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Abstract

To promote energy efficiency, emission reduction, and green low-carbon development, this
study investigates the influence of cellulose ether (CE) content and its interactions with
supplementary materials, including stone powder (SP), manufactured sand (MS), polyvinyl
alcohol (PVA), and bentonite (BT), on the performance of premixed mortar using an L16(45)
orthogonal experimental design. The effects of five factors at four levels were analyzed,
focusing on mortar workability and compressive strength. Results showed that CE content
significantly affected consistency, water retention, and compressive strength (p < 0.01). A
60% increase in CE led to a 4.7% reduction in flowability, a 2.05% improvement in water
retention, and an 18.49% decrease in compressive strength. Response surface methodol-
ogy identified optimal compositions for each property. The CE-BT interaction influenced
consistency (R2 = 0.6894), while CE-PVA interactions affected water retention (R2 = 0.9336).
A ternary model for compressive strength (CE-SP-MS) showed that SP and MS replace-
ments had significant negative effects, with optimal SP replacement at 10%. PVA at 0.04%
effectively inhibited plastic shrinkage cracking. The study provides predictive models for
mortar performance, aiding in the optimization of premixed mortar formulations.

Keywords: cellulose ether; mechanical properties; orthogonal experiment; premixed mortar

1. Introduction
Premixed mortar, as a pivotal material in modern construction industrialization, has

emerged as the predominant trend in building mortar development due to its consistent
quality, enhanced construction efficiency, and environmental benefits. However, compared
to traditional site-mixed mortar, premixed mortar is required to possess superior workabil-
ity, stability, and durability to meet the demands of mechanical application and long-term
service life. To achieve these performance characteristics, various mineral admixtures
and chemical additives are widely employed. Among them, cellulose ether (CE) serves
as a crucial water-retaining agent, playing a vital role in determining the comprehensive
properties of mortar [1–4].

Cellulose ether, a water-soluble polymer obtained by etherifying cellulose, signifi-
cantly enhances the water retention of mortar. This property prevents premature water
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evaporation or absorption by the substrate, ensuring the proper hydration of the cement
and supporting the normal development of mortar strength [5]. Moreover, cellulose ether
improves the lubrication, viscosity, anti-slump, and overall workability of the mortar. How-
ever, studies have shown that while increasing cellulose ether content significantly affects
the workability and mechanical properties of mortar, excessive amounts may lead to a
decrease in compressive strength and wet density [6,7]. This balance between performance
enhancements needs to be carefully considered in formulation design.

Similarly to cellulose ether, stone powder, a byproduct of manufactured sand produc-
tion, can effectively improve the pore structure of mortar through its micro filling effect and
pozzolanic activity, enhancing both the compactness and crack resistance of the mortar [8,9].
The addition of stone powder not only helps reduce environmental pollution but also
partially replaces cement, improving the physical properties of mortar. Additionally, manu-
factured sand, as an alternative to natural river sand, plays a positive role in improving
the mechanical properties of mortar, especially its compressive strength, due to its unique
particle shape and grading characteristics [10].

Furthermore, Polyvinyl Alcohol (PVA) and bentonite are commonly used admix-
tures that further enhance mortar performance by reducing plastic shrinkage cracking,
improving toughness and crack resistance, and improving water retention and thickening
properties [11–13]. When combined with cellulose ether, these materials create a synergistic
effect, improving the workability of the mortar while enhancing its crack resistance and
durability [14,15].

Although existing research provides insights into the individual effects of these mate-
rials, most studies focus on single-factor influences and fail to comprehensively address
the interactions among multiple components. In practical applications, premixed mortars
typically contain various admixtures and additives, where complex synergistic effects exist.
Consequently, findings from single-factor studies often lack direct applicability for guiding
industrial production [16–20].

