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Abstract: In order to improve the mechanical properties and durability of lightweight aggregate
concrete in extreme environments, this study utilized Inner Mongolia pumice as the coarse aggregate
to formulate pumice lightweight aggregate concrete (P-LWAC) with a silica powder content of 0%, 2%,
4%, 6%, 8%, and 10%. Under sulfate dry–wet cycling conditions, this study mainly conducted a mass
loss rate test, compressive strength test, NMR test, and SEM test to investigate the improvement effect
of silica powder content on the corrosion resistance performance of P-LWAC. In addition, using grey
prediction theory, the relationship between pore characteristic parameters and compressive strength
was elucidated, and a grey prediction model GM (1,3) was established to predict the compressive
strength of P-LWAC after cycling. Research indicates that under sulfate corrosion conditions, as
the cycle times and silica powder content increased, the corrosion resistance of P-LWAC showed a
trend of first increasing and then decreasing. At 60 cycles, P-LWAC with a content of 6% exhibited
the lowest mass loss rate and the highest relative dynamic elastic modulus, compressive strength,
and corrosion resistance coefficient. From the perspective of data distribution, various durability
indicators showed a clear mirror symmetry towards both sides with a silica powder content of 6% as
the symmetrical center. The addition of silica fume reduced the porosity and permeability of P-LWAC,
enhanced the saturation degree of bound fluid, and facilitated internal structural development from
harmful pores towards less harmful and harmless pores, a feature most prominent at the 6% silica
fume mixing ratio. In addition, a bound fluid saturation and pore size of 0.02~0.05 µm/% exerted
the most significant influence on the compressive strength of P-LWAC subjected to 90 dry–wet
cycles. Based on these two factors, grey prediction model GM (1,3) was established. This model can
accurately evaluate the durability of P-LWAC, improving the efficiency of curing decision-making
and construction of concrete materials.

Keywords: pumice lightweight aggregate concrete; dry–wet cycle; sulfate; pore structure; grey model (1,3)

1. Introduction

Thus far, lightweight aggregate concrete (LWAC) has played a crucial role in practical
applications. Compared with ordinary concrete, LWAC is lightweight, has high strength,
possesses strong corrosion resistance, and is economically and practically viable as a
concrete material [1–3]. Due to its distinctive characteristics, it has become one of the most
important materials in contemporary civil engineering, widely used in roads, buildings,
bridges, dams, water conservancy projects, and other fields. Lightweight aggregates can
be categorized based on their source into natural pumice, artificial clay, and industrial
waste residue. Natural pumice offers advantages such as high strength, acid and alkali
resistance, and corrosion resistance and is free of pollution and radioactivity, making
it an ideal environmentally friendly product. In Inner Mongolia, pumice possesses the
advantages of a wide distribution, excellent quality, and abundant resources, thus making
lightweight aggregate pumice concrete (P-LWAC) one of the preferred concrete materials
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in the region. Although P-LWAC possesses good mechanical properties as a typical porous
material, it is susceptible to external sulfate erosion, which disrupts the equilibrium state
of pore solutions and leads to degradation. The higher soil salinity in Inner Mongolia
makes this destruction more common [4–7]. Furthermore, the climate in Inner Mongolia
is predominantly characterized by a temperate continental monsoon climate featuring
frequent cold waves, concentrated precipitation, and alternating dry and wet conditions,
all of which can accelerate the degradation of concrete structures [8–11]. Consequently,
given the detrimental effects of harsh environmental conditions on P-LWAC, enhancing its
durability has emerged as a critical issue.

Recently, several researchers have endeavored to enhance the mechanical properties
of conventional concrete by incorporating various mixtures. Xiaosa et al., developed high-
performance concrete by incorporating waste eggshell particles and waste glass powder as
partial substitutes. They assessed the changes in compressive and splitting strength to as-
certain the optimal substitution rate of the admixture, which was found to be 20% [12]. Zhe
et al., discovered that the synergistic effect of an alkali-resistant glass fiber and expansion
agent could improve the dynamic compression performance of seawater sand concrete by
12.6%. Through the introduction of the fineness modulus of residue and observation of the
specimen’s damage mode, they confirmed the benign synergistic effect of these components
on the dynamic compressive strength of concrete [13]. Yimmy et al., employed concrete
waste as recycled coarse aggregate and masonry residues as supplementary cementing
material to create self-compacting concrete. They assessed its compressive performance
under sulfate corrosion, discovering that the mixture demonstrated lower linear expansion
and compressive strength loss compared to the reference mixture without these compo-
nents [14]. Qusay et al., endeavored to incorporate wood waste as a substitute for fine
aggregates in concrete. Through SEM and FTIR analysis, they discovered that a specific
mix incorporating wood waste increased the concrete mixture’s absorbency by 300% but
reduced its compressive strength by 65.5% [15]. Verma et al., utilized recycled concrete
aggregates, limestone, and metakaolin as alternative materials in the bonding system.
They tested the concrete’s durability by conducting slump tests, density tests, compressive
strength tests, and sulfate attack tests on each mixture. The results indicated that a mix ratio
of 20% kaolin and 10% limestone powder increased the compressive strength [16]. Reza
et al., conducted load compression and radiation experiments on conventional concrete
mixed with phosphate iron aggregate and steel powder. The results demonstrated that the
highest compressive strength was obtained at a concrete age of 28 days by the specimen
made with 100% ferrophosphorus, 20% steel powder, and 5% nano silica [17]. Conse-
quently, the application of concrete is no longer confined to a single type. Incorporating
various mixtures improves concrete’s performance, extends its service life, and enhances
its economic benefits.

