumarsi, M.; Shekarchi, M. Effect of calcium stearate and aluminum powder on free and restrained

drying shrinkage, crack characteristic and mechanical properties of concrete. Cem. Concr. Compos. 2022, 125, 104276. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

177



Citation: Adamus, J.; Langier, B.

Analysis of Durability of Watertight

Concretes Modified with the Addition

of Fly Ash. Materials 2023, 16, 5742.

https://doi.org/10.3390/

ma16175742

Academic Editor: Yuri Ribakov

Received: 31 July 2023

Revised: 18 August 2023

Accepted: 19 August 2023

Published: 22 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

materials

Article

Analysis of Durability of Watertight Concretes Modified with the
Addition of Fly Ash
Janina Adamus and Bogdan Langier *

Department of Civil Engineering, Faculty of Civil Engineering, Czestochowa University of Technology,
69 Dabrowskiego St., 42-201 Czestochowa, Poland; janina.adamus@gmail.com
* Correspondence: bogdan.langier@pcz.pl

Abstract: The growing demand for watertight concrete structures is conducive to the development of
research in this area, but their results are rarely published. In order to partially fill this gap, the authors
of the publication present the results of research into the effect of fly ash addition on the watertightness
of concrete. Prior to the tests, a recipe for a concrete mix with the addition of a sealing admixture
modified with fly ash was developed. The following properties were analyzed: consistency of the
concrete mix, air content in the concrete mix, compressive strength of concrete, depth of penetration of
water under pressure, and frost resistance of concrete for F150 level. The work meets the expectations
of the construction industry with respect to the production of concrete structures resistant not only to
the penetration of water into concrete but also resistant to aggressive substances dissolved in water
that accelerate the destruction of concrete and corrosion of reinforcement bars. Based on the test
results, it was found that the addition of fly ash to the concrete mix enhances the positive impact
of the applied sealing admixture, increasing the tightness of the concrete. It reduces the depth of
penetration of water under pressure and therefore increases the frost resistance of concrete.

Keywords: watertight concrete; concrete mix; fly ash; water penetration depth; frost resistance

1. Introduction

Although concrete is one of the oldest building materials, it is still subjected to various
modifications in order to improve its physical and mechanical properties and durability in
an aggressive environment. Currently, one of the basic components of concrete is modern
chemical admixtures, thanks to which it is possible to optimize its properties. The variety
of available chemical admixtures allows for their selection in terms of improving both the
properties of the concrete mix and the durability of concrete (improving fluidity, lowering
the W/C ratio without losing fluidity, sealing, aeration, accelerating or delaying setting
of the concrete, increasing early strength, improving frost resistance and many other).
The rapid development of chemistry also enables the use of various additives, which
are materials usually used in quantities exceeding 5% of the mass of cement. They are
divided into two types; one is inert additives in the form of filler of aggregates or pigments,
and the other type has pozzolanic properties (silica fume, silica fly ash) or hydraulic
properties (granulated blast furnace slag). The use of admixtures and additives allows
modification of the concrete mix and/or hardened concrete. Concern for the environment,
in accordance with the principles of sustainable development, makes it necessary to use
ecological construction products that allow reducing the consumption of cement, the
production of which has a negative impact on the environment, and natural construction
aggregates, whose easy to extract resources, are slowly running out. In Jura et al. [1], the
possibility of using fly ash from the combustion of wood–sunflower biomass as a sand
substitute for the production of concrete was analyzed. In turn, Rutkowska et al. [2,3]
analyzed the possibility of using fly ash from sewage sludge as an additive to ordinary
concretes. Khatib et al. [4] indicate that municipal solid waste incineration bottom ash can
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partially substitute fine aggregate. In [5] durability of mortars with fly ash subjected to
freezing and thawing cycles and sulfate attack was tested. Kelechi et al. [6] analyzed the
durability performance of self-compacting concrete containing fly ash, crumb rubber, and
calcium carbide waste. Raydan et al. [7] propose the use of glass powder as a material
partially replacing cement. Pietrzak and Ulewicz [8] propose to use a post-consumer
thermoplastic elastomer (TPE) additive derived from used car floor mats as a substitute for
sand or fine aggregate. Some of the works concern special concretes in which additives
play a special role, such as absorbing harmful ionizing radiation [9,10] or improving
watertightness.

