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A B S T R A C T

Artificial interior stone is a decorative building material, which mostly consists of quartz. Sludge
is generated during the stone manufacturing process, and the amount of sludge is increasing due
to the high demand; however, most of the generated sludge is disposed of in landfills. In the pre-
sent study, the effects of the sludge addition on the physicomechanical properties of mortars were
investigated via flowability, penetration resistance, mercury intrusion, and compressive strength
tests. The independent variable was the replacement ratio of the sludge to the fine aggregate. The
test results showed that the addition of the sludge reduced the flowability, and initial and final
setting times, while the percentage of the pores involved in the hydrates increased. The compres-
sive strength of mortars with the sludge was improved compared to that of the mortars without
the sludge. Quantum chemistry simulations were conducted to understand the strength enhance-
ment mechanism of the specimens, and a straightforward machine learning-based model equa-
tion was proposed by applying the experimental variables and measurement results.

1. Introduction
Concrete is the most popular construction material generally consisting of cements, fine and coarse aggregates, and water. This

material has various advantages including stable strength evolution and durability, and economic aspects [1]. Furthermore, the mate-
rial can be readily molded into desired shapes since it retains a plastic state for a sufficient period [2]. However, the cost of concretes
has rapidly increased over the past two decades, owing to the increase in the price of raw materials and energy for production, and the
high demand [2].

The issues such as sustainability, climate change, clear production, and resource efficiency are also emerging worldwide so that
the eco-friendly production and the use of concretes are highly emphasized [3]. Various techniques for the use of industrial wastes as
a starting material for synthesizing clinker, a binder material as itself, and alternatives to fine and coarse aggregates for eco-friendly
production of concretes have been investigated [4–7]. The production of concretes utilizing industrial wastes is supported by policies
in various countries, and the trend is strengthening [7].
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Among the recycling techniques of industrial wastes in the concrete sector, studies on the use of the wastes as an alternative to ag-
gregates have been extensively attempted [7]. In particular, the utilization of various sludges is one of the representative approaches
[7]. The type of industrial wastes such as sewage sludge, granite sludge, and steel sludge has a suitable particle size for the application
as a fine aggregate [8,9]. Chen et al. reported that the addition of sewage sludge to concretes improved the long-term compressive
strength due to the moderate pozzolanic activity [9]. Fontes et al. reported that the replacement of OPC with sewage sludge up to
30% in mortars was capable without a significant reduction in the compressive strength [8]. It was reported that the addition of gran-
ite sludge to concretes improved the compressive strength by more than 10% when the replacement ratio to the fine aggregate was
approximately 10% [10]. Nakic reported that the use of the type of sludges for concrete production may have the potential for reduc-
tion in the global warming potential and conservation of natural aggregates [11].

Meanwhile, an accurate material simulation would enable materials engineering not only to predict the performance but also to
help design new construction materials [12,13]. Hence, there have been various studies to predict the performance of construction
materials containing waste resources [14]. Hydration characteristics and modeling of municipal solid wastes incineration fly ash-
blast furnace slag-cement were carried out [15]. The thermodynamics modeling was adopted to estimate the compressive strength
and hydration characteristics, yielding the slag can be activated by chloride and sulfate in fly ash to form ettringite and Friedel's salt.
It was also concluded that the maximum volume of ettringite and Friedel's salt is obtained at nearly 0.55 of fly ash proportion. Molec-
ular dynamics (MD) studies were conducted by Han et al. to simulate the interfacial strengthening mechanism of waste rubber/ce-
ment paste using polyvinyl alcohol (PVA) [16]. The transformed characteristics of van der Waals force and electrostatic interaction
were modeled by MD simulation, calculating the interfacial adhesion energy between rubber hydrocarbon (RH) and PVA is much
higher than that between RH and calcium-silicate-hydrate. Due to the difficulty of reflecting the complex hydration mechanism, re-
search on the data-driven model that can provide further insight into the roles of each variable is also required recently.