Furthermore, silica powder, being a prevalent concrete additive, is noted for its strong
density, freeze resistance, and corrosion resistance, making it a widely researched ma-
terial [18–23]. Safdar et al., investigated the effect of micro silica powder on the tensile
and bending properties of micro carbon fiber reinforced concrete. Their findings revealed
that micro silica powder enhanced the binding strength and efficiency of carbon fiber
microfilaments [24]. Abu et al., examined the impact of steel fiber and silica powder on
the practical properties of ultra-high-performance geopolymer concrete. When the micro
silica volume exceeded 15%, enhanced bonding properties between the matrix and steel
fiber were noted, leading to an improvement in the mechanical and fracture characteristics
of concrete. The quantity of steel fiber can be reduced by augmenting the silica powder
content without altering the strength properties of the concrete [25]. Masoud utilized a dual
precoating of resin and silica powder on the surface to enhance the material performance of
waste tire concrete. The concrete’s compressive strength, modulus of elasticity, and flexural
strength are improved by these methods up to 60%, 28%, and 30%, respectively [26]. Suda
et al., investigated the effects of micro silica powder and slag powder on the strength
characteristics of concrete. They discovered that concrete mixed with both silica powder
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and ground blast furnace slag exhibited superior mechanical properties compared to those
with ground blast furnace slag alone [27]. Ali et al., employed nano silica powder as a
concrete admixture to explore the compressive and tensile strength, permeability, initial
setting time, wear rate, and viscosity of concrete. The findings indicated that at an optimal
nano silica powder dosage of 11%, there was a 45% increase in compressive strength and
an 11.5% increase in tensile strength [28].

As mentioned above, many researchers have limited their studies on the incorporation
of mixtures and silica powder to idealized conditions. However, in practical engineering
applications, the strength properties and durability of concrete are influenced by envi-
ronmental conditions, such as dry–wet cycles, freeze–thaw cycles, and corrosion damage.
Research on the enhancement of concrete’s resistance to cyclic actions through the addition
of silica powder is relatively scarce. Salt lakes, which are extensively distributed in Western
China, possess a high salt content. The concentration of sulfate ions in these salt lakes
is approximately 5–10 times higher than that in seawater. Notably, the Inner Mongolia
Autonomous Region stands out as one of the areas with the highest salt content, measuring
278.96 g/L. Therefore, concrete materials in Western China are highly susceptible to sulfate
attacks, especially in Inner Mongolia. The sulfate ions from the salt lakes can infiltrate the
concrete through groundwater, rainfall, and natural seepage, subsequently triggering a
series of deterioration reactions that impact the concrete’s service life [29–32]. Simultane-
ously, the concrete endures damage from rainfall, evaporation, water level fluctuations,
and other factors, placing it in a detrimental cycle of dryness and wetness, as well as sulfate
corrosion [33–35]. Therefore, it is imperative to study the mechanical properties of concrete
under the combined conditions of dry–wet cycling and sulfate corrosion [30,33,36,37].

Compressive strength is a critical indicator of the material performance of concrete, and
the accurate prediction of this strength is vital for understanding its structural performance
and longevity. The grey model is a method utilized for analyzing and predicting systems
characterized by uncertain information, and it can accurately predict target performance
based on a small amount of critical information. It holds significant practical value in
predicting and preventing concrete damage [38,39]. Yongli et al., established a prediction
model for the flexural tensile strength and compressive strength of concrete based on
pore characteristic parameters that can accurately predict the mechanical properties of
concrete [40]. Shuyun et al., created a grey prediction model for the compressive strength
of self-compacting concrete rooted in pore structure parameters. This model achieved
precise predictions of the strength properties of shale ceramsite concrete and facilitated
the use of mechanical sand and shale ceramsite in self-compacting concrete [41]. Liu et al.,
established grey model GM (1,4) for predicting the compressive strength of the concrete
based on the fractal dimensions of the aeolian sand lightweight aggregate concrete with
pore radii of 0–0.1 µm, >0.1–10 µm and >10 µm was established in the current study [42].
Yin et al., established Grey prediction model GM (1,1) to forecast the annual production
of waste concrete, thereby effectively promoting the utilization rate of waste concrete in
Chongqing [43]. Bo et al., constructed a novel-structured, multivariable grey prediction
model of various orders for predicting the bending strength of concrete. The model
holds great significance for maintaining health and extending the service life of concrete
structures [44].

To enhance the corrosion resistance of P-LWAC in extreme environments, this study
investigated the changes in the mechanical properties of P-LWAC with varying silica powder
contents under the combined influences of sulfate corrosion and dry–wet cycles. Furthermore,
this study employed grey theory to establish a GM (1,3) prediction model for predicting
the compressive strength of P-LWAC after undergoing cyclic failure. The research results
of this study provide the optimal silica powder content for P-LWAC, which provides an
important theoretical basis for the research and engineering design of concrete building
materials, especially considering the universality and severity of salt corrosion environments
on a global scale. The establishment of grey prediction models provides convenience for the
durability evaluation of concrete materials and the implementation of maintenance tasks.
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2. Material and Methods
2.1. Test Material

Cement: Jidong P·O 42.5 Ordinary Portland Cement, with its performance indices
detailed in Table 1 and chemical component in Table 2. Coarse Aggregate: Pumice light
aggregate from Hohhot, featuring an accumulation density of 706 kg·m−3, apparent density
of 1569 kg·m−3, and water absorption rate of 12.2%. Fly Ash: Class fly ash from the Hohhot
Jinqiao Power Plant. The main chemical components are shown in Table 2. Fine Aggregate:
Hohhot natural river sand, medium grade, with good particle grading. The main physical
properties are detailed in Table 3. Silica Powder: White powder, primarily comprising silica,
calcium oxide, magnesium oxide, and sodium oxide, among others. The main chemical
component is shown in Table 4. Superplasticizer: Naphthalene-based superplasticizer, a
dark brown powder, water-soluble, with a 1% mass fraction, achieving a water reduction
rate of 20%. Sulfate: Anhydrous sodium sulfate, analytical grade. Na2SO4 content ≥ 99.0%.
Water: Ordinary tap water. The raw materials were prepared as shown in Figure 1.

