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A B S T R A C T

In this paper, the influence mechanism of ultrafine glass powder (UGP) on the sulfate resistance of 
cement mortar is studied by replacing cement with different of equal quality amounts. The 
reliability analysis of UGP-modified cement mortar in sulfate environment is systematically dis
cussed by mass change analysis, scanning electron microscope (SEM), X-ray diffraction (XRD) and 
nanoindentation, etc. The results show that the proper amount of UGP can significantly improve 
the sulfate resistance of cement mortar, and the effect is the best when the content of UGP is 10%. 
Compared with the undoped UGP group, the flexural strength and compressive strength increased 
by 11.34%, 8.62% and 6.63%, 6.85% respectively after 120 days of erosion in 5% and 10% so
dium sulfate solutions, and the mass loss was the smallest. A two-parameter Weibull distribution 
model via relative dynamic elastic modulus is developed to predict the reliability life of UGP- 
modified cement mortar. The results show that 10% UGP content can significantly prolong the 
service life of cement mortar in sulfate environment. UGP effectively consumes Ca(OH)2 through 
pozzolanic reaction, which promotes the formation of C-S-H gel and reduces the formation of 
expansion products such as gypsum (CaSO4⋅2 H2O) and ettringite (AFt), as well as optimizes pore 
structure and enhances material compactness and microscopic mechanical properties.

1. Introduction

Owing to their unique and irreplaceable advantages such as good barrier properties, corrosion resistance and acid corrosion 
resistance, glass products are widely used in many fields. Moreover, as a key daily necessity, glass is abundant in solid waste in many 
countries, mainly from daily life glassware, glass packaging materials and building glass [1–3]. With the rapid advancement of ur
banization and infrastructure construction, the output of waste glass in cities continues to increase, but the rate of waste glass recycling 
is low [4]. Most glass residues are disposed off in landfills, which not only wastes land resources but also causes environmental 
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pollution [5]. Globally, the utilization rate of waste glass varies significantly. In many European countries, the recycling rate has 
reached approximately 70%, whereas in China it remains below 50% [6–8]. This low utilization rate not only represents a waste of 
resources but also poses environmental challenges. Converting waste glass into ultrafine powder as a supplementary cementitious 
material offers a promising solution [9–11]. UGP exhibits pozzolanic activity, which can enhance the densification of cement-based 
materials, inhibit alkali-silica reaction, and improve long-term durability [12–14]. However, the performance of UGP cement 
mortar under long-term erosion of different concentrations of sulfate has not been systematically studied, so comprehensive research is 
needed to fill this gap.

The durability of cement-based materials has always been the focus of research worldwide. In terms of durability, sulfate attack is 
among the main factors causing cement-based materials to fail [15–18]. At present, most coastal projects in coastal areas encounter 
sulfate attack. In addition, salinization in most parts of Northwest China is severe, and sulfate attack by cement-based materials is 
common [19–21]. To solve this problem, in recent decades, scholars worldwide have conducted many experimental studies [22–25]. 
Studies have shown that the incorporation of an appropriate amount of ultrafine admixture to replace some of the cement in the 
concrete production process can significantly improve its corrosion resistance. Commonly used ultrafine admixtures include fly ash, 
silica fume and slag powder. However, among the aforementioned materials, although silicon powder has the highest activity, it is not 
conducive to large-scale application because of its high price and limited production. Although slag powder and fly ash have good 
activity, their cost is still relatively high, second only to that of cement, and they are limited by the distribution of production areas, the 
high cost of use and the inconvenient supply in some areas [26–28]. In contrast, UGP is prepared from waste glass, with a wide range of 
sources and extremely low raw material costs. It has good pozzolanic activity when ground into ultrafine powder, which helps to 
improve the corrosion resistance of cement-based materials. For example, Peng et al. [29] proposed a low-carbon corrosion-resistant 
structural concrete that combines recycled aggregate concrete and GP and analysed the effects of the GP substitution ratio on the 
compressive strength of recycled aggregate concrete, chloride ion penetration resistance and the corrosion resistance of steel. Tahwia 
et al. [30] compared the mechanical properties, chloride ion permeability, carbonation resistance and high-temperature resistance of 
concrete mixed with ceramic waste powder, GP and granite waste powder with those of control concrete. The mechanical properties of 
low-carbon high-strength concrete with 10% GP and 20% granite waste powder were the greatest at 28 d. Cao et al. [31] reported that 
the incorporation of GP can significantly improve the sulfate resistance of a sample, and its improvement is closely related to the effect 
of the GP pozzolanic reaction on the pore solution composition and solid phase combination in the hydrated cement slurry.