In the present study, artificial interior stone (AIS) sludge was utilized as the fine aggregate in mortars. The sludge generated dur-
ing the manufacturing process of AIS mostly consists of quartz. Herein, the effects of the AIS sludge addition on the physicomechani-
cal properties of mortars were investigated via flowability, penetration resistance, mercury intrusion, and compressive strength tests.
The independent variable is the replacement ratio of the sludge to fine aggregates. Density functional theory (DFT) and molecular dy-
namics (MD) simulations were performed to understand the strength enhancement mechanism of the specimens. Furthermore, a
facile machine learning-based model equation was proposed by applying the experimental variables and measurement results.

2. Experimental section
2.1. Raw materials

A binder material used here was ordinary Portland cement (HANIL Cement Co. Ltd., Republic of Korea), and the sand (Jumunsin
standard sand, Republic of Korea) was used as a fine aggregate. The SiO2 content of the standard sand was more than 98%. The AIS
sludge was also used as a part of fine aggregate. The water content of the sludge was approximately 27%, and was removed by drying
in an oven at 110 °C for 24 h. Table 1 showed the chemical composition of OPC and AIS sludge. The sludge was mostly composed of
SiO2 (≈ 97.5%). The shape of the sludge was mostly non-uniform and varied from elliptical to angular. It was far from spherical parti-
cles that could help fluidity. In addition, heavy metals for Pb, Cr, Cu, and Cd in the sludge were not eluted, so it was analyzed as envi-
ronmentally safe. A more detailed analysis result of sludge can be found in literature [17]. Fig. 1 showed the cumulative particle size
distribution curves of OPC, standard sand, and AIS sludge. The curve of the AIS sludge was on the far left compared to that of OPC and
standard sand, indicating that the sludge in the present study was composed of the smallest particles. The D50 values of OPC, stan-
dard sand, and sludge were approximately 8.6 μm and 430 μm, and 5.0 μm, respectively. A Polycarboxylate-type superplasticizer was
used when fabricating mortars with AIS sludge (Dongnam Co., Ltd., FLOWMIX 3000 L).

2.2. Sample preparation
Table 2 showed the mix proportion of the mortars with the AIS sludge. Water to cement ratio was 0.41, and the content of the su-

perplasticizer was fixed at 0.5 wt% of cement. The total content of the fine aggregate including standard sand and AIS sludge was
also fixed at twice the weight of cement. The replacement ratio of the sludge to the standard sand was varied from 0 to 40 wt% of the
cement. The mixing procedure of mortars with the AIS sludge was as follows: Water, superplasticizer, and fine aggregates (standard
sand and AIS sludge) were mixed for 1 min in order to improve the dispersion of the sludge particles [18]. Cement powder was then

Table 1
Chemical composition of OPC and AIS sludge.

Chemical composition (%) OPC AIS sludge

CaO 60.3 0.4
SiO2 20.4 97.5
Al2O3 4.6 0.7
TiO2 0.3 0.6
Na2O 0.2 –
MgO 3.3 –
Fe2O3 3.2 0.3
SO3 2.3 –
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Fig. 1. Cumulative particle size distribution curves of OPC, standard sand, and AIS sludge.

Table 2
Mix proportion of mortars with AIS sludge (g).

OPC Water Superplasticizer Fine aggregate

Standard sand AIS sludge

WS0 1000 410 5 2000 0
WS1 1900 100
WS2 1800 200
WS3 1700 300
WS4 1600 400

mixed for 3 min, and the mixture was cast into cubical molds with dimensions of 50 × 50× 50 mm3. The samples were cured for
designated periods at 25 ± 3 °C.

2.3. Methods
A compressive strength test was conducted according to the ASTM C109 using a universal testing machine (UTM) with a specifica-

tion of 300 kN (RT-M-003-30PC, Ramt Co., Ltd.). The crosshead speed applied in the tests was fixed at 0.6 mm/min. The setting be-
havior of mortars with AIS sludge was measured by the penetration resistance test according to ASTM C403. A mixture was put into a
container, and the penetration resistance at designated time intervals was measured by standard needles. In the test, the initial and fi-
nal setting times are defined when the penetration resistance reaches 3.5 MPa and 27.6 MPa, respectively.