Table 1. Performance indices of Jidong P·O 42. 5 ordinary Portland cement.

Fineness/% Initial Setting
Time/min

Final Setting
Time/min Stability SO2/% Loss on

Ignition/%
Compressive
Strength/MPa

Rupture
Strength/MPa

3 d 28 d 3 d 28 d

1.2 135 175 Qualification 22.12 1.02 26.6 54.8 5.2 8.3

Table 2. Chemical components of cement.

Element/% SiO2 Al2O3 Fe2O3 MgO CaO Other

Cement 21.29 5.20 4.11 0.49 69.50 5.41

Fly Ash 58.27 24.35 5.43 0.76 6.11 5.08

Table 3. Physical properties of river sand.

Index Fineness
Modulus

Bulk Density/
(kg·m−3)

Apparent Density/
(kg·m−3) Mud Content/%

River sand 2.5 1465 2650 2.0

Table 4. Chemical components of silica powder.

Element SiO2 CaO MgO Na2O K2O Other

Mass fraction/% 53 22 12 0.06 0.05 12.89
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2.2. Concrete Design

In the experiments, P-LWAC without silica powder served as the control group, with
a water:cement ratio of 0.32. Silica powder was utilized to replace cement through an equal
mass replacement method. The replacement rates of silica powder were 0%, 2%, 4%, 6%,
8%, and 10% when preparing the P-LWAC. The mix ratio followed the Design Specification
for Mix Proportion of Ordinary Concrete (JGJ55-2011) [45]. The mix ratios and quantities of
each group are detailed in Table 5. Preparation and curing were conducted in accordance
with the Standard for Test Methods of General Concrete (GB/T50081-2002) [46] and the
Technical Specification for Light Aggregate Concrete (JGJ 51-2002) [47]. The specimens were
placed in a curing box for 28 days of standard maintenance, starting 24 h after pouring.

Table 5. Mix proportions of P-LWAC.

Groups Cement/
(kg·m−3)

Sand/
(kg·m−3)

Pumice/
(kg·m−3)

Fly Ash/
(kg·m−3)

Water/
(kg·m−3)

Water Reducing
Agent/(kg·m−3)

Silica Powder/
(kg·m−3)

Slump/
mm

C-0 380 690 634 70 140 4.5 0 177
C-2 372.4 690 634 70 140 4.5 7.6 175
C-4 364.8 690 634 70 140 4.5 15.2 160
C-6 357.2 690 634 70 140 4.5 22.8 165
C-8 349.6 690 634 70 140 4.5 30.4 169
C-10 342 690 634 70 140 4.5 38 170

2.3. Experimental Method
2.3.1. Dry–Wet Cycle Test

In order to simulate the real erosion environment, in this study, the durability of P-
LWAC was assessed using a Sulfate Dry–Wet Cycling Machine (LSY-18, Yixuan, Cangzhou,
China). Referencing the Test Method Standard for Long-term Performance and Dura-
bility of Ordinary Concrete (GB/T 50082-2009) [48], the test specimen size was set at
100 mm × 100 mm × 100 mm. The corrosion solution used was a 5% Na2SO4 solution. The
dry–wet cycle system involved soaking the sample in the solution for 16 h, air drying for 1
h, drying at a temperature of 75–85 ◦C for 6 h, cooling for 1 h, and completing one dry–wet
cycle over 24 h, with the total number of dry–wet cycles set at 90.

During the experiment, at 0, 15, 30, 45, 60, 75, and 90 dry–wet cycles, electronic
scales and a DT-20 dynamic modulus tester were used to measure the mass and lateral
fundamental frequency of concrete. The measured value was the average of the test
results of three samples [49,50]. The rate of mass loss served as an indicator, quantify-
ing the deterioration in concrete quality due to factors such as environmental influences,
loading conditions, and chemical interactions. The formula for this calculation is as fol-
lows (1) [51,52]. The relative dynamic modulus of elasticity is a key metric for assessing
changes in the elastic characteristics of concrete when subjected to cyclic or dynamic load-
ing. These parameters are crucial in evaluating the durability and structural integrity of
concrete [53,54]. The calculation formula is as follows (2).

∆Wn =
W0−Wn

W0
× 100% (1)

where ∆Wn—Mass loss rate after n dry–wet cycles (%); the result is accurate to 0.01;
W0—LWAC mass before dry–wet cycle(g); Wn—LWAC mass after n dry–wet cycles (g).

P =
f 2
n

f 2
0
× 100% (2)

where P—Relative dynamic elastic modulus of elasticity after n dry–wet cycles (%); the
result is accurate to 0.1;

f0—Before the dry–wet cycle test, the initial value of the lateral fundamental frequency
of LWAC (Hz);
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fn—After n dry–wet cycles, LWAC lateral fundamental frequency (Hz).