In summary, the existing research focuses on the influence of mechanical properties and resistance to chloride ion permeability 
after incorporation of GP, and the particle size of GP used is mostly between 200 mesh and 500 mesh, which fails to reveal the sulfate 
resistance of ultra-fine glass powder cement mortar by combining macro and micro tests. Therefore, in this paper, UGP was used to 
prepare cement mortar specimens by replacing cement with equal mass, and the sulfate resistance of ultrafine glass powder cement 
mortar was studied. In order to further explore the influence mechanism of UGP content on the sulfate resistance of cement mortar, X- 
ray diffraction test (XRD), scanning electron microscope (SEM) and nanoindentation were used to analyze the evolution of hydration 
products, microstructure characteristics and micro-mechanical properties. The Weibull distribution was used to predict the life of UGP 
cement mortar, which provided a reference for its application in engineering.

2. Materials and experimental methods

2.1. Raw materials

2.1.1. Cement
P⋅O 42.5 ordinary Portland cement was used in this study. Its main chemical composition and physical properties are presented in 

Table 1 and Table 2, respectively. The particle size distribution of the cement is displayed in Fig. 1, with a median particle size of 13.86 
μm.

2.1.2. Fine aggregate and water
The fine aggregate used in this study was ISO standard sand sourced from Xiamen ISO Standard Sand Co., Ltd. Its apparent density 

is 1350 kg/m³, with a SiO₂ content exceeding 96%. The silt content is less than 0.2%, and the loss on ignition is less than 0.4%. The 
loose bulk density of the sand is 1611 kg/m³. Laboratory tap water was used throughout the experiments.

2.1.3. Ultrafine glass powder
In order to prepare high purity UGP, colourless transparent waste glass bottles were used as raw materials. The flow chart of UGP 

preparation is shown in Fig. 2. The preparation process mainly includes the following steps:

Table 1 
Main chemical composition of P⋅O 42.5 cement.

CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O Na2O total

61.52% 20.47% 5.55% 5.62% 3.41% 0.78% 1.28% 0.39% 97.9%
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(1) Raw material pretreatment: Colourless transparent waste glass bottles were cleaned, naturally dried to remove impurities, and 
then crushed into small pieces by a crusher.

(2) Rough grinding: Using SM-500 ball mill, the speed is 48 r/min, the grinding time is 30 min, and the coarse glass powder is 
obtained.

(3) Fine grinding: A vertical semi-circular planetary ball mill with a speed of 300 r/min and a grinding time of 4 h was used to 
further refine the powder.

Table 2 
Physical performance indexes of cement.

Index Specific surface area (m2/kg) Density (g/cm3) Setting time (min) Flexural strength (Mpa) Compressive strength (Mpa)

Initial Final 3d 28d 3d 28d

Value 353 3.03 221 276 4.6 7.38 22.4 45.5

Fig. 1. Particle size of the cement.

Fig. 2. UGP preparation flow chart.
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(4) Screening: The final UGP was obtained by 2000 mesh standard screening. After the preparation of each batch of UGP, laser 
particle size analysis was performed to ensure that the particle size distribution of UGP was consistent.

The main chemical constituents of UGP are shown in Table 3. The particle size distribution of the UGP is presented in Fig. 3, which 
shows a median particle size of 7.12 μm. As shown in the SEM image in Fig. 4, the UGP particles had smooth surfaces and were angular.

2.1.4. Anhydrous sodium sulfate
Sodium sulfate powder of analytical reagent grade, with a purity of 99%, was obtained from Sinopharm Chemical Reagent Co., Ltd.

2.2. Preparation of mortar samples

In this test, four groups of mortar samples with a water–binder ratio of 0.5 were prepared by using a standard mix ratio. The specific 
mix ratios are shown in Table 4. NC represents the reference group; GC10, GC20 and GC30 represent the samples in which 10%, 20%, 
and 30% of cement is replaced with UGP of equal quality, respectively; and the test block has dimensions of 40 × 40 × 160 mm. First, 
the test block was demoulded after 1 day of natural curing, and the sulfate erosion test was subsequently conducted after 28 days of 
continuous curing in a standard curing box.

The sulfate corrosion resistance of the cement mortar samples was tested by following the Chinese standard “Test method for sulfate 
resistance of cement” (GB/T 749-2008) [32]. In this experiment, the full immersion method was used to place the test blocks with 
standard curing for 28 days in clear water, 5% sodium sulfate solution and 10% sodium sulfate solution to ensure that the solution 
height was at least 5 cm greater than that of the test block and that the mortar sample was completely immersed in the solution. The 
soaking periods were 0, 30, 60, 90 and 120 days, during which the sodium sulfate solution was replaced every 30 days to maintain its 
concentration. After the corresponding erosion cycle was reached, the mortar samples were removed, and the flexural strength, 
compressive strength, microstructure and corrosion products were tested. The production of mortar samples and the process of sulfate 
attack are shown in Fig. 5.