The flowability of mortars with AIS sludge was measured according to ASTM C1437. The values of flow for each mixture in the
present study were measured for 60 min. The pore characteristics of the mortars with AIS sludge were investigated by a mercury in-
trusion porosimetry (MIP) test (AutoporeIV, Micromeritics Instrument Corporation). The detection range of pores was from 0.003 to
1000 μm in diameter, while the maximum intrusion pressure used here was 414 MPa. The surface tension and contact angle were
fixed at 0.485 N/m and 130°, respectively. For the MIP tests, samples were immersed in anhydrous ethanol at a designated period and
put into a vacuum chamber to arrest additional hydration [19].

The electrostatic potential (ESP) of H2O and SiO2 calculations was conducted through density functional theory (DFT) method in
DMol3 module of the Material Studio 2022 [20]. The structure optimization of molecules was carried out based on Beck-Lee Yang Parr
(BLYP) functional of the Generalize Gradient Approximation (GGA) and a double numerical plus polarization (DNP) basis set in
DMol3 [21,22]. The MD simulations was also performed by using DMol3 module. A single H2O molecule was placed on the SiO2 struc-
ture, and canonical ensemble (NVT) dynamics at 300 K for 10 ps was conducted with fixing the volume of the cell as the converged
values [23,24]. Herein, the massive generalized Gaussian moments (GGM) was applied as the thermostat, the time step for the MD
simulation was set to 1 fs, and the Yoshida parameter was considered to be 3, respectively. The distance between two atomistic sys-
tems was measured based on the final NVT simulation result.

In order to estimate the overall trends of engineering properties in specimens, a facile machine learning technique based on exper-
imental results with specimen variables was carried out. Herein, the genetic algorithm (GA)-based multigene symbolic regression al-
gorithm was applied to build a model equation by learning the tendency between input and output data [25,26]. The basic input vari-
ables were considered as water/cement ratio (w/c) and AIS sludge/sand ratio (A/s). Based on the two input parameters, porosities
larger or smaller than 50 nm were initially estimated (φI and φII), and the correlations among each variable, the compressive strength
(σc), and the flowability (F) of the specimens were analyzed [27]. The configuration and principle of the GA are described in more de-
tail in the literature, and Fig. 2 shows a conceptual diagram of the corresponding approach considered in this study.
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Fig. 2. Schematic illustrations of data-driven model for prediction of material properties.

3. Results
3.1. Compressive strength

Fig. 3 showed the compressive strength results of the mortars with AIS sludge at 3 days and 28 days. The test results indicated
that the compressive strength of the mortars with the sludge at 3 days increased when the replacement ratio of the sludge was
more than 10%. The corresponding compressive strengths of the WS0 and WS4 samples were 23.8 MPa and 38.1 MPa. That is,
the compressive strength of the WS4 sample at 3 days increased up to approximately 59% compared to that of the WS0 sample.
The compressive strength of the mortars at 28 days also increased when the replacement ratio of the sludge was 20 wt%
(WS0 = 27.08 MPa, WS1 = 20.44 MPa, WS2 = 39.90 MPa, WS3 = 41.05 MPa, WS4 = 42.14 MPa). While the compressive
strength of the WS3 and WS4 samples was similar to that of the WS2 sample. The compressive strength increased over WS0 in all
cases except for the WS1 specimen. The compressive strength at 3 days increased by 32.9, 48.7, and 59.8% for WS2, WS3, and
WS4 over WS0, and those at 28 days increased by 47.3, 51.6, and 55.6%, respectively. WS1 was the only specimen to show a de-
crease in compressive strength compared to the control specimen. The compressive strength of WS1 decreased by 4.7% at 3 days
and by 24.5% at 28 days compared to WS0.

3.2. Flowability
Fig. 4 showed the flowability and flow loss of the mortars with AIS sludge within 60 min. In Fig. 4(a), the test results indi-

cated that the flow values of mortars at 10 min were analogous when the replacement ratio of the sludge was lower than 30%,
while that of the WS4 sample was clearly reduced. The flow value of the WS0, WS1, WS2, WS3, and WS4 samples at 10 min
were 216 mm, 214 mm, 229 mm, 212 mm, and 187 mm, respectively. The flow values were reduced in all samples with in-
creasing time. In particular, as shown in Fig. 4(b), the flow loss of the mortars with sludge at 20 min significantly increased com-
pared to that of the WS0 sample. Furthermore, the increase in the flow loss of mortars with the sludge at 60 min was greater
than that of the WS0 sample. The flow loss value of the WS0, WS1, WS2, WS3, and WS4 samples at 60 min were 11.5%, 21.96%,
23.58%, 29.72%, and 26.20%, respectively. At 60 min, the increase in flow loss WS4 was measured to be 26% over WS0.