The orthogonal experimental design is an efficient method for investigating multi-
factor and multi-level systems. By selecting a representative set of test points, it significantly
reduces the number of required experiments while yielding reliable conclusions. For in-
stance, Wang et al. [21] used an L16(43) orthogonal array and showed that tartaric acid (TA)
exerted the strongest adverse effect on the flowability of self-leveling mortars, whereas poly-
carboxylate ether (PCE) and cellulose ether (CE) increased flowability. Brachaczek et al. [22]
applied a Taguchi L8 orthogonal design to evaluate the influence of an air-entraining
agent (AEA), cement, polymer additives, cellulose ether and perlite on the air content and
porosity of repair mortars, and concluded that AEA dominated air content, while perlite
and polymer additives mainly governed porosity, with cement and cellulose ether playing
secondary roles. Likewise, Qingxuan Li et al., Junran Liu et al., and Chengbin Yuan et al.
similarly utilized a three-factor, three-level orthogonal array design [L9(33)] to examine the
key factors and their significance levels for different modified mortars [23–25]. In contrast
to these studies, the present work integrates L16(43) orthogonal experimental design with
response surface methodology (RSM) and employs repeated tests and residual analysis to
validate the predictive models. This approach enables a systematic quantification of the
main and interactive effects of CE dosage and other key variables (stone powder-to-cement
replacement ratio, manufactured-sand-to-river-sand replacement ratio, PVA dosage and
bentonite dosage) on the properties of premixed mortars, thereby providing a scientific
basis for formula optimization.
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2. Experimental Program
2.1. Raw Materials

Ordinary Portland cement (P·O 42.5), conforming to the Chinese standard GB 175-2007,
was used as the primary cementitious material. Its technical properties are summarized
in Table 1. Natural river sand and manufactured sand served as fine aggregates. The
river sand, with a fineness modulus of 2.4, was classified as medium sand in Zone II. The
manufactured sand, produced by crushing limestone and tuff, had a fineness modulus of
2.7. Key properties of both sands, tested according to GB/T 14684-2022, are presented in
Table 2.

Table 1. Technical specifications of P·O 42.5 ordinary Portland cement.

Density/
g/cm3

Standard
Consistency

Water
Content/%

Fineness/
%

Specific
Surface

Area/
m2/kg

Stability

Compressive
Strength/MPa

Flexural
Strength/MPa

Condensation
Time/min

3 d 28 d 3 d 28 d Initial
Setting

Final
Setting

3.10 25 4.1 450 Qualified 28.9 51.2 5.5 8.2 165 290

Table 2. Test results of the main properties of manufactured sand and river sand.

Type of Sand Loose Bulk Density/kg/m3 Apparent Density/kg/m3 Fineness Modulus

Manufactured Sand 1560 2580 2.7
River Sand 1505 2600 2.4

Stone powder, a by-product collected during the production of manufactured sand,
was utilized after drying and sieving. Its primary characteristics, evaluated against the
specifications of GB/T 35164-2017 and JGJ/T 318-2014, are listed in Table 3. Fineness refers
to the particle size distribution of stone powder, typically expressed as a percentage of
material passing through a sieve of a specific aperture. The determination of fineness is
conducted through sieve analysis utilizing a standard sieve. The methylene blue value
serves as an overall indicator to ascertain the presence of expansive clay minerals (such as
clay powder) within the stone powder and to quantify their content. This is achieved by
progressively adding methylene blue solution to a suspension created by mixing aggregates
with water, observing for the emergence of a light blue halo indicating free methylene blue,
which reflects the adsorption characteristics of the aggregate towards the dye solution. The
activity index indicates the content of reactive components within the stone powder that
can participate in the hydration reaction of cement, thereby influencing the performance
of the pre-mixed mortar. The activity index is determined through chemical analysis. Hy-
droxypropyl methyl cellulose ether (HPMC), complying with the JC/T 2190-2013 standard
and with a viscosity of 40,000 MPa·s, was employed as the cellulose ether. Polyvinyl
alcohol (PVA) fibers had a tensile strength ≥ 1200 MPa, a length of 6 mm, and a diameter
of 18–25 µm. Sodium bentonite, with a montmorillonite content ≥ 85% and a swelling
capacity ≥ 15 mL/g, was also used.

Table 3. Results of stone powder performance tests.