In recent years, the demand for building structures made of watertight concrete has
been increasing rapidly. The limited availability of building lots in large cities means
that many newly erected buildings have underground parking floors, which, due to the
environment and harmful external conditions, need complete protection against water
penetration into their structure. In addition, the intensive development of civilization
causes the formation of “urban heat islands” with a much higher temperature compared
to their outskirts. In order to counteract this, more and more buildings are erected with
roofs covered with vegetation, which act as natural heat accumulators [11]. According
to [12], green roofs can reduce the cooling load by up to 70% and provide a significant
improvement in thermal comfort conditions. The environmental benefits of green roofs
focus on reducing pollutant concentrations, sequestration carbon, and reducing urban
noise. The positive impact of green roofs on the urban climate was demonstrated in [13].

Mousavi et al. [14] showed that the optimally designed green roof and its proper
operation could result in a 12.8% increase in comfort hours and a 14% reduction in energy
consumption compared to the analyzed basic variant. Additionally, by increasing the
amount of green space in cities, natural habitats for bees and other pollinating insects
increase [15]. The authors of the work [16] also indicate that implementing food, energy,
and water production systems on urban rooftops can potentially help cities become more
self-sufficient.

However, it should be remembered that the “green roof” technology requires 100%
protection of the ceiling against moisture penetration. The residents of the famous Villa
Savoye, designed in 1928 by the French architect Le Corbusier, learned painfully about the
consequences of not meeting this condition. After a few months after its erection, they had
to move out of the building, as it turned out that water leaked through the roof, and the
repair process turned out to be unprofitable and difficult to carry out [17]. Certainly, the
history of this building would have been different if watertight concrete and an appropriate
sealing system had been used for its construction. The presented example shows that
waterproof concrete should be used not only in structures made below but also above
ground level when operating conditions require protection of concrete elements against the
destructive effects of water. This applies to concrete structures exposed to the pressure of
groundwater, such as subways, underground passages, garages, basements of buildings,
water reservoirs, sewage treatment plants, as well as flat roofs or small architectural objects
such as fountains.

The impact of aggressive groundwater causes corrosion and damage to concrete struc-
tures as a result of corrosion of steel reinforcement and concrete cracks. The durability of
concrete structures largely depends on the resistance to water penetration and chlorine,
sulfur, or carbon dioxide compounds dissolved in it. According to [18], the processes of
penetration of these substances into concrete elements take place by diffusion, penetration,
absorption, or electrical migration. Basheer et al. [19] reviewed the transport mechanisms,
such as water absorption, permeability, and diffusion, which are responsible for the penetra-
tion of harmful substances into concrete. It has been shown that all the transport processes
are interrelated and affect the strength parameters of concrete. Thus, concrete durability can
be assessed based on the transport mechanisms. Transport mechanisms occurring near the
surface or in the vicinity of the reinforcement play a dominant role in concrete degradation.
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Therefore, test methods assessing surface zone are of particular interest, especially in view
of non-destructive evaluation of existing structures.

Currently, we are dealing with increasingly larger and deeper underground structures
that are subject to destruction to a much greater extent than before. Unfortunately, classic
concrete does not meet the waterproofing criteria. The thermal effects of cement hydration
cause thermal stresses, which in turn cause the formation of a network of microscopic chan-
nels through which water easily migrates into the concrete. This is especially dangerous
in the winter, when the freezing water increases in volume and bursts the concrete. Water
leakage in concrete elements poses a significant issue as it shortens the structure’s lifespan
and necessitates continuous maintenance. According to [20], factors contributing to water
leakage through concrete structures can be divided into three groups: design, construction,
and operational factors. It is usually a combination of these factors, so the problem of water
leakage should be considered from the perspective of the whole system. In the case of
diaphragm walls, as emphasized by Larisch [21], the method of concrete placement plays a
key role.