Fig. 3. Compressive strength results of mortars with AIS sludge at 3 days and 28 days.
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Fig. 4. (a)Flowability and (b) flow loss of mortars with AIS sludge within 60 min..

3.3. Penetration resistances
Fig. 5 showed the penetration resistances in the mortars with AIS sludge. The initial setting time of the mortars with a sludge of

more than 20% was reduced compared to that of the WS0 sample. The initial setting time of the WS0 sample was 7.8 h, while those of
the WS1, WS2, WS3, and WS4 samples were 9.9, 6.8, 6.1, and 8.2 h respectively. The WS1 sample reached the initial setting late com-
pared to the WS0 sample. In contrast, the final setting time in all samples with the sludge was clearly reduced compared to that of the
WS0 sample. The WS0 sample reached the final at 14.7 h, while the mortars with sludge reached the final setting within 14 h. The fi-
nal setting times of the WS1, WS2, WS3, and WS4 samples were 13.8, 10.3, 10.2, 11.7 h, respectively. It can be seen that the final set-
ting time of the specimen was shortened from a minimum of 6% to a maximum of 30%. The WS4 sample reached the final setting late
compared to the WS2 and WS3, despite the higher sludge content. This was attributable that the excess addition of the sludge inhib-
ited the setting or formed a defect by agglomeration of them.

Fig. 5. Penetration resistances in mortars with AIS sludge.
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3.4. MIP (mercury intrusion porosimetry)
Table 3 showed the total porosity of the mortars with AIS sludge at 3 days and at 28 days of curing. The total porosity of the

mortars was mostly reduced as the curing progressed since the formation of hydrates densified the matrix. In addition, the total
porosity of mortars at 3 days and 28 days of curing mostly tended to reduce due to the addition of sludge.

Fig. 6 showed the pore size distribution curves of the mortars with AIS at 3 days and 28 days of curing. Fig. 6(a) and (b) showed
the pore size distribution curves of the mortars with AIS sludge at 3 days and at 28 days of curing, respectively. Herein, it was ana-
lyzed that the critical pore diameters of the WS0, WS1, WS2, WS3, and WS4 samples at 3 days of curing were 50.3 nm, 50.3 nm,
40.2 nm, 32.3 nm, and 32.2 nm, respectively, while those of the WS0, WS1, WS2, WS3, and WS4 samples at 28 days of curing were
50.3 nm, 50.3 nm, 50.3 nm, 40.2 nm, 32.3 nm, respectively. The critical pore size corresponds to the highest point in the pore size
distribution curve [28]. The critical pore size was similar regardless of the curing period, while the pore size was reduced when the
replacement ratio of the sludge was more than 20%. Meanwhile, the threshold pore sizes of the WS0, WS1, WS2, WS3, and WS4 sam-
ples at 3 days of curing were 77.1 nm, 77.1 nm, 77.1 nm, 62.4 nm, 62.4 nm, respectively, while those of the WS0, WS1, WS2, WS3,
WS4 samples at 28 days of curing were 77.1 nm, 77.1 nm, 77.09 nm, 62.4 nm, 50.3 nm, respectively. The threshold pore size in the
previous studies was defined as the last reflection point in the pore size distribution curves [28,29]. The threshold pore size of mortars
in the present study was not significantly affected by curing periods. The reduction in the threshold pore size was observed when the
replacement ratio of the sludge was more than 30%.