Type of Stone
Powder

Active Index/%
Fineness Mobility Ratio/% Calcium Carbonate

Content/%
Methylene
Blue Value7 d 28 d

Tuff Powder 52.3 53.4 13.5 92 60.20 0.92
Limestone Powder 60.9 63.3 13.8 96 80.29 0.96
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2.2. Apparatus

The main instruments and equipment utilized in the experiments include the JJ-5
planetary cement mortar mixer (compliant with JC/T 681-2022 standards), the NYL-300
compression testing machine, the KZJ-500 electric flexural testing machine, and a standard
curing chamber (maintaining a temperature of 20 ± 2 ◦C and a relative humidity of over
95%), provided by Zhejiang Huannan Instrument Equipment Co., Ltd., established on 25
March 2005, is located in Qianshang Village, Daoxu Subdistrict, Shangyu District, Shaoxing,
Zhejiang Province, China. Additionally, the mortar consistency meter SC-145, the mortar
setting time tester ZKS-100, and the drying shrinkage measurement device JG/170 were
supplied by Shaoxing Jiaoche Instrument Equipment Co., Ltd., established on 7 June
2016, is located in No. 10, Tunbei Wujiazhuang, Xintunnan Village, Daoxu Subdistrict,
Shangyu District, Shaoxing, Zhejiang Province, China. The water retention measurement
device 100 × 25 was provided by Shaoxing QianNeng Instrument Equipment Co., Ltd.,
established on 29 September 2012, is located in No. 69, Zhongxing Road, Daoxu Subdistrict,
Shangyu District, Shaoxing, Zhejiang Province, China. Furthermore, the microcomputer-
controlled electronic universal testing machine (used for tensile bond strength testing) DN-
W50KN was sourced from Shandong Jinan KJ Instrument Equipment Co., Ltd., established
on 30 September 2019, is located in Room 301, Unit 3, Building 6, Meili Xincju Second
District, Huaiyin District, Jinan, Shandong Province, China. and the rapid freeze–thaw
testing machine TDR-9 was provided by Shanghai Luda Experimental Instrument Co., Ltd.,
established on 25 April 2000, is located in No. 32, Xinxin Road, Shedun Town, Songjiang
District, Shanghai, China.

2.3. Experimental Design

Based on the ‘Specification for the Design of Mortar Mix Proportions’ (JGJ/T 98-2010)
and referring to the theoretical mix proportions outlined in the ‘Specification for the Design
of Premixed Mortar Proportions’ (DBJ33/T1314-2024), preliminary tests were conducted
to validate the applicability of different materials and additives at varying levels in the
premixed mortar. An orthogonal array testing design was adopted, specifically an L16 (45)
layout involving five factors at four levels each [21,22]. The five factors considered were:
cellulose ether content (CE), stone powder replacement ratio for cement (SP), manufactured
sand replacement ratio for river sand (MS), PVA content (PVA), and bentonite content (BT).
The levels for each factor, defined as the percentage by mass of the respective material, are
detailed in Table 4. The contents of PVA, bentonite, stone powder, and CE are expressed as
a percentage of the total cementitious material mass. The manufactured sand content is
given as a percentage of the total fine aggregate mass. The total mass of stone powder and
cement was fixed at 150 g, the total mass of river sand and manufactured sand was fixed at
850 g, and the water content was fixed at 165 g. The experimental matrix was constructed
based on the principles of orthogonal design [26].

Table 4. Factor level table.

Level
Factor

CE/% SP/% MS/% PVA/% BT/%

1 0.0125 10 20 0.035 0.9
2 0.015 20 30 0.04 1.0
3 0.0175 30 40 0.045 1.1
4 0.02 40 50 0.05 1.2

Following the technical standards for application of premixed mortar, the key fresh
properties assessed for masonry and plastering mortars were consistency (Note: Mea-
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sured as the penetration depth of a standard cone; a greater depth indicates higher fluid-
ity/consistency) and water retention. The primary hardened property evaluated was the
28-day compressive strength. Accordingly, the orthogonal experiments were designed to
measure these three performance indicators: consistency, water retention, and compressive
strength [27].

3. Results and Discussion
3.1. Orthogonal Test Results

The results for orthogonal test groups are presented in Table 5, where the constituent
materials are reported in parts by weight. Orthogonal analysis was employed to investigate
the influence of five factors—cellulose ether content (CE), stone powder replacement
ratio for cement (SP), manufactured sand replacement ratio for river sand (MS), PVA
content (PVA), and bentonite content (BT)—on the consistency, water retention, and 28-day
compressive strength of the premixed mortar.