One of the possibilities to improve the durability and reliability of concrete struc-
tures and to increase the comfort of their use is the application of modern materials and
construction technologies. Until recently, the main method of extending the durability of
concrete structures was to use external insulation in the form of coatings, foils, membranes,
or bituminous felts [22–25] to act as a physical barrier against water. Exterior insulation
tests focus primarily on the mechanical properties and chemical resistance of the materials
they are made of and their adhesion to the hardened concrete surface. In recent years, in
order to prevent water intrusion into new or existing concrete structures, sealants based
on sodium silicate are used, which react with portlandite in the cement matrix to form
calcium-silicate hydrates, partially filling the pores of the concrete. According to [26],
this reaction causes an increase in the hardness of the concrete surface of the structure
by about 12%. By increasing the impermeability to water by increasing the compactness
of the concrete (reducing micropores, microvoids, and microcracks), the durability of the
structure is extended. X. Xue et al. [27]) claim that the water-soluble hydrophobic agent they
developed for impregnating concrete elements, in addition to improving water resistance,
also shows excellent thermal, low-temperature, ultraviolet, alkaline, and acid resistance. It
is also resistant to chlorides. Izarra et al. [28] observed that a hydrophobic release agent
containing SiO2-CH3 nanoparticles dispersed in vegetable oil, used to facilitate formwork
demoulding, despite the small penetration depth, improves the water resistance of concrete
without affecting its compressive strength. The performance of the moisture barrier system
can be significantly enhanced by the use of waterproofing/dampproofing admixtures in
concrete [29]. They can effectively reduce the rate of penetration of water and aggressive
chemicals dissolved in it and therefore delay the negative effects of damage caused by
freezing and thawing water. For this purpose, water-reducing, air-entraining, and hy-
drophobic admixtures are introduced into concrete mixes. In the Muhammad et al. [30], it
was found that most of the work on improving the resistance of concrete to the penetration
of water and harmful substances from the environment concerns the use of polymer-based
materials, silicates containing compounds, silanes, siloxanes, cementing materials, as well
as nanomaterials. On this basis, the authors distinguished three groups of factors determin-
ing the watertightness of concrete, taking into account the structure of materials (macro-,
micro-, and nanomaterials), methods of their application (coatings applied to dry concrete
or modification of the concrete mix) and their function (thin-layer coatings reducing water
absorption, membranes and pore blockers). The water absorption test is most often used to
assess the impact of these factors.

At work [31], the impact of a carboxylic acid-based admixture on improving the
water resistance of concrete and increasing the self-sealing capacity of the cement matrix
was investigated. Li et al. [32] enhanced the anti-penetration properties of the mortar
prepared from cement and powder silane water repellent thanks to the nucleation of
calcium silicate hydrates (C-S-H). In turn, Geng et al. [33] propose a new method of
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hydrophobic treatment of concrete using SiO2 sol and silane emulsion. They showed that
the hydrophobic effect was obtained due to the morphological changes of the concrete
(C40), mainly the improvement of the concrete surface microstructure. Muwashee et al. [34]
used bentonite and limestone dust as waterproofing admixtures. Among the hydrophobic
agents for concrete, the most commonly used are metal soaps, wax emulsions, and liquid
silane emulsions. The limitation of the large-scale use of hydrophobic additives is usually
their high price and the fact that they are often damaged during use. In [35], an inexpensive
and commercially available polydimethylsiloxane (PDMS) was proposed as a cement
admixture for the hydrophobic modification of cement mortar. Thanks to this modification,
a superhydrophobic material was obtained, which can be used in waterproof concrete,
and additionally gives it anti-corrosion properties. The addition of PDMS increased the
fluidity of the cement mortar, reduced the water requirement, and extended the setting time.
Some researchers, including [36,37], see the solution to the problem of water permeability
through concrete in the use of shrinkage-reducing admixtures and subsequent cracking of
concrete, e.g., containing glycol ether, which reduces the diffusion of chlorides into concrete.
Bamoharram et al. [38] showed a positive effect of nano-organic silicon compounds on
improving concrete tightness. The authors of the work [39], in order to increase the water
resistance of concrete, propose Dual-Crystallization Waterproofing Technology, combining
hygroscopic crystallization, hydrophilic crystallization, and hydrophobic properties. They
propose the use of a two-component reactive solution that can be sprayed on either fully
cured or old concrete. As a result of chemical and physical reactions, water transport
through the concrete matrix is minimized. Hygroscopic crystals block the pores of the
concrete, reducing the space available for water.

Studies by Matar and Barhoun [40] on the impact of a waterproofing admixture on
the properties of concrete made from recycled aggregate also deserve attention. Research
conducted in this direction is particularly valuable due to the fact that the partial or com-
plete replacement of natural aggregate with aggregate obtained by crushing demolished
concrete is currently an innovative application in sustainable construction, as it reduces
the landfill area required for waste disposal and protects natural resources by reducing the
amount of aggregate extracted from pits or quarries, which was also noted by the authors
of the work [41].