Fig. 7 showed the percentage of the pore volume of the mortars with AIS sludge at 3 days and at 28 days of curing. The test re-
sults indicated that the percentage of the pores with a size lower than 10 nm regardless of curing periods mostly tended to increase
as the replacement ratio of the sludge increased. The percentage of the pores with a size between 10 nm and 50 nm also increased as
the replacement ratio of the sludge increased. In contrast, the percentage of the pores with a size larger than 50 nm was reduced as
the replacement ratio of the sludge increased. At 28 days, the porosity of >10 nm was 19, 20, 25, 26, and 24%, with WS1 through
WS4 specimens increasing by 5.3, 31.6, 36.8, and 26.3%, respectively, compared to WS0. On the other hand, the porosity of
<15,000 nm were 22, 23, 20, 11, and 13%, with WS2, WS3, and WS4 specimens decreasing by 9.1, 50.0, and 40.1%, respectively,
compared to WS0, except for a slight increase of 4.5% for WS1 specimen.

Table 3
Total porosity of mortars with AIS sludge at 3 days and at 28 days of curing.

Sample Total porosity (%)

3 days 28 days

WS0 23.6 21.0
WS1 32.3 19.7
WS2 19.3 17.0
WS3 22.8 25.9
WS4 17.5 17.9

Fig. 6. Pore size distribution curves of mortars with AIS sludge at (a) 3 days and (b) 28 days of curing.
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Fig. 7. Percentage of pore volume of mortars with AIS sludge at (a) 3 days and (b) 28 days of curing.

3.5. DFT (density functional theory) and MD (molecular dynamics)
Fig. 8 showed the DFT and MD simulation results of H2O and SiO2 molecules. The ESP distributions were represented in Fig. 8(a),

indicating the positively and negatively charged regions of molecules. With the identical scale, it was analyzed that the O atom of the
water molecule has a relatively negative charge, while the H atom has a positive charge. It can be seen from the figure that the SiO2
structure has a positive charge overall. Hence, it was presumed that their opposite electrostatic potentials induce attraction between
the two components [22]. Fig. 8(b) showed the MD trajectories of a single H2O molecule and SiO2 structure. As the simulation time
proceeds, it was predicted that the H2O gradually approach the SiO2 surface. The distance between the H2O and SiO2 was narrowed
to 1.874 Å, but it falls back somewhat over time. Even with continuous MD simulation, the H2O hovered around the SiO2 layer at
about 1.8–2.3 Å. It was analyzed that the distribution of various electrostatic forces constituting the two molecules places a certain
distance from each other.

3.6. GA (genetic algorithm)
Fig. 9 represents the compressive strength and flowability calculated through the GA-based approach. Since there is merely S/a

as a variable parameter in the relationship between mix ratio and porosity amount, the equations for φ1 and φ2 were led as follows:
φ1 = −0.63(S/a)+0.56; φ2 = 1–φ1, where S/a denotes the ratio of AIS sludge and fine aggregate (sand); φ1 and φ2 mean the vol-
ume fraction of porosities larger and smaller than 50 nm, respectively. The equation that can predict the compressive strength ac-
cording to the input values (S/a, w/c, φ1, and φ2) through the GA approach is developed and described as follows: σc = 6.7 cos (φ1)
−1.82φ1+124.5, where σc denotes the compressive strength of the specimen. In addition, the flowability of specimens can be pre-
dicted by the derived equation: F = −0.4φ2sin (S/a)+9.6 cos (φ1)+208. It was calculated that the root mean square (RMS) train-
ing set error and R2 values for σc are 3.68 and 0.85; and the RMS and R2 values for F are calculated as: 4.18 and 0.92, respectively.

4. Discussion
The effects of additives on the mechanical properties of cementitious materials can be divided into two groups. A general effect is

the filler effect that the additives added to cementitious materials fill the pores in the matrix, while another effect is the nucleation
seeding that the additives act as a nucleation site [30–32]. It has been reported in previous studies that the particle size of additives
significantly affected the hydration evolution of cementitious materials since the particles of the size below 500 nm could act as a nu-
cleation site for the formation of hydrates [33–36]. A part of the AIS sludge in the present study consisted of the particles lower than
500 nm as shown in Fig. 1. The proportion of the particles lower than 500 nm was approximately 1.9% of the sludge.
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Fig. 8. (a) The electrostatic potential distributions and (b) the MD trajectories of H2O and SiO2 molecules.