2.3. Flexural and compressive mechanical property tests

After the test age was reached, the mortar samples were removed from the water and sodium sulfate solution for flexural strength 
and compressive strength tests. The flexural strength and compressive strength were tested by referring to the “cement mortar strength 
test method (ISO method)” (GB/T 17671-2021) [33], and uniform loading was performed until the sample was destroyed. The for
mulas for calculating flexural strength and compressive strength are shown in Formulas (1) and (2), respectively. 

Rf =
1.5Ff L

b3 (1) 

Rc =
Fc

A
(2) 

where Rf is the flexural strength; Ff is the maximum load at fracture; in this experiment, L= 100 mm and b= 40 mm, Rc is the 
compressive strength, Fc is the maximum load at failure, and A is the clamping plate area, which is 1600 mm2.

To better reflect the change in the strength of the mortar sample under sulfate attack, flexural and compressive corrosion resistance 
coefficients are introduced in this paper. The calculation methods are shown in Formulas (3) and (4). 

Kf =
Rfs

Rfo
(3) 

Kc =
Rcs

Rco
(4) 

where Kf is the corrosion resistance coefficient of the mortar;, Rfs is the flexural strength of the mortar with different sulfate erosion 
durations, Rfo is the initial flexural strength of the mortar, Kc is the corrosion resistance coefficient of the mortar, Rcs is the compressive 
strength of the mortar with different sulfate attack durations;, and Rco is the initial compressive strength of the mortar.

2.4. Mass change test

The change in mortar quality in a sulfate environment can directly reflect the erosion of the sample. After the test was conducted, 

Table 3 
Main chemical compositions of UGP.

SiO2 Na2O CaO Al2O3 MgO Others

72.68% 14.70% 4.35% 2.81% 0.93% 4.53%
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the samples were removed and dried in an oven at 50 ◦C for 48 h. After the test, the dry mass of the mortar was measured, and the 
average value was taken. The rate of change in the mortar mass was calculated according to Formula (5). 

dn =
mn − m0

m0
(5) 

where dn is the rate of change in the mass of the mortar sample after sulfate erosion for n days, mn is the quality of the mortar sample 

Fig. 3. Particle size distribution of the glass powder.

Fig. 4. Microstructure of the glass powder observed by SEM.
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after sulfate erosion for n days, and m0 is the initial mass of the mortar.

2.5. Relative dynamic elastic modulus tests

In this experiment, the DT-20 dynamic elastic modulus tester was utilised to assess the longitudinal resonance frequency of mortar 
specimens with varying UGP contents, employing the resonance principle as the underlying method. The dynamic elastic modulus of 
the specimens was calculated after 5% and 10% sodium sulfate solution erosion at different ages. The relative dynamic elastic modulus 
is a key factor in the structural damage evolution law of mortar specimens under sulfate erosion. This index is also the core parameter 
for the subsequent establishment of Weibull distribution model to predict the reliability life of mortar. The calculation formula is as 
follows: 

Er =
Et

E0
(6) 

Where Et denotes the dynamic elastic modulus measured after t days of sulfate erosion, and E0 represents the corresponding modulus 
before the erosion test begins.

2.6. Microscopic morphology tests

The microstructure of and changes in the mortar samples after sulfate attack were analysed by scanning electron microscopy. The 
instrument used was a German ZEISS GeminiSEM 360 scanning electron microscope. The test samples were obtained from the same 
depth of different mortar crushing blocks after the compressive strength of the test piece was tested. The overall size of the sample was 
less than 0.5 cm, and the samples were as smooth as possible. The test samples were selected as follows: the NC group (NC-5–120), 
GC10 group (GC10–5–120), GC20 group (GC20–5–120), and GC30 group (GC30–5–120) samples were soaked in 5% sodium sulfate 
solution for 120 days. Before the test, the sample was dried, sprayed and vacuumized.

Table 4 
Mixture proportions of the mortar samples.