While watertight concretes, enhanced with specialized admixtures and additives, have
been increasingly used in recent years and become impermeable to water after cur-ing,
Chew and Silva [20] emphasize that an important factor determining the comprehensive
watertightness of the structure is the prevention of water leakage through structural joints
and expansion joints, requiring a special joint sealing and waterproofing system. The basic
principles of sealing are described in [42].

Waterproof concrete structures, the so-called “White Box Concept,” are designed and
built to prevent water leakage from or into the structure. B. H. Cho et al. [43] conducted a
comparison of the watertightness of underground structures sealed with the traditional
method of embedding PVC tapes between individual construction elements and the modi-
fied method of attaching the tape to concrete elements by means of gluing. The authors
of this work emphasize that the adhesive bonding tapes provide a much better and more
durable watertightness of the structure.

The literature review indicates that, at the moment, the best solution to ensure the
tightness of concrete structures is the use of watertight concrete in combination with an
appropriate system for sealing expansion joints and all elements included in the structure.
Despite the growing demand for waterproof concretes, there are few works on their design
in the available technical literature, especially in open access. Companies protect their
formulas and rarely share their knowledge in this area. Therefore, the authors of this
work decided to present the design of the concrete mix as well as the results of tests of
the concretes intended for structures exposed to groundwater pressure, such as garages,
basements, or other types of underground technical rooms. The main goal of the work is an
analysis of the effect of flay ash addition on the watertightness of concrete. Our test results
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showed that fly ash enhanced the effect of the sealing admixture, additionally limiting
the depth of penetration of water under pressure, which is extremely important not only
in the case of concrete used for underground structures but also for the construction of
green roofs, which is a kind of novelty on the market. In the absence of detailed guidelines
for the design of watertight concretes the test results can be used by technologists and
concrete designers as guidelines in the selection of the composition of watertight concrete.
Experiments allow for reducing mistakes in the future.

2. Materials and Methods

In order to study the effect of flay ash on the watertightness of concrete., the concrete
mixes with the addition of sealing admixture, which was modified with fly ash, were
developed. As a part of the work, the following 4 variants of concrete mixes for making
watertight concrete were designed:

- V1: reference concrete mix with an admixture of plasticizer and superplasticizer,
- V2: concrete mix of variant 1 modified with the addition of a sealing admixture,
- V3: concrete mix of variant 1 modified with the addition of fly ash used as a replace-

ment for a part of the aggregate,
- V4: concrete mix of variant 3 modified with the addition of a sealing admixture.

The adopted designations of the mixes correspond to the order of design and execution
of the tested series of concretes. First, a reference series (V1) was designed experimentally,
and then, the reference series was modified with the addition of a sealing admixture
and marked as V2. In the next stage, the reference series was redesigned by introducing
fly ash (V3), and then a sealing admixture was added to the V3 series, and thus the V4
series was created. When designing concrete mixes, it was taken into account that the
technology of water-tight concrete is effective only when we are able to eliminate possible
cracks that arise not only as a result of construction errors but also improper technology of
concrete production. Therefore, special attention was paid to the selection of concrete mix
components, especially the selection of admixtures and additives to improve the plasticity
and tightness of concrete and to ensure the proper ratio of water to cement and the optimal
distribution of aggregate grains.

Experimental studies of concrete mixes and hardened concrete included testing:

- consistency of the concrete mix,
- air content in the concrete mix,
- concrete compressive strength,
- depth of penetration of water under pressure,
- frost resistance of concrete for level F150.

2.1. Material Properties

Portland slag cement CEM II/B-S 42.5N NA [44] was used to produce concrete, whose
composition, mechanical and physical properties are presented in Tables 1 and 2, and
natural aggregate: fine with a grain size of 0–2 mm and coarse (gravel) with a grain size of
2–8 mm and 8–16 mm.

BV3M plasticizer, ViscoCrete 5 superplasticizer, and WT-200P sealing admixture were
used as concrete admixtures. Silica fly ash with pozzolanic characteristics meeting the
requirements of the standard PN-EN 450-1:2012 [45], i.e., loss of ignition of A category,
fineness of category N, was additive to concretes. The chemical composition of fly ash is
given in Table 3.
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Table 1. Chemical composition of cement CEM II/B-S 42.5N NA.