In this context, it can be inferred from the flow test results that the addition of the AIS sludge promoted the nucleation of the hy-
drates. The flow loss in the tests increased when the sludge was added. The flowability of cementitious materials is generally affected
by the free water in the mixture [37]. The water in a cementitious matrix can exist in three types affecting flowability. They are the
free water, the adsorbed layer water, and the filling water [38]. The free water enables the separation of particles, thereby contribut-
ing to an increase in flowability. The free water in the hydration process of cementitious materials is consumed, forming hydrates
such as C–S–H and ettringite phases [39]. The formula of the C–S–H phase being the major hydrate of cementitious materials is re-
portedly analogous to the 11 Å-Tobermorite (Ca2.25 [Si3O7.5(H)1.5] ∙ 8H2O), and the phase could be formed within the first minutes
when adding nucleation seeds [39,40]. The formation of ettringite (Ca6Al2(SO4)3(OH)12·26H2O) is involved in the dissolution of C3A
phases in OPC powder and sulfate ions. The dissolution of the C3A phase in previous studies was initiated upon contacting water until
approximately 10 h, leading to the formation of ettringite consuming sulfate ions [41,42]. That is, one part of the flow loss when
adding the sludge to mortars could be induced by the promotion of hydration. Besides, the addition of the sludge possibly increased
the adsorbed layer water which could negatively affect the flowability. The sludge particles could adsorb more water on the surface
compared to OPC and standard sand since the particle size of the sludge was smaller than those of others. It is well known that fine
particles with a large specific surface area could adsorb more water on the surface [38]. Hence, another part of the flow loss when
adding the sludge to mortars could be induced by an increase in the adsorbed layer water on the surface of the sludge. The present
DFT and MD simulation results help us to display ESP map and trajectories of atomistic systems, and to understand the mechanism of
adsorbed layer water on the surface of the sludge. Upon mixing, the more H2O molecules were attached to the sludge surface owing to
the charge-transfer interaction, and the sludge were expected to act as water carriers.

The initial and final setting times were reduced when adding the sludge. The effect of the sludge addition on the reduction in the
initial setting time in the penetration resistance tests was not significant, while that on the final setting time was significant. Yuan et
al. reported that the higher the yield stress of the mixture is, the smaller the flow is [43]. The yield stress could depend on the hydra-
tion in the mixture of cementitious materials [43]. It has been reported in previous studies that the addition of nucleation seeds signif-
icantly accelerated the hydration between 8 h and 13 h [44–46]. Thus, it can be inferred from the previous studies that the promotion
of hydration between 8 and 13 h significantly progressed, leading to the difference in the final setting time of the mortars with AIS
sludge.

The total porosity, and critical and threshold pore size results indicated that the addition of the sludge contributed to filling the
pores in the cementitious matrix when the replacement ratio of the sludge added to mortars was more than 20 wt%. The critical pore
size is associated with the transmissivity of the cementitious matrix [28]. The maximum percolation of chemical species in the cemen-
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Fig. 9. Comparisons between experimental data and predictions for (a) compressive strength and (b) flowability.

titious matrix occurs in the interconnected pores [47]. The threshold pore size represents the minimum size of continuous channels
through the cementitious matrix [28,29]. That is, the reduction in the critical and threshold pore sizes in the mortars with AIS sludge
could improve the durability [48,49].

The percentage of pores with a diameter of lower than 10 nm in the pore size distribution curves increased as the replacement ra-
tio of the sludge increased. The pore size may be involved in the presence of the C–S–H phases. Wenzel et al. reported that the average
diameter of the honeycomb pore structure in the C–S–H phase was approximately 2–10 nm [50]. Naber et al. also reported that the
gel pore size in the C–S–H phase was approximately 8.1 nm [51]. Furthermore, the pores with a diameter ranging from 10 nm to
50 nm was reportedly involved in the medium capillary pores or the pores between interhydrates [52]. The medium capillary pores
and the pores between interhydrates are one of the indices responsible for the strength of cementitious materials [52]. The percentage
of the pores with a diameter ranging from 10 nm to 50 nm in the present study tended to increase as the replacement ratio of the AIS
sludge increased. Overall, the addition of the AIS sludge probably contributed to the hydration reaction, thereby leading to an in-
crease in the hydrates of mortars. Meanwhile, the percentage of the pores with a diameter of more than 50 nm was reduced as the re-
placement ratio of the AIS sludge increased. The pore size was classified into large capillary pores that could act as a defect site [53].
Hence, it could be implied that the addition of the sludge filled the pores in the range of large capillary pores, reducing the defect of
samples.