Sample No. Standard sand/g Cement/g Water/g Glass powder/g

NC 1350 450 225 0
GC10 1350 405 225 45
GC20 1350 360 225 90
GC30 1350 315 225 135

Fig. 5. Schematic diagram of mortar sample production and sulfate erosion.
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2.7. X-ray diffraction tests

A German Bruker D8Advance X-ray diffractometer was used for the X-ray diffraction test. The position used to test the samples was 
the same for the NC-5–120, GC10–5–120, GC20–5–120 and GC30–5–120 groups. After the samples were dried to a constant weight, 
the samples were ground into powder with an agate mortar until there were no visible particles, after which the ground mortar sample 
powder was sieved through a 75 μm sieve. A copper target was used, the scanning speed was 2◦/min, and the scanning angle range was 
5◦ ≤ 2θ ≤ 90◦.

2.8. Nanoindentation tests

2.8.1. Sample preparation
First, the mortar blocks of the NC-5–120, GC10–5–120, GC20–5–120 and GC30–5–120 groups were cut into small pieces with 

dimensions of 1 cm × 1 cm × 1 cm by using a special cutting machine. After cutting, the samples were soaked in anhydrous ethanol 
for 2 days to terminate the hydration reaction. Afterwards, the sample was removed from anhydrous ethanol, dried, and placed in the 
centre of the circular soft mould. After the solution was prepared with epoxy resin and a curing agent, the sample was slowly stirred to 
solidify the sample and then demoulded after allowing to stand for 5 h. Then, the demoulded samples were placed in a metallographic 
grinding and polishing machine, and the samples were polished with 200, 600, 1500, 2000 and 4000 mesh sandpaper until the surface 
of the samples was exposed. The duration of grinding with the 200 mesh and 600 mesh sandpaper did not exceed 5 min, and the 
duration of grinding corresponding to the remaining mesh sandpaper was not less than 30 min. Subsequently, the sample was polished 
with a polymer synthetic leather polishing cloth, and the polished sample was polished with 3μm, 1μm, and 0.3μm diamond sus
pensions in turn. The duration of polishing with each diamond suspension was not less than 30 min. Finally, the polished sample was 
placed in an ultrasonic cleaner for cleaning, and the duration of cleaning was not less than 5 min.

2.8.2. Theoretical basis
The nanoindentation instrument used in this experiment was an Agilent G200 nanoindentation instrument (United States). The 

load and displacement resolutions were 50 nN and 0.01 nm, respectively. The indenter used in the instrument was a Berkovich dia
mond indenter. In the experiments, the maximum indentation depth of the instrument indenter was set to 2000 nm, and the thermal 
drift index of the instrument was 0.05 nm/s. Each experiment used 10 × 10 lattice for indentation test, a total of 100 indentation 
points. After eliminating invalid points and unhydrated points, additional points are randomly added in the original area to ensure that 
each sample has exactly 100 valid and representative data points. The indentation spacing between adjacent indentation points is 10 
μm. The distribution diagram of nanoindentation test points is shown in Fig. 6.

Nanoindentation technology is an advanced microscopic measurement technology that was recently developed and that can 
measure the elastic modulus, hardness and creep properties of materials at the nanoscale. Oliver et al. [34] established a theory of 
elastic modulus and hardness analysis on the basis of nanoindentation curves. With the nanoindentation technique, the load− depth 
(F− h) curve is obtained by pressing an indenter with a specific shape onto the surface of the material, and the microscopic mechanical 
properties of the material are analysed on the basis of the theory of contact mechanics to calculate the contact reduction modulus (Er) 
and indentation hardness (H) of the material [35]: 

Fig. 6. Distribution of nanoindentation test points.
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Er =

̅̅̅
π

√

2β
̅̅̅̅̅
Ac

√ S (7) 

H =
F
Ac

(8) 

S =
dF
dh

|hmax (9) 

where β is a dimensionless correction coefficient related to the indenter. The indenter used in this test was a Berkovich diamond 
indenter, with β= 1.05; S is the indentation unloading stiffness, N/m; and Ac is the area of contact at the maximum indentation depth 
(hmax), nm2, which is a function of the contact depth (hc) at hmax.

For isotropic homogeneous materials, Er can be calculated by Eq. (10). 

1
Er

=
(1 − υ2)

E
+

(
1 − υ2

i
)

Ei
(10) 

where υ is the Poisson's ratio of the measured material; E is the elastic modulus of the measured material, GPa; υi is the Poisson's ratio of 
the indenter; and Ei is the elastic modulus of the indenter, GPa.