Chemicals Formula Content [wt.%]

Calcium oxide CaO 53.37
Silicon dioxide SiO2 26.73

Aluminium dioxide Al2O3 7.06
Iron oxide Fe2O3 2.81

Magnesium oxide MgO 3.51
Sulfur oxide SO3 2.09

Chlorine Cl 0.059
Sodium oxide Na2Oeq 0.66
insoluble parts 3.49
roasting losses 1.77

Table 2. Mechanical and physical properties of cement CEM II/B-S 42,5N NA.

Curing
Time [day]

Compressive Strength
[MPa] Physical Properties of Cement

Average Required

2 21.6 ≥10.0 specific surface
[cm2/g]

Soundness
(expansion) [mm]

Initial setting
time [min]

28 58.7 ≥42.5
≤62.5 4091.0 0.6 221.0

Table 3. Chemical composition of fly ash.

Chemicals Formula Content [wt.%]

Silicon dioxide SiO2 52.2
Aluminium dioxide Al2O3 28.4

Iron oxide Fe2O3 8.1
Calcium oxide CaO 4.1

Magnesium oxide MgO 2.4
Sulfur trioxide SO3 0.4
Sodium oxide Na2O 0.9

Potassium oxide K2O 2.7
Chlorine Cl 0.008

Loss of ignition LOI 2.6

2.2. Concrete Mix Design

When developing the recipe for concrete mixes, the following parameters were sought:
water penetration depth: <30 mm, degree of frost resistance: minimum F150, consistency
class after 5 min from the first contact of water with cement: S2, air content in the concrete
mix after 5 min from the first contact of water with cement: 2 ÷ 3%.

As part of the design of the composition of the concrete mix of variant V1, gradation
tests were carried out, and then the mixing proportions were experimentally determined in
order to obtain the optimal graining of the aggregate by examining its bulk density and
voids. The grading curve of the aggregate mix, together with the limit curves according to
PN-B-06265:2022-08 [46], is shown in Figure 1.
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Figure 1. Grading curve of aggregate mix 0–16 mm with limit curves.

A sealing admixture in the amount of 1% of the cement mass was introduced into the
designed composition of the concrete mix of variant V1 (variant V2). In variant V3 of the
concrete mix, silica fly ash was introduced into the composition as a substitute for part
of the aggregate without using a sealing admixture. As part of further modifications in
variant V4, fly ash and a sealing admixture in the amount of 1% of the cement mass were
used at the same time. The recipes of the tested concrete mixes are presented in Table 4.

Table 4. Recipes of concrete mixes per 1 m3 of concrete.

No Component of the Concrete Mix
Density
(g/cm3)

Mass [kg]

Variant of Concrete Mix

V1 V2 V3 V4

1. Sand 0/2 mm 2.62 700.00 700.00 682.00 682.00

2. Gravel 2/8 mm 2.58 501.00 501.00 488.00 488.00

3. Gravel 8/16 mm 2.58 619.00 619.00 603.00 603.00

4. Cement CEM II/B-S 42.5N NA 3.05 360.00 360.00 360.00 360.00

5. Fly ash 2.20 0.00 0.00 40.00 40.00

6. Water 1.00 156.00 153.00 156.00 153.00

7. Plasticizer (BV3M) 1.19 1.80 1.80 1.70 1.70

8. Superplasticizer (Visco Crete 5) 1.07 3.60 3.60 3.60 3.60

9. Sealing admixture (WT-200P) 1.10 0.00 3.60 0.00 3.60

Fly ash in V3 and V4 concrete mixes was introduced into the composition as a sub-
stitute for part of the aggregate. All designed concrete mixes meet the requirements of
concrete durability in a chemically aggressive environment.
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2.3. Methods of Testing

In order to check whether the designed concrete mixes meet the design assumptions,
qualifying the concrete for use in the construction of facilities exposed to groundwater,
standard tests of the obtained concretes carried out, such as consistency of the concrete
mix, air content in the concrete mix, concrete compressive strength and depth of water
penetration under pressure. Due to the fact that concretes are also used in cold regions
exposed to excessive freezing and thawing during the year, an additional frost resistance
test of concrete was carried out. The purpose of such a test is to check the resistance of
concrete to the destructive effects of changing temperatures. All tests were carried out in
accordance with applicable standards.