Table 5. Orthogonal test results of premixed mortar performance.

Serial
Number CE/% SP/% MS/% PVA/% BT/% Consistency/

mm
Water Retention

Rate/%
28 d Compressive

Strength/MPa

1 0.0125 10 20 0.035 0.9 95 91.5 13.5
2 0.0125 20 30 0.04 1 98 91.6 10.5
3 0.0125 30 40 0.045 1.1 96 91.2 8.2
4 0.0125 40 50 0.05 1.2 94 91.7 6.2
5 0.015 10 30 0.045 1.2 93 92 9.8
6 0.015 20 20 0.05 1.1 94 92.2 10.3
7 0.015 30 50 0.035 1 97 91.8 7.5
8 0.015 40 40 0.04 0.9 93 92.1 6
9 0.0175 10 40 0.05 1 94 92.5 8
10 0.0175 20 50 0.045 0.9 96 92.3 7.2
11 0.0175 30 20 0.04 1.2 90 93 10
12 0.0175 40 30 0.035 1.1 92 92.8 6.5
13 0.02 10 50 0.04 1.1 91 93.5 7
14 0.02 20 40 0.035 1.2 90 93.8 8.5
15 0.02 30 30 0.05 0.9 93 93.2 9
16 0.02 40 20 0.045 1 91 93 6.8

3.2. Analysis of Mean and Range
3.2.1. Consistency Analysis

Table 6 presents the mean values and range analysis for consistency. The order of
factor significance affecting consistence was: CE > BT > SP ≈ MS > PVA. Thus, CE was
the most influential factor, followed by BT. The mean values indicate that increasing the
CE significantly reduced mortar consistency (i.e., decreased fluidity). This phenomenon
is attributed to the hydrophilic, long-chain polymer structure of CE molecules. Their
ether and hydroxyl groups form strong hydrogen bonds with water molecules, converting
substantial free water into bound water associated with the polymer chains. This markedly
increases the apparent viscosity and internal cohesion of the paste, impairing particle
mobility and thus reducing fluidity. Furthermore, at higher dosages, the dissolved CE
chains entangle and connect, forming a continuous, weak three-dimensional gel network
throughout the system. This network encapsulates and immobilizes cement particles and
other solid components, necessitating the disruption of this structure for flow to initiate,
thereby significantly decreasing fluidity. The optimal mix proportion for achieving the
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highest consistency was determined as: CE (Level 1), SP (Level 2), MS (Level 4), PVA
(Level 3), BT (Level 2).

Table 6. Analysis of mean and range of consistency.

Level
Factor

CE/% SP/% MS/% PVA/% BT/%

1 95.75 93.25 92.5 93.5 94.25
2 94.25 94.5 94 93 95
3 93 94 93.25 94 93.25
4 91.25 92.5 94.5 93.75 91.75

Extreme Value
Sort 4.5(1) 2(3) 2(3) 1(4) 3.25(2)

Figure 1 illustrates the trend of mortar consistency with varying CE and BT. As shown,
consistency exhibits a declining trend with increasing CE dosage. An increase in CE by 60%
resulted in a 4.7% reduction in mortar consistency.

Figure 1. Trend chart of the consistency of premixed mortar.

3.2.2. Water Retention Analysis

The mean values and range analysis for water retention are shown in Table 7. The
significance ranking for water retention was: CE > PVA > BT > SP > MS, identifying CE
and PVA as the primary factors. An increase in CE substantially enhances water retention
through the physicochemical action of its polymer chains. The hydrophilic functional
groups (e.g., hydroxyl, ether) on the CE chains form an extensive hydrogen-bonding
network with water molecules, effectively converting free water into bound water and
reducing the driving force for evaporation. The dissolved CE significantly increases the
viscosity of the pore solution, and its long-chain structure establishes a three-dimensional
network within the mortar. This network imposes considerable kinetic hindrance to water
migration, drastically slowing the rate of water penetration into substrates and evaporation
to the environment. Additionally, the air-entraining and foam-stabilizing effects of CE
introduce fine, closed air bubbles that disrupt capillary connectivity, altering the pore
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structure and providing an additional physical barrier to moisture movement. Conse-
quently, with increasing CE content, this synergistic water-retention effect—combining
chemical adsorption, physical obstruction, and rheological modification—becomes more
pronounced, leading to an approximately linear improvement in water retention. The
optimal mix proportion for maximum water retention was: CE (Level 4), SP (Level 2), MS
(Level 1), PVA (Level 2), BT (Level 4).