2.3.2. Compressive Strength Test

In order to evaluate the mechanical properties of concrete materials. In this study, the
compressive strength testing instrument for P-LWAC adopted a pressure testing instru-
ment controlled by a microcomputer (WHY-3000, Hualong, Shanghai, China). The test
specifications were carried out in accordance with the Standard Test Methods for Ordinary
Concrete (GB/T 50081-2002) [46]. The sample size was 100 mm × 100 mm × 100 mm.
According to the sample size, the conversion coefficient selected was 0.95. After every
15 dry–wet cycles, a compressive strength test was conducted, and the measured value
was the average of the test results of three samples. The sulfate corrosion resistance of
P-LWAC was represented by the corrosion resistance coefficient. This coefficient indicates
the capacity of P-LWAC to preserve its structural integrity under GB/T 50081-2002 specific
environmental conditions [46]. The corrosion resistance coefficient was calculated as shown
in formula (3).

K =
Rn

R0
(3)

where K—corrosion resistance coefficient;
Rn—Compressive strength of the specimen after dry–wet cycle, MPa;
R0—Compressive strength of the specimen before dry–wet circulation, MPa.
When the corrosion resistance coefficient K ≤ 0.75, the corrosion resistance of LWAC

was insufficient and damaged by sulfate corrosion [55].

2.3.3. NMR Test

In order to explore the pore structure characteristics inside concrete, this study used a
NMR analyzer (MesoMR23-60, Niumag, Suzhou, China) to analyze concrete samples that
had undergone 0 and 90 dry–wet cycles. Prior to measurement, concrete samples subjected
to 0 and 90 dry–wet cycles were extracted using a concrete core drill and then treated with
vacuum water saturation for 24 h using a vacuum saturation device (E-1010, Hitachi, Tokyo,
Japan). In accordance with NMR principles, NMR data were collected using the CPMG
pulse sequence [56–59]. For porous materials, the relationship between surface relaxation
and pore structure is given by Formula (4) [60].

1
T2

= ρ2

(
S
V

)
p

(4)

where T2—Lateral relaxation times of the pore fluid, ms;
ρ2—Lateral surface relaxation strength, µm/s;
S/V—Ratio of the pore surface area to the fluid volume, µm−1;
S—superficial area; p-pore;
p—the value is related to the type of specimen.
The surface relaxation strength of concrete is generally 3~10 µm/s, empirically, taking

ρ2 as 5 µm/s [61].

2.3.4. SEM Test

In this study, P-LWAC underwent micro-morphological analysis using a scanning
electron microscope (S-4800, Hitachi, Tokyo, Japan). To prevent further hydration, the
samples were sealed and stored in anhydrous ethanol. Prior to analysis, the samples were
subjected to vacuuming and gold-sputtering. The testing apparatus utilized in this study is
illustrated in Figure 2.
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3. Results and Discussion
3.1. Analysis of Mass Loss Rate

The variation in mass loss rate with the number of dry–wet cycles reflects the surface
damage status of P-LWAC from a macro level. A high mass loss rate indicates that the
concrete has weak resistance to environmental factors [62]. The mass loss rate under the
sulfate dry–wet cycle is shown in Figure 3. Figure 3a depicts the mass loss rate of six groups
of specimen samples as the number of cycles increases. Figure 3b illustrates the mass loss
rate over six cycles as the silica powder content increases.
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During the dry–wet cycle, the mass loss rate was less than zero. This phenomenon
occurs because, during the salt corrosion dry–wet cycle, the concrete initially absorbs saline
water; as the water evaporates, salt accumulates and crystallizes within the concrete’s pores.
This accumulation and subsequent crystallization of salt may initially enhance the concrete’s
mass, yielding a negative mass loss rate. Furthermore, the erosive process generates corrosion
products within the concrete, thereby further augmenting its overall mass [63].

As shown in Figure 3a, with the increase in the number of dry–wet cycles, the overall
quality loss rate of the six sample groups showed a symmetrical trend of initially increasing
and then decreasing. At 60 cycles, the total mass loss rate was −5.936%, indicating that the
total mass of the six groups of concrete specimens increased by 5.936% compared to the
state before the dry–wet cycle. Prior to this turning point, the mass loss rate consistently
decreased, signifying a continual enhancement in P-LWAC mass. Following the inflection
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point, the curve exhibited an upward trend, indicative of a decline in mass. The underlying
reason is that, before the 60 dry–wet cycles, SO4

2− ions repeatedly penetrate and exit the
concrete structure, reacting with cement hydration products to form corrosion compounds
such as ettringite, which accumulate within P-LWAC, thus enhancing its mass [64,65]. After
60 dry–wet cycles, P-LWAC corrosion intensified, accompanied by surface detachment
phenomena, culminating in a gradual decrease in P-LWAC mass.

As depicted in Figure 3b, during the dry–wet cycle, the mass loss rate showed a
symmetrical trend of initially increasing and then decreasing. with the increase in silica
powder content. When the silica powder content reached 6% at 60 cycles, the minimum
mass loss rate observed was −1.095%. This is because a small or appropriate amount
of silica powder can react with alkali metals in concrete, forming a more stable silicate
structure, thereby enhancing concrete durability and progressively reducing the mass
loss. However, excessive silica fumes disrupt the normal hydration process of cement,
consequently weakening the strength and integrity of the concrete structure and relatively
increasing the mass loss. When the silica powder content was 6%, an optimal amount
filled the concrete’s micropores, enhanced internal density, and increased the residual salt
content and corrosion products, thereby improving overall concrete mass and exhibiting
superior durability.