The test of the consistency of the concrete mix was carried out using the concrete
slump test in accordance with the standard PN-EN 12350-2:2019-07 [47]. The consistency
test of the concrete mix was carried out individually for each batch of concrete mix in
the series. The assessment of the change in consistency over time was performed at the
same time intervals from the moment of combining the cement with water. The concrete
mix was stored in a sealed container and mixed again before testing. An evaluation of
the workability of freshly made concrete up to 60 min was carried out, examining their
consistency after 5, 15, 30, 45, and 60 min.

In addition to affecting the strength of concrete, the air content can also affect the
migration of harmful compounds and the durability of concrete in various environmental
conditions. It can also impact the finish and cosmetic appearance of concrete. Therefore,
air content testing is required for concretes used for structures that may be exposed to the
aggressive effects of the surrounding environment.

The air content in the fresh concrete was tested using the pressure method (Figure 2.)
in accordance with the standard PN-EN 12350-7:2019-08 [48]. The air content in individual
concrete mixes was measured 5 min after the first contact of cement with water during the
mixing process.
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Figure 2. View of the device for testing air content in fresh concrete (Air Content Meter): (1) pressure
gauge with aeration value indicator, (2) air chamber, (3) test container with a volume of 8 dm3.

The compressive strength was tested on a hydraulic strength press (Figure 3) in accor-
dance with the standard PN-EN 12390-3:2019-07 [49] using 5 cubic samples with dimensions
of 150 × 150 × 150 mm and 5 cubic samples with dimensions of 100 × 100 × 100 mm, for
each variant of the tested concrete.
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Figure 3. View of stand for compressive strength testing.

The concrete mix was placed in molds in two layers, each of which was compacted
mechanically on a vibrating table. The samples remained in the forms for 24 h. After
demoulding, they were placed in water, where they were cured at the temperature of
20 ± 2 ◦C. In the case of cubic samples with an edge of 100 mm, the compressive strength
was tested after 2, 7, 28, 56, and 90 days, and in the case of the samples with an edge of
150 mm, the tests were carried out after 7, 28 and 90 days.

The depth of penetration of water under pressure into concrete specimens was tested
in accordance with the standard PN-EN 12390-8:2019-08 [50]. The tests were carried out
on cubic concrete samples with an edge of 150 mm. The tests were started after 56 days of
curing concrete samples in water at a temperature of 20 ± 2 ◦C. Prior to testing, the samples
were dried to constant weight. From the surface of the samples, where the water was
pressed against the sample, cement laitance was removed from the area with a diameter of
75 mm. Then the samples were subjected to a stream of water at a pressure of 500 ± 50 kPa.
A view of the samples during the water penetration test is shown in Figure 4.

The study was conducted continuously for 72 ± 2 h. After this time, the samples were
broken (Figure 5), and the depth of penetration of water was measured.

In countries such as Poland, where subzero temperatures are common in winter, it is
necessary to test concrete for frost resistance because water in concrete pores freezes under
the influence of negative temperatures, increasing its volume by about 10%. This causes
significant stresses, leading to cracking of the concrete and loss of its tightness. Cyclic
repetition of this phenomenon can lead to the complete destruction of the concrete structure.
Therefore, freeze-thaw tests were carried out in accordance with the standard PN-B-06265.
The tests were carried out on cubic samples with an edge of 150 mm after 56 days. The
samples were subjected to 150 cycles of freezing in the air to a temperature of −18 ± 2 ◦C
within 4 h and thawing in water at a temperature of 18 ± 2 ◦C for the next 4 h. After the
last cycle the samples were weighed and tested for compressive strength. According to the
PN-B-06265 standard, the frost-resistant level of mature concrete is achieved when, after the
cycles of freezing and thawing: (1) none of the tested concrete samples shows cracks, (2) the
average weight loss of the tested samples does not exceed 5%, (3) compressive strength
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of samples subjected to freeze-thaw cycles is not lower than 20% compared to the control
samples.
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3. Test Results and Discussion
3.1. Consistency of Concrete Mix

The results of the consistency test are presented in Table 5 and graphically in Figure 6.
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Table 5. Results of consistency of concrete mix made with slump test.

Time after Which the Test Is Performed [min]
Concrete Mix Cone Slump [mm]

V1 V2 V3 V4

5 50 60 50 60

15 80 85 85 90

30 95 95 95 100

45 90 90 90 90

60 90 90 90 90
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Figure 6. Results of consistency of the concrete mix.