The compressive strength results are consistent with the MIP test results. The compressive strength of mortars at 3 days and 28
days was not clearly improved when the replacement ratio of the sludge was 10%. The pore characteristics of the WS10 sample in the
present study were analogous to that of the WS0 sample. The clear difference between the WS0 and WS10 samples was merely ob-
served in flow tests. The flow loss of the WS10 sample with reaction time was higher than that of the WS0 sample. This was attribut-
able to the adsorbed layer water on the surface of the sludge. The compressive strength of mortars significantly increased when the re-
placement ratio of the sludge was 20%. Referring to the test results in the present study, the hydration of mortars was clearly pro-
moted in the WS20 sample and the matrix was densified by filling effect. In detail, the initial and final setting times were reduced, the
pores involved in the presence of hydrates increased, and the pores involved in the defect site were reduced. However, the aforemen-
tioned effects induced by adding the sludge tended to be mitigated when the replacement ratio of the sludge was more than 30%. As a
result, the compressive strength of the WS3 and WS4 samples was analogous to that of the WS2 sample. That is, there was an upper
limit on the replacement ratio of the sludge in order to the promotion of hydration due to the supply of nucleation seeds. It has been
reported in previous studies that the upper limit of the content for the nucleation seeding ranged from 1.0 to 5.0 wt% [54,55]. The ef-
fects of the hydration promotion were mitigated when exceeding the replacement ratio [54,55]. In contrast, the filling effect on the
defect site in the range of more than 15, 000 nm was clear when the replacement ratio of the sludge was more than 30%. In summary,
the amalgamation of augmenting the filler contribution and constraining the promotion of hydration, specifically when the substitu-
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tion proportion of the sludge exceeded 30%, may potentially account for the observed outcomes pertaining to the compressive
strength.

From the machine learning-based simulation results, it is worth noting that the present GA approach automatically identifies the
most influential variables and constructs the equation. Herein, it was estimated that the parameter with the highest influence on σc is
φ1, and the F was affected by parameters of φ1 and φ2. In addition, it had a fairly high degree of regularity in the experimental data,
and it resulted in a high degree of agreement.

5. Conclusions
The effects of the AIS sludge addition on the physicomechanical properties of mortars in the present study were investigated. The

independent variable was the replacement ratio of the sludge to fine aggregates. The physicomechanical properties of the mortars
with the sludge were investigated via flow, penetration resistance, pore characterization, and compressive strength tests. The main re-
sults obtained in the present study were as follows.
(1) The compressive strength of the mortars with the sludge increased when the replacement ratio of the sludge was more than

20%. The compressive strength of the sample with the sludge of 40% increased up to 59% compared to that of the sample
without the sludge.

(2) The addition of the sludge to mortars reduced the flowability. The flow loss of the samples with the sludge at 20 min
significantly increased compared to that of the sample without the sludge.

(3) The initial setting time of the samples with the sludge tended to be slightly reduced compared to the sample without the sludge.
While the final setting time was clearly reduced when the replacement ratio of the sludge was in the range of 20–30%.

(4) The addition of the sludge to the samples tended to reduce the total porosity, and critical and threshold pore sizes. In addition,
the use of sludge contributed to an increase in the pores with a size involved in the presence of hydrates and to a reduction in the
pores with a size acting as a defect site. This is considered to have contributed to the improvement of compressive strength, in
line with the result (1).

(5) The DFT and MD simulations reveled that H2O and SiO2 molecules had opposite ESPs, and mutual attraction enhanced. It was
also analyzed by GA that the compressive strength was mainly affected by the distribution of voids of 50 nm or less.

Overall, it can be concluded that the addition of the AIS sludge contributed to the promotion of the hydration and densification of
the matrix, thereby improving the mechanical properties. The analysis of the relationship based on the compression strength and MIP
results can empirically substantiate the improvement hypothesis. Through computational analyses, the material mechanisms and
symbolic model formula for mix ratio of specimens was proposed.
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