3.2. Analysis of the Relative Dynamic Elastic Modulus

The relative dynamic elastic modulus is an important indicator for evaluating the
ability of concrete to maintain its elastic properties under long-term loading. A high relative
dynamic elastic modulus means good durability [66]. The relative dynamic elastic modulus
of P-LWAC under the sulfate dry–wet cycle is shown in Figure 4. Figure 4a shows the
relative dynamic elasticity modulus of the six groups of samples as the number of cycles
increases. Figure 4b shows the relative dynamic elasticity modulus under six cycles as the
silica powder content increases.
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As demonstrated in Figure 4a, with the increase in the number of cycles, the relative
dynamic elastic modulus exhibited a symmetrical trend of initially increasing and then
decreasing. During the dry–wet cycle, the relative dynamic elastic modulus of all specimens
was higher than 100%. The total value of the six groups of specimens reached a peak of
659.56% at 60 dry–wet cycles. Prior to the 60 cycles of salt corrosion, the pores and microc-
racks in the concrete initiated interactions with the salt solution. Ions in the salt solution
occupy these pores and microcracks, consequently enhancing the compactness and relative
dynamic elastic modulus of the concrete to an extent [67]. With the increase in the number
of dry–wet cycles, the salt solution permeates the interior of the concrete and undergoes a
chemical reaction with the cement, resulting in the production of corrosion products, such
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as expanding sulfates. This phenomenon temporarily enhances the concrete’s structure,
thereby elevating the relative dynamic elastic modulus for a limited duration [66]. The
relative dynamic elastic modulus reached its peak at 60 dry–wet cycles. Following 60 cycles
of salt corrosion, the relative dynamic elastic modulus began to decrease. This decline
is attributable to prolonged salt corrosion, leading to the deterioration of the concrete
structure and manifesting in an increase in cracks and pores. Further structural damage
resulted in a slight detachment of the slurry on the concrete surface, contributing to a
decrease in the relative dynamic elastic modulus.

As illustrated in Figure 4b, with the increase in silica powder content, the value of the
relative dynamic elastic modulus demonstrated a symmetrical trend of initially increasing
and then decreasing. The relative dynamic elastic modulus of C6 reached its highest value
of 110.14% after 60 dry–wet cycles. This indicates that the modest quantity of silica powder
can effectively enhance the relative dynamic elastic modulus. This is due to the reaction of
silica powder in the cement matrix, which produces more calcium silicate hydrates (C-S-H),
improving the internal structure of the concrete [68]. As the silica powder content increased,
this secondary hydration reaction became more pronounced, thereby further enhancing the
stiffness and relative dynamic elastic modulus of concrete. The relative dynamic elastic
modulus attained its peak at a silica powder dosage of 6%. Upon exceeding 6% silica
powder content, the surplus silica powder failed to fully engage in the chemical reaction,
resulting in residual unreacted particles that became sources of microscopic defects, thereby
diminishing the relative dynamic elastic modulus of concrete [69].

3.3. Analysis of Compressive Strength

The compressive strength of P-LWAC following dry–wet cycles is depicted in Figure 5.
It was observed that as the number of dry–wet cycles increased, the compressive strength
of P-LWAC showed a symmetrical trend of initially increasing and then decreasing. Beyond
60 dry–wet cycles, compressive strength began to decline. The compressive strengths
of P-LWAC with silica fume consistently surpassed those of the C-0 group, exhibiting a
smoother strength change curve compared to the C-0 group. This trend is attributed to
the pre-corrosion phase, where sulfate erodes the internal structure of concrete, with salt
corrosion products precipitating to fill its internal pores, thereby densifying the structure
and increasing compressive strength. However, as corrosion progresses, the intensified salt
corrosion reaction and accumulation of salt corrosion products within the concrete’s pores
cause microcracks and porosity, leading to reduced compressive strength. During this phase,
the microaggregate effect of silica fume renders the internal structure of P-LWAC denser,
consequently mitigating the impact of sulfate on the concrete matrix [70]. Nevertheless, as
the quantity of silica fumes increased, the overall compressive strength of pumice concrete
exhibited a trend of first increasing and then decreasing. This is attributed to the excessive
SiO2 binding of the water in the system, thereby slowing down the cement’s hydration rate
and consequently initiating a decline in the concrete’s compressive strength [71].
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Figure 6 illustrates the variation in the corrosion resistance coefficient with varying
amounts of silica powder. As observed in Figure 6, with the same number of dry–wet
cycles, the K value of P-LWAC with silica fumes followed a symmetrical trend of increasing
and then decreasing, with the C-6 group’s K value reaching 118.29%, indicating that the
silica powder content at this time maximized the corrosion resistance of P-LWAC. It is
worth noting that the higher K value of P-LWAC with silica fumes compared to the C-0
group is primarily attributed to the secondary hydration reaction of silica fumes, which
consumes Ca(OH)2 and accelerates the formation of hydrated calcium silicate (C-S-H) [72].
Additionally, the micro-aggregate effect of silica powder blocks the capillary channels in
P-LWAC, enhances structural compactness, and slows down the sulfate corrosion rate.
Consequently, incorporating silica powder significantly improves the sulfate corrosion
resistance of P-LWAC.
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3.4. NMR Results and Analysis
3.4.1. Distribution of T2 Spectrum