The results of testing the consistency of concrete mixes indicate that for all variants of
concrete mixes, the assumed consistency class S2 was obtained after 5 min. An increased
drop of the cone of the tested mixes in the time interval of up to 30 min can be seen for all
tested variants. The effective action of the fluidizing admixtures was obtained after 30 min
from the moment of combining the cement with water in the mixing process. A slight
decrease in consistency after 30 min should be explained by of hydration of the cement
binder. The concrete mix, according to variant V4, with the addition of fly ash and sealing
admixture, showed the greatest liquefaction. Between 30 and 60 min, all concrete mixes
retained their workability, and the cone slump was 90 mm.
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3.2. Air Content in the Concrete Mix

The results of air content in the fresh concrete are presented in Table 6.

Table 6. Air content in the concrete mix.

Air Content in Concrete Mix [%]

Variant

V1 V2 V3 V4

2.3 2.2 2.6 2.4

All concrete mix recipes met the assumption of air content within the limit of 2 ÷ 3%.
Concrete mixes containing silica fly ash (variants V3 and V4) are characterized by a slightly
higher air content. It can be seen that the addition of a sealing admixture reduces the air
content in the tested mixes, both in the case of its introduction to the reference concrete mix
(variant V1) and after its introduction to the concrete mix of variant V3 (with the addition
of fly ash). In the concrete mix of the V1 variant, compared to the V2 variant, the air content
decreased from 2.3% to 2.2%, whereas in the concrete mix of the V3 variant, compared to
V4, there was a decrease from 2.6% to 2.4%.

3.3. Compressive Strength Test of Concrete

The test results of compressive strength are presented in Table 7.

Table 7. Compressive strength.

Variant

Average Compressive Strength [MPa]

Cubic Samples with Side of 100 mm

2 Days 7 Days 28 Days 56 Days 90 Days

V1 28.0 48.4/↑72.9% 69.9/↑44.4% 72.6/↑3.9% 72.7/↑0.1%
SD * 1.49 1.15 1.55 1.54 1.86

V2 26.5 47.0/↑77.4% 68.5/↑45.7% 73.3/↑7.0% 73.5/↑0.3%
SD * 1.09 0.88 1.62 1.03 1.91

V3 25.6 47.6/↑85.9% 69.1/↑45.2% 72.1/↑4.3% 73.8/↑2.4%
SD * 0.99 0.99 1.40 1.42 1.12

V4 24.5 45.6/↑86.1% 70.7/↑55.0% 71.7/↑1.4% 74.7/↑4.2%
SD * 1.11 0.86 1.51 1.42 1.76

Cubic Samples with Side of 150 mm

2 Days 7 Days 28 Days 56 Days 90 Days

V1 - 48.6 68.6/↑41.0% - 70.9/↑3.9%
SD * 1.22 1.48 1.38

V2 - 52.0 68.3/↑31.4% - 71.4/↑4.5%
SD * 1.65 1.58 1.84

V3 - 46.2 69.6/↑50.7% - 73.8/↑6.0%
SD * 1.35 1.22 1.22

V4 - 48.5 71.0/↑46.4% - 75.2/↑5.9%
SD * 1.37 1.49 1.57

*—Standard deviation; ↑increase in compressive strength [%] is shown in green

The tests showed that after 28 days of concrete curing, the compressive strength class
C50/60 was obtained for all four recipes, and the strengths were similar to each other.
The largest difference occurred between variants V2 and V4 and amounted to about 4%.
The concrete of variant V4, with the addition of fly ash and sealing admixture, obtained
the highest value of compressive strength, which was 71 MPa. This may be due to the
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synergistic effect of the fly ash with the sealing admixture, which has an impact on the
elimination of micro-cracks in concrete.

The addition of fly ash reduced the compressive strength in the first days of concrete
maturation (variants V3 and V4), but in the later period, concretes with the addition of fly
ash achieve a greater increase in strength, specifically the concrete according to variant V4
obtained the highest compressive strength after 90 days of maturation.

Figure 7 shows the change in compressive strength during the maturation of the tested
variants from the 2nd to the 90th day of maturation of the cubic samples with a side of
100 mm. While Figure 8 graphically demonstrates statistical data on the results of the static
compression test in the form of a box plot.
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Figure 7. Compressive strength of concrete at various ages for samples with a side of 100 mm.