Table 7. Analysis of mean and range of water retention rate.

Level
Factor

CE/% SP/% MS/% PVA/% BT/%

1 91.5 92.375 92.425 92.475 92.275
2 92.025 92.475 92.4 92.55 92.225
3 92.65 92.3 92.4 92.125 92.425
4 93.375 92.4 92.325 92.4 92.625

Extreme Value
Sort 1.875(1) 0.175(4) 0.1(5) 0.425(2) 0.4(3)

Figure 2 depicts the variation in water retention with CE and PVA. Water retention
shows an increasing trend with higher CE. Specifically, a 60% increase in CE content led to
a 2.05% rise in water retention.
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Figure 2. Trend chart of water retention rate of premixed mortar.

3.2.3. Compressive Strength Analysis

Table 8 displays the mean values and range analysis for compressive strength. The fac-
tor significance for strength was SP > MS > CE > PVA > BT, highlighting the predominance
of the replacement materials. The observed strength reduction associated with increased
stone powder and manufactured sand replacement levels stems from the combined nega-
tive effects on the compositional structure and the Interfacial Transition Zone (ITZ) within
the cementitious matrix. Stone powder, acting largely as an inert filler, substantially re-
duces the total amount of reactive cementitious material when replacing cement. This



Coatings 2025, 15, 1395 8 of 18

leads to a decreased absolute volume of hydration products (e.g., C-S-H gel), weakening
the binding capacity and driving force for matrix densification. Concurrently, the angular
particle shape and potentially unfavorable gradation of manufactured sand increase inter-
nal friction and create more interfacial weak zones, hindering the achievement of dense
particle packing. Critically, the fine particles in both stone powder and manufactured sand
can exacerbate flocculation and competitively adsorb a portion of the mixing water. This
effectively increases the water-to-cement ratio locally, leading to higher inherent porosity
and micro-crack concentration in the hardened state. These factors collectively degrade
the structure and mechanical properties of the ITZ, making it a preferential path for stress
concentration and crack propagation, ultimately manifesting as a systematic decline in
compressive strength.

Table 8. Analysis of the mean and range of compressive strength.

Level
Factor

CE/% SP/% MS/% PVA/% BT/%

1 9.6 9.575 10.150 9.000 8.925
2 8.400 9.125 8.950 8.375 8.200
3 7.925 8.675 7.675 8.000 8.000
4 7.825 6.375 6.975 8.375 8.625

Extreme Value
Sort 1.775(3) 3.2(1) 3.175(2) 1.0(4) 0.925(5)

The strength reduction associated with increased CE primarily arises from physical
mechanisms. Firstly, its air-entraining effect introduces numerous stable, fine air bubbles
into the matrix. These pores act as stress concentration points and reduce the effective load-
bearing area. Secondly, the strong water adsorption and network formation by the polymer
chains can retard the hydration kinetics of cement minerals and potentially interfere with
the spatial arrangement and densification of hydration products due to steric hindrance.
However, the magnitude of its impact is notably weaker compared to the replacement
effects of stone powder and manufactured sand. Fundamentally, replacing cement with
stone powder directly and irreversibly dilutes the volume of the active cementitious phase,
fundamentally reducing the primary source of strength—the C-S-H gel. The harsh mor-
phology of manufactured sand severely compromises the structure and density of the ITZ,
introducing numerous inherent micro-defects. In contrast, while CE introduces porosity,
the flexible three-dimensional network it forms causes limited structural disruption at low
dosages, and its water-retaining effect might even promote prolonged hydration. Therefore,
the influence of CE can be viewed as a ‘weakening modification’ of the formed structure,
whereas the replacement by stone powder and manufactured sand constitutes a ‘fundamen-
tal weakening’ of the material’s foundational structure, explaining their more pronounced
negative impact on macroscopic compressive strength. The optimal mix proportion for
achieving the highest compressive strength was: CE (Level 1), SP (Level 1), MS (Level 1),
PVA (Level 1), BT (Level 1).