The NMR relaxation time T2 spectrum is indicative of the pore size and distribution
in P-LWAC, with the pore size being related to the peak position and the number of
pores corresponding to the peak area. The larger the T2 value, the larger the pore size.
Conversely, a smaller T2 value indicates smaller pores [73–76]. Figure 7 displays the T2
spectral distribution for P-LWAC subjected to 0 and 90 dry–wet cycles.
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As depicted in Figure 7a, prior to the dry–wet cycles, compared to the C-0 group, the
addition of silica powder reduced the T2 spectral area of P-LWAC. Notably, the spectral
area of standard P-LWAC was 1.2~1.6 times larger than that of the concrete mixed with
silica powder. The C6 group exhibited the smallest T2 spectral area, at a value of 3077.695.
This demonstrates that the incorporation of silica powder refines the internal pore structure
of P-LWAC. As observed in Figure 7b, following 90 dry–wet cycles, the addition of silica
powder still reduced the T2 spectral area. The spectral area of standard P-LWAC diminished
to a value of 3584.513, remaining 1.3~2.4 times larger than that of P-LWAC mixed with
silica powder. Within these results, the C-6 group exhibited the smallest T2 spectral area
at a value of 1524.938, representing a 50.5% decrease compared to the conditions before
the dry–wet cycle. This indicates that the C6 group has the lowest pore size and the least
number of pores at this time.

3.4.2. Distribution of Pore Size

Following the formula conversion, Figure 8 presents the pore size distribution of
P-LWAC before and after the dry–wet cycles. As illustrated in Figure 8, following 90 dry–
wet cycles, the maximum peak of the curve for P-LWAC was higher than the initial curve’s
peak, with the entire curve shifting to the left. This indicates a development towards smaller
pore sizes within the structure, consequently reducing the sulfate’s erosive impact on the
concrete. This effect is attributed to the formation of numerous salt corrosion products
during sulfate corrosion, which fill the larger pores in the concrete, leading to microcracks
and an increase in smaller pores within the P-LWAC.
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The larger the internal pore size of concrete, the more susceptible it is to damage from
corrosive substances. Therefore, concrete can be classified based on pore size: <0.02 µm for
harmless pores, 0.02~0.05 µm for less harmful pores, 0.05~0.2 µm for harmful pores, and
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>0.2 µm for more harmful pores [77]. Figure 9 illustrates the distribution diagram of pore
radius intervals for 0 and 90 dry–wet cycles.
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As observed in Figure 9, both before and after the dry–wet cycles, an increase in silica
fume mixing resulted in a rise in the number of harmless and less harmful pores in P-LWAC,
while the number of harmful and more harmful pores decreased. As illustrated in Figure 9a,
prior to the dry–wet cycles, the C-6 group’s P-LWAC showed the most significant increase in
harmless and less harmful pores, rising by 38.5%, compared to the 26% increase of standard
P-LWAC. From Figure 9b, it is evident that after 90 dry–wet cycles, the proportions of more
harmful and harmful pores in the C-2, C-4, C-6, C-8, and C10 groups of P-LWAC were 56%,
38%, 36%, 44%, and 52%, respectively, showing symmetrical trends. These values were
11.2%, 39.7%, 42.9%, 30.2%, and 17.5% less than the 63% of standard P-LWAC, indicating
a shift from more harmful and harmful pores to less harmful and harmless pores in the
concrete. This change is attributed to the secondary hydration reaction between silica
fume’s SiO2 and Ca (OH)2, producing C-S-H that fills larger pores [78]. However, when
the amount of silica fumes was higher, the relative cement content decreased, reducing the
yield of C-S-H, which is not favorable for pore improvement. Thus, P-LWAC with a 6%
silica powder content exhibited excellent acid corrosion resistance.

3.4.3. SEM Analysis

In order to further analyze the influence mechanism of silica powder content on the
pore structure of P-LWAC, electron microscopy analysis was performed on C-0, C-6, and
C-10 after 0 and 90 dry wet cycles.

As observed in Figure 10a, a small quantity of hydration products and gel substances
formed on the surface of the C-0 test piece, indicating a relatively loose structure with
numerous voids and the presence of lamellar crystal Ca (OH)2 [79]. Figure 10b reveals that
the structure of Group C-6 is notably dense, which is attributed to the secondary hydration
reaction between SiO2 and Ca(OH)2 in the silica powder. The flocculent C-S-H product
occupies larger pores, thereby enhancing the compactness of the P-LWAC [80]. Figure 10c
illustrates that the overabundance of silica powder in the C-10 specimen leads to reduced
cement content, resulting in fewer hydration products and the formation of large cracks,
adversely affecting the pore structure.
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Figure 10. SEM of 0 dry–wet cycles. (a) C-0; (b) C-6; (c) C-10.

Figure 11a demonstrates that the number of pores on the surface of C-0 is less than
before 0 dry–wet cycles. This is because after undergoing dry–wet cycles, Ca(OH)2 reacts
with sulfate ions to form CaSO4, which fills larger pores with its density and adhesion but
still has some smaller pores [81]. As indicated in Figure 11b, the structure of Group C-6
became more compact, with the flocculent C-S-H products reacting with sulfates to form
calcium silicate hydrochloric sulfate hydrates, further enhancing the internal density of
the P-LWAC [82]. From Figure 11c, it can be observed that C-10 formed a large amount of
salt corrosion products after dry–wet cycles, filling these large cracks in the P-LWAC and
resulting in the formation of small cracks and a reduction in pore size.
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3.4.4. Porosity Analysis

The free water in concrete is capable of moving freely within the pores, whereas
the saturation level of the bound fluid saturation is an important indicator reflecting the
concrete’s ability to bind liquids. This metric can reflect the internal microstructure of
concrete, which includes the size and distribution of pores [83]. Therefore, this study
utilized a diagram encompassing porosity, permeability, and bound fluid saturation to
analyze the pore characteristics of P-LWAC, both prior to and following dry–wet cycles, as
depicted in Figure 12.
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Figure 12. NMR porosity, permeability, and bound fluid saturation of P-LWAC. (a) 0 dry–wet cycles
of P-LWAC; (b) 90 dry–wet cycles of P-LWAC.