After 2 days of concrete curing, the highest strength of 28 MPa was obtained in the
reference series, while in the variants with the addition of fly ash, the strengths were the
lowest (variants V3 and V4). Between the 2nd and 7th day of maturation, concretes with
the addition of fly ash achieved a higher increase in compressive strength compared to the
series without ash, but the strengths were still slightly lower. After 28 days, very similar
results of compressive strength were obtained in all variants, and the greatest increase
in strength was obtained for the concrete variant V4. In the further period of concrete
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curing between 56 and 90 days, a further increase in compressive strength was observed
for variants V3 and V4 containing fly ash.
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3.4. Water Penetration Test

The results of water penetration, i.e., the depth at which water penetrated the concrete
sample, are shown in Figure 9, while an example of the appearance of the sample after
fracture is shown in Figure 10.

The depth of water penetration into the concrete of the reference series (V1) was
41 mm. For the remaining modified concrete mix recipes (variants V2 ÷ V3), the assumed
water tightness of concrete was obtained, i.e., the depth of penetration of water under
pressure did not exceed the assumed limit of 30 mm. The analysis shows that the sealing
admixture (variant V2) and fly ash (variant V3) affect the reduction in the penetration
depth. Modification of the reference series of concrete (variant V1) by introducing fly
ash into the concrete mix (variant V3) resulted in a reduction in water penetration by
39%, while modification of variant V1 with sealing admixture (variant V2) resulted in the
reduction in water penetration by 56%. In the case of variant V4, the addition of fly ash
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enhanced the effect of sealing admixture, reducing water penetration by 61%. The synergy
of both components effectively seals the concrete structure, creating a barrier that is hardly
permeable to water.
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Figure 9. Depth of penetration of water under pressure for analyzed concretes.
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Figure 10. View of the concrete sample after the depth of penetration test.

Such concrete reduces not only the water penetration into the concrete but also pre-
vents the ingress of aggressive substances dissolved in water, which in turn decreases the
destruction of concrete and corrosion of reinforcing bars.

3.5. Freeze-Thaw Test

In all tested variants, no loss of mass for samples subjected to freezing and thawing
cycles was recorded. The results of the strength decrease tests are shown in Figure 11.
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Figure 11. The average decrease in strength of tested concrete samples.

The analysis of the freeze-thaw tests showed that the assumed F150 class was obtained
for all four concrete mix recipes. None of the tested samples was cracked or scratched.
Concrete, according to variant V1, shows the greatest decrease in compressive strength, i.e.,
5.46%. The smallest decrease in strength, i.e., 1.45%, was observed for concrete according
to variant V4. The reason for the better results in the case of variant V4 is a more airtight
structure compared to other concretes due to the use of both a sealing admixture and fly
ash, which reduces the access of water to the interior of the concrete.

4. Conclusions

Waterproof concrete is a modern building material that allows for replacing traditional
solutions using external insulation in the form of coatings or membranes. Appropriate
design of the concrete mix and execution of the concrete ensures the extension of the service
life of the concrete structures. Based on the obtained results of the conducted tests, it can be
stated that:

1. The applied sealing admixture had a positive effect on the tightness of the concrete
and thus improved the frost resistance of the concrete. A 56% decrease in water
penetration from 41 mm for the V1 series to 18 mm for the V2 series was observed.

2. Fly ash enhanced the effect of the sealing admixture, additionally limiting the depth
of water penetration under pressure. For the V4 series, the depth of water penetration
was 16 mm, which is a reduction in this parameter by 61%.

3. The addition of fly ash to the concrete mix improved its workability and increased the
air content in the concrete mix. It reduced the compressive strength in the first stage
of maturation but increased it later, i.e., after 90 days.

4. The sealing admixture has a positive effect on the tightness of the concrete, which is
reflected in the compressive strength. After 90 days of curing, it was found that in
concrete without fly ash, the strength increased by 1.1% (series V1 and V2), while in
the presence of fly ash by 1.2% (series V2 and V3).

5. Analysing the properties of the tested concretes, it can be concluded that the most
favorable results were obtained for the V4 series, which contained the addition of fly
ash and a sealing admixture.

In the absence of detailed guidelines for the design of watertight concretes the test
results can be used by technologists and concrete designers as guidelines in the selection of
the composition of watertight concrete.
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Future research will include an analysis of the possibility of using fly ash from munici-
pal waste incineration in the composition of watertight concrete.
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