Figure 3 shows the variation in compressive strength with CE, SP, and MS. Compres-
sive strength decreased with increasing CE dosage. A 60% increase in CE content led to an
18.49% reduction in compressive strength.
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Figure 3. Trend chart of compressive strength of premixed mortar.

3.3. Analysis of Variance

While range analysis can intuitively determine the primary and secondary order
of factor influence on the test indicators, it cannot assess whether these influences are
statistically significant [28,29]. To ensure data accuracy, triplicate measurements were
taken for each experimental trial. An Analysis of Variance (ANOVA) was subsequently
performed on the results to quantify the degree of influence exerted by each factor; the
results are summarized in Tables 9–11.

Table 9. Variance analysis of consistency.

Source of
Variance

Sum of
Squared

Deviation

Degree of
Freedom

Mean
Square F-Value Significant

A 131.896 3 43.965 47.962 p < 0.01
B 22.396 3 7.465 8.144 p < 0.01
C 26.062 3 8.687 9.477 p < 0.01
D 5.396 3 1.799 1.962 p = 0.140
E 79.896 3 26.632 29.053 p < 0.01

Error 29.333 32 0.917

Table 10. Variance analysis of water retention rate.

Source of
Variance

Sum of
Squared

Deviation

Degree of
Freedom

Mean
Square F-Value Significant

A 23.486 3 7.829 200.947 p < 0.01
B 0.191 3 0.064 1.631 p = 0.202
C 0.071 3 0.024 0.604 p = 0.617
D 1.271 3 0.424 10.872 p < 0.01
E 1.141 3 0.380 9.759 p < 0.01

Error 1.247 32 0.039
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Table 11. Variance analysis of compressive strength.

Source of
Variance

Sum of
Squared

Deviation

Degree of
Freedom

Mean
Square F-Value Significant

A 23.887 3 7.962 199.062 p < 0.01
B 72.922 3 24.307 607.687 p < 0.01
C 70.987 3 23.662 591.562 p < 0.01
D 6.187 3 2.062 51.563 p < 0.01
E 6.248 3 2.083 52.063 p < 0.01

Error 1.280 32 0.040

The threshold of the F-test used in this study are as follows: F0.05(3,32) = 2.9;
F0.025(3,32) = 3.56; F0.01(3,32) = 4.46; F0.005(3,32) = 5.17; F0.0025(3,32) = 5.91; F0.001(3,32) =
6.94. According to the F-values in Table 9: F(D) = 1.962 is less than F0.05(3,32) = 2.9, and its
significance probability (p = 0.140) > 0.05. This indicates that variations in Factor D (PVA)
have no significant effect on mortar consistency. In contrast, F(A) = 47.962, F(E) = 26.632,
F(C) = 9.477, and F(B) = 8.144 all exceed F0.001(3,32) = 6.94, confirming their significant
impacts on consistency. The order of significance is A (CE) > E (BT) > C (MS) > B (SP).

From the F-values in Table 10: F(C) = 0.604 and F(B) = 1.631 are both below F0.05(3,32) = 2.9,
with p-values of 0.617 and 0.202, respectively (both > 0.05). This demonstrates that Factors
B (SP) and C (MS) do not significantly affect the water retention of the mortar. Conversely,
F(A) = 200.947, F(D) = 10.872, F(E) = 9.759 all show F-values greater than F0.001(3,32) = 6.94,
establishing their highly significant effects on water retention. Their order of significance is
A (CE) > D (PVA) > E (BT).

The F-values presented in Table 11 reveal that all five factors—A (CE), B (SP), C
(MS), D (PVA), and (BT)—possess F-values greater than the critical value, with associated
p-values < 0.01. Therefore, all five factors exert a statistically significant influence on the
compressive strength of the premixed mortar. The order of their significance is B (SP) > C
(MS) > A (CE) > E (BT) > D (PVA).