From Figure 12a, it is evident that, prior to the dry–wet cycle, with the addition of silica
powder, the porosity and permeability of P-LWAC diminished, while the saturation of the
bound fluid escalated. In comparison to the C-0 group, the porosity exhibited reductions of
20.54%, 25.84%, 39.76%, 23.79%, and 21.59%, respectively, while the permeability displayed
decreases of 68.50%, 72.77%, 92.97%, 71.02%, and 69.23%. The saturation of the bound fluid
was augmented by 3.01%, 6.77%, 18.18%, 5.71%, and 4.38%, respectively. As demonstrated
in Figure 12b, following 90 dry–wet cycles, the increment in silica powder content resulted
in a consistent trend in the porosity, permeability, and bound fluid saturation of P-LWAC,
analogous to that observed in Figure 12a. Relative to the C-0 group, the porosity underwent
reductions of 24.52%, 49.27%, 55.07%, 42.73%, and 32.45%, while the permeability showed
decreases of 78.15%, 99.21%, 99.44%, 90.28%, and 82.76%, respectively. The saturation of
the bound fluid experienced an increase of 9.64%, 43.66%, 47.06%, 40.83%, and 14.53%,
respectively. This is attributed to the fact that as the addition of silica powder, the P-
LWAC structure becomes more compact, its mechanical properties are enhanced, and its
permeability is diminished, thereby impeding the ingress of water into the P-LWAC’s
interior, leading to a reduced liquid expansion force and an augmented resistance to
sulfate attack.
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3.5. Established Grey Theoretical SM (1,3) Model
3.5.1. Grey Correlation Entropy Analysis of the Factors Affecting Mechanical Properties

To explore the correlation between pore characteristic parameters and the mechan-
ical properties of P-LWAC subjected to dry–wet corrosion under varying silica powder
quantities, this section examines the impact of pore characteristics of the concrete following
90 cycles. The compressive strength after 90 dry–wet cycles was chosen as the reference
parameter, with spectral area, porosity, permeability, bound fluid saturation, and pore
diameter intervals (<0.02 µm/%, 0.02~0.05 µm/%, 0.05~0.02 µm/%, and >0.2 µm/%) as the
comparative metrics. Table 6 presents the raw data pertaining to compressive strength and
pore characteristic parameters following 90 dry–wet cycles. Given that the grey entropy
correlation degree assesses the significance of each factor in the overall analysis through its
information entropy, it offers a more precise reflection of each factor’s impact on the target
variable [40]. Consequently, this study computed the grey entropy correlation degree for
each attribute to accurately depict the influence of each attribute on compressive strength.
The correlation between the grey entropy of compressive strength and the grey entropy of
pore characteristics was calculated. The results of this analysis are displayed in Table 7.

Table 6. Raw material parameters of pore size and compressive strength of P-LWAC.

Parameter C-0 C-2 C-4 C-6 C-8 C-10

Spectral area 3584.513 2788.335 1768.469 1524.938 1836.664 2066.746
Porosity/% 1.362 1.028 0.691 0.612 0.782 0.921

permeability/% 3.190 0.697 0.025 0.018 0.311 0.553
Bond fluid saturation/% 50.947 55.856 73.189 74.924 71.751 58.352

<0.02 µm/% 15.05 21.59 34.45 36.12 28.96 24.327
0.02~0.05 µm/% 21.32 22.7 27.84 28.16 26.66 28.89
0.05~0.2 µm/% 25.4 21.77 18.43 17.12 21.84 26.46

>0.2 µm/% 38.23 33.94 19.28 18.6 23.35 26.32
Compressive

strength/MPa 47.69 49.65 57.12 63.18 54.67 52.36

Table 7. P-LWAC grey relational entropy and grey entropy correlation degree.

Parameter Grey Relational Entropy Grey Entropy Correlation Degree

Spectral area 1.3820 0.66458
Porosity/% 1.3813 0.66429

permeability/% 1.3313 0.64020
Bond fluid saturation/% 1.3859 0.66650

<0.02 µm/% 1.3848 0.66600
0.02~0.05 µm/% 1.3861 0.66660
0.05~0.2 µm/% 1.3840 0.66560

>0.2 µm/% 1.3849 0.66602

According to Table 7, the correlation of the compression strength was 0.02~0.05 µm/% >
bound fluid saturation > greater than 0.2 µm/% > less than 0.02 µm/% > 0.05–0.2 µm/% >
total spectral area > porosity > permeability. Because the larger the grey entropy corre-
lations, the greater the influence degree, the less the correlations, the less the influence
degree [84]. Consequently, the range of bound fluid saturation and the pore size category
of 0.02~0.05 µm/% exerted the most significant influence on the compressive strength of
P-LWAC following 90 cycles of dry–wet corrosion.

3.5.2. Grey Theoretical GM (1,3) Model Was Established

The grey model (GM) is the foundational model within grey theory, facilitating quanti-
tative forecasts of a system’s developmental trajectory [85]. Based on the calculations, the



Symmetry 2024, 16, 275 16 of 21

grey theoretical GM (1,3) model identified the critical pore size range as 0.02~0.05 µm/%.
Table 8 displays the raw data and 1-AGO sequences pertaining to P-LWAC.

Table 8. Raw material parameters and 1-AGO results of P-LWAC.

Parameter Sequence C-0 C-2 C-4 C-6 C-8 C-10

Raw material
parameters

Compressive
strength/MPa x1 47.69 49.65 57.12 63.18 54.67 52.36

Bond fluid
saturation/% x2 50.947 55.856 73.189 74.924 71.75 58.35

0.02~0.05 µm/% x3 21.32 22.7 27.84 28.16 26.65 23.89

Dimensionless

Compressive
strength/MPa x1

(0) 0.8813 0.9175 1.0556 1.1676 1.0103 0.9676

Bond fluid
saturation/% x2

(0) 0.9205 1.0091 1.3222 1.3536 1.2963 1.0542

0.02~0.05 µm/% x3
(0) 0.8496 0.9045 1.1094 1.1221 1.0623 0.9521

1-AGO
results

Compressive
strength/MPa x1

(1) 0.8813 1.7989 2.8545 4.0221 5.0324 6.0000

Bond fluid
saturation/% x2

(1) 0.9205 1.9296 3.2519 4.6055 5.9018 6.9560

0.02~0.05 µm/% x3
(1) 0.8496 1.7541 2.8635 3.9856 5.0479 6.0000

Let the GM (1,3) model be as follows:

x̂(0)1 (k) = −az(1)1 (k) + b1x(1)2 + b2x(1)3 (5)

According to the model parameters, a is −0.4679, b1 is −5.7039, and b2 is 5.5941. Then,
the GM (1,3) model is established:

x̂(0)1 (k) = 0.4679z(1)1 (k)− 5.7039x(1)2 + 5.5941x(1)3 (6)

Table 9 shows the prediction results and test results of the grey theoretical GM (1,3)
model. As can be seen from Table 9, the average relative error between the predicted value
of the GM (1,3) model and the test value was 3.7202%, so the established model had a high
accuracy and good effect. It is suitable for predicting the compressive strength of P-LWAC
after dry–wet corrosion of sulfate through pore characteristic parameters.

Table 9. Comparison between experimental and predicted results of the model.

Experimental Value Predicted Value Residual Error Absolute Error/% Average Absolute Error/%

0.8813 08876 −0.0063 0.7149

3.7202
0.9175 0.9048 0.0127 1.3842
1.0556 1.1441 −0.0885 8.3839
1.0103 1.0339 −0.0236 2.0212
0.9676 0.9060 0.0616 6.0972

4. Conclusions

This study initially assessed the impact of silica powder content and the number of
dry–wet cycles on the mechanical properties of P-LWAC from a macroscopic perspective.
Subsequently, alterations in the internal pore structure of P-LWAC were meticulously
analyzed from a microscopic perspective using NMR and SEM techniques. Ultimately,
utilizing grey correlation theory, a GM (1,3) prediction model for the compressive strength
of P-LWAC was developed. This model accurately predicted the durability and lifespan of
concrete materials. The specific conclusions are as follows:
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(1) After 60 sulfate dry–wet cycles, P-LWAC with a silica powder content of 6% demon-
strated the lowest mass loss rate and the highest relative dynamic modulus, at
−1.095% and 112.01%, respectively. This demonstrates that P-LWAC with a silica
powder content of 6% possesses the best mechanical properties after 60 dry–wet cycles.

(2) With a constant silica powder content, the compressive strength of P-LWAC initially
increased, peaking at 60 cycles before starting to decline. With increasing silica powder
content, the compressive strength and corrosion resistance coefficient of P-LWAC
followed a symmetrical trend of initially increasing and then decreasing. At a silica
powder content of 6%, P-LWAC demonstrated the best durability.

(3) During the sulfate corrosion process, incorporating silica powder significantly reduced
the pore size in P-LWAC, leading to a structural shift characterized by a transition
from harmful and more harmful pores to harmless and less harmful ones. P-LWAC
containing 6% silica powder featured the largest ratio of harmless pores and less
harmful pores, along with the lowest porosity and permeability and the highest bound
fluid saturation. These factors are pivotal in contributing to its superior durability.

(4) From the perspective of data distribution in P-LWAC with silica powder contents
of 0%, 2%, 4%, 6%, 8%, and 10%, several indicators of response durability and the
changing law of pore size exhibited a symmetric distribution. The symmetry center
point (6%) represented the optimal silica powder content, with the performance
demonstrating a mirror-like trend of variation on both sides as the content changes.
This conclusion facilitates the accurate capture and understanding of the patterns of
change in material performance.

(5) Following 90 dry–wet cycles, the bound fluid saturation and the aperture proportion
of 0.02~0.05 µm exhibited the highest grey entropy correlation degree in P-LWAC
containing silica powder. The GM (1,3) model established based on these two at-
tributes accurately predicted the compressive strength of P-LWAC after undergoing
sulfate dry–wet cycles, thereby significantly improving the efficiency of maintenance
decision-making and construction of concrete materials.

5. Future Directions

This study exclusively investigated the impact of a single type of silica fume on the
enhancement of concrete durability. Therefore, future research endeavors can explore the
effects of silica fumes with varied particle sizes and surface characteristics on concrete
performance improvements. Additionally, there is potential to examine concrete’s per-
formance under diverse environmental conditions, such as freeze–thaw cycles, chemical
corrosion, high temperature and fire scenarios, ultraviolet (UV) exposure, and mechanical
wear and impact.
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