3.4. Regression Analysis
3.4.1. Consistency Fitting

While range and ANOVA can identify a relatively optimal factor combination within
the predefined levels, they cannot locate the absolute optimum within the tested ranges. In
contrast, regression analysis based on the experimental data enables effective prediction
and optimization of the results [30–35]. Therefore, regression analysis was applied to the
experimental findings in this study using Design-Expert 13 software.

As the prior ANOVA indicated that Factor D (PVA) had no significant effect on
consistency, the regression analysis incorporated only the significant factors. The two most
influential factors, A (CE) and E (BT), were used to develop a first-order regression model
with consistence as the response.

Y = 93.5625 − 2.2125 CE − 1.3875 BT (1)

The relationship between the experimental data and the values predicted by the fitted
Equation (1) is shown in Figure 4. A coefficient of determination (R2 = 0.6894) confirms that
Equation (1) accurately represents the relationship between the consistence of premixed
mortar and the contents of CE and bentonite.
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Figure 4. Relationship between the measured and predicted values of the consistency.

Figure 4 shows a close agreement between the predicted values from the model and the
experimental data, validating the model’s accuracy in describing the correlation between
the factors and the response. Therefore, the developed model reliably represents the true
parameter relationships and can be used for predicting and analyzing the consistency of
premixed mortar. Figure 5 presents the residual normal distribution of the consistency
of the premixed mortar, where all data points closely align along a single line, indicating
that the fitting error of the regression model for the consistency of the premixed mortar
is relatively small. A response surface plot for the significant factors (CE and BT) versus
consistency, generated using Design-Expert software, is provided in Figure 6.

As shown in Figure 6, the consistency of premixed mortar decreases with increasing
contents of both CE and BT within a certain range. However, the rate of reduction associated
with BT is less steep compared to that caused by CE. Furthermore, a simultaneous increase
in both CE and BT can effectively suppress the consistency of the mortar.

Figure 5. Residual analysis of the consistency.



Coatings 2025, 15, 1395 12 of 18

Figure 6. Consistency response diagram of premixed mortar.

3.4.2. Water Retention Rate Fitting

Since the prior ANOVA revealed that Factors C (MS) and B (SP) had no significant
effect on water retention, the regression analysis considered only the significant factors.
The two most influential factors, A (CE) and D (PVA), were selected. A multiple regression
analysis was subsequently performed, establishing a first-order model with water retention
as the response variable.

Y = 92.3875 + 0.9375 CE − 0.0975 PVA (2)

The correlation between the experimental values and those predicted by the fitted
Equation (2) is presented in Figure 6. The coefficient of determination (R2 =0.9336) confirms
that Equation (2) effectively represents the relationship between the water retention of
premixed mortar and the contents of CE and PVA.

Figure 7 demonstrates a close agreement between the predicted values from the devel-
oped model and the experimental data, indicating the model’s suitability for characterizing
the relationship between the experimental factors and the response. Consequently, the
model accurately reflects the underlying relationships among the parameters and can be
reliably used for predicting and analyzing the water retention of premixed mortar. Figure 8
presents the residual normal distribution of water retention of the premixed mortar, where
all data points closely align along a single line, indicating that the fitting error of the regres-
sion model for the water retention of the premixed mortar is relatively small. A response
surface plot illustrating the relationship between the significant factors—cellulose ether
(CE) content and PVA content—and the response variable (water retention) was generated
using Design-Expert software, as shown in Figure 9.
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Figure 7. Relationship between the water retention test values and predicted values.

 

Figure 8. Residual analysis of the water retention.

Based on Figure 9, it can be concluded that within a certain range, the water retention of
premixed mortar increases with higher cellulose ether content but decreases with increased
PVA content. However, the declining trend associated with PVA content is more gradual
compared to the increasing trend promoted by CE. Furthermore, simultaneously increasing
the CE while appropriately reducing the PVA can effectively enhance the water retention
capacity of the premixed mortar.
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Figure 9. Water retention rate response curve of premixed mortar.

3.4.3. Compressive Strength Fitting

Since the prior analysis of variance confirmed that all five factors—CE (A), SP (B),
MS (C), PVA (D) and BT (E)—significantly affect the compressive strength, the three most
influential factors (B, C, and A) were selected for regression analysis. A multiple regression
analysis was performed on the experimental data, establishing a first-order model with
compressive strength as the response variable.

Y = 8.51 − 0.9117 CE − 1.63 SP − 1.67 MS (3)

The relationship between the experimental values and those calculated by the fitted
Equation (3) is shown in Figure 8. The coefficient of determination (R2 = 0.8561) indicates
that the relationship between the compressive strength of premixed mortar and the three
factors—CE, SP, and MS—can be effectively represented by Equation (3).

As shown in Figure 10, the predicted values obtained from the established model
demonstrate close agreement with the experimental values, indicating the model’s suitabil-
ity for characterizing the correlation between the experimental factors and the response.
Consequently, the developed model accurately reflects the intrinsic relationships among
the parameters and can be reliably employed for predicting and analyzing the compressive
strength of premixed mortar. Figure 11 presents the residual normal distribution of com-
pressive strength of the premixed mortar, where all data points closely align along a single
line, indicating that the fitting error of the regression model for the compressive strength of
the premixed mortar is relatively small. Using Design-Expert software, a response surface
plot was generated to visualize the relationship between the key experimental factors
(CE, SP, and MS) and the response variable (compressive strength of premixed mortar), as
presented in Figure 12.
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Figure 10. Relationship between the compressive strength test values and predicted values.

Figure 11. Residual analysis of compressives strength.

Based on the results presented in Figure 12, the compressive strength of the premixed
mortar decreases with increasing CE, SP, and MS. However, the declining trend associated
with the CE is less pronounced compared to the reduction caused by the SP.

Furthermore, to enhance the water retention capacity without compromising the
compressive strength, modification of the CE’s physicochemical properties—such as its
particle size, morphology, and chemical functionality—is a promising avenue for future
research and development.
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Figure 12. Compressive strength response diagram of premixed mortar.

4. Conclusions
This study investigates the influence of cellulose ether (CE) content and its interactions

with supplementary materials—including stone powder (SP), manufactured sand (MS),
polyvinyl alcohol (PVA), and bentonite (BT)—on the performance of premixed mortar
using an orthogonal experimental design. Performed mean and range analysis, variance
analysis, and regression fitting analysis. The key conclusions are as follows:

1. The optimal fluidity (consistency) was achieved with specific mix proportions (CE:
0.0175, SP: 20%, MS: 50%, PVA: 0.045%, BT: 1%). The order of factor significance
affecting fluidity was: CE > BT > SP ≈ MS> PVA. Thus, CE was the most influential
factor, followed by BT.

2. The maximum water retention was obtained with a different mix combination (CE:
0.02%, SP: 20%, MS: 20%, PVA: 0.04%, BT: 1.2%). The significance ranking for water
retention was CE > PVA > BT > SP > MS, identifying CE and PVA as the primary factors.

3. The highest compressive strength was observed with another set of parameters (CE:
0.0125%, SP: 10%, MS: 20%, PVA: 0.035%, BT: 0.9%). The factor significance for
compressive strength was SP > MS > CE > PVA > BT, highlighting the predominance
of the replacement materials.

4. Variations in PVA showed no significant effect on mortar fluidity, whereas the other
four factors had significant impacts. The replacement levels of MS and SP did not
significantly affect the water retention rate, in contrast to the three other factors which
did. All five factors—CE, SP, MS, PVA, and BT—exerted significant influences on the
compressive strength of the mortar.

5. The combined effect of CE and BT on fluidity was fitted using a linear regression
model. The trend indicated a decrease in fluidity with increasing dosages of both CE
and BT. The influence of CE and PVA on water retention was also described by a linear
regression. The model suggested that within a certain range, water retention increases
with higher CE but decreases with increasing PVA. A multiple linear regression
model fitted the relationship between compressive strength and CE, SP, and MS. The
results revealed a declining trend in compressive strength with increases in these three
factors. Overall, this study quantitatively revealed the coupled effects of organic and
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inorganic admixtures in premixed mortar and established predictive models for key
performance indicators, providing a scientific basis for mix design optimization and
offering significant theoretical and practical value for achieving performance balance
and green, low-carbon mortar design.
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