2.8.3. Data processing
Nanoindentation data are processed via cluster analysis, which is an unsupervised learning method. Common clustering ap

proaches based on Euclidean distance include the K-means algorithm and K-medoids algorithm [36]. The objective of cluster analysis 
is to partition data samples into several disjoint subsets, each referred to as a “cluster”. Each cluster embodies a latent concept or 
category. For the nanoindentation data, a cluster represents a specific phase within the hydration products. Typically, cementitious 
mortar minerals can be classified into a porous composite phase (PP), low-density calcium silicate hydrate (LD C− S− H), high-density 
calcium silicate hydrate (HD C− S− H), calcium hydroxide (CH), and unhydrated phases [37]. This study focuses solely on the pore and 
hydration phases and disregards the unhydrated phases. Representative F− h curves for different phases are shown in Fig. 7.

In this paper, K-means clustering analysis is used. The principle of K-means clustering analysis is as follows [38]: First, K points are 
randomly selected as the initial clustering centre. The value of K represents the final number of clustering categories. The K value in 
this paper is 4. Afterwards, the distance from each sample point to the centre is calculated and divided into the cluster where the 
nearest centre point μj, where j ∈ {1,…,k}, is located, and the clustering centre of each cluster is subsequently recalculated. This step is 
repeated until the centre position remains unchanged or a predetermined number of iterations is reached. The K-means clustering 
process is shown in Fig. 8. The objective function of the algorithm is the within-cluster sum of squared errors (SSE), and the calculation 
formula is as follows: 

SSE =
∑n

i=1

∑k

j=1
ω(i,j)

⃦
⃦xi − μj

⃦
⃦2 (11) 

If sample point xi belongs to Cluster j, then ω(i,j)= 1; otherwise, it is 0.

Fig. 7. F–h curves for different phases.

Y. Sun et al.                                                                                                                                                                                                             Case Studies in Construction Materials 24 (2026) e05973 

8 



3. Results and analysis

3.1. Analysis of mechanical properties

The changes in the flexural strength and compressive strength of the mortar samples under sulfate attack at different concentrations 
are shown in Fig. 9. As shown in Fig. 9, with increasing erosion time and sulfate concentration, the flexural strength and compressive 
strength of the samples first increased but then decreased. The flexural strengths of the NC, GC10, GC20 and GC30 samples without 
sulfate attack were 7.38, 7.80, 7.00 and 6.73 MPa, respectively, and the compressive strengths were 45.50, 47.26, 44.53, and 
43.16 MPa, respectively, after 28 days of standard curing. The flexural strength of the GC10 group was 5.7% greater than that of the NC 
group, and the compressive strength increased by 3.9%. Compared with that of the NC group, the flexural strengths of the GC20 and 
GC30 groups decreased by 5.1% and 8.8%, respectively, and the compressive strengths decreased by 2.1% and 5.2%, respectively.

Under erosion in a clear water environment, the flexural strength and compressive strength of the NC, GC10, GC20 and GC30 
groups of mortar samples peaked at 60 days (Fig. 9(a)). The flexural strengths were 9.76, 10.73, 8.89 and 8.23 MPa, and the 
compressive strengths were 55.1, 58.93, 52.63, and 49.97 MPa, respectively. This trend is due to the cement hydration reaction 
occurring 60 days before soaking and the continuous progress of UGP pozzolanic effect reaction to produce producing a large number 
of hydration products. After the 60 days of soaking age is greater than 60 days, the cement has completed the hydration reaction was 
complete, and the strength of the sample no longer improved.

As shown in Fig. 9(b), under erosion in a 5% sodium sulfate solution, the flexural strength and compressive strength of all the 
mortar samples first increased but then decreased, which is directly related to the two-stage “filling enhancement–expansion failure” of 
sulfate erosion [39–41]. During the initial stage of erosion (0–60 days), sulfate ions slowly invaded the interior of the sample, reacted 
with the cement hydration product Ca(OH)2 to form gypsum, and reacted with hydrated calcium aluminate to form AFt. A small 
amount of gypsum and AFt generated at the initial stage filled the primary pores inside the sample, resulting in a “filling enhancement 
effect”, so the strength of each group tended to increase. At this time, the peak flexural strength of the NC group was 9.63 MPa, and the 
compressive strength was 52.12 MPa; the peak flexural strength and compressive strength of the GC10 group were 10.4 MPa and 
55.83 MPa, respectively, which were greater than those of the NC group. The peak flexural strengths of the GC20 and GC30 groups 
were 8.81 and 8.39 MPa, respectively, and the compressive strengths were 49.73 and 47.39 MPa, respectively, which were lower than 
those of the NC group. In the later stage of erosion (90–120 days), with the continuous advancement of sulfate erosion, large amounts 
of AFt and gypsum were generated inside the sample. Volume expansion caused microcracks to form inside the sample, and crack 
propagation caused the strength to enter the decreasing stage. At this time, the strength of the GC10 group also decreased, but its 
strength was always greater than that of the NC group, whereas the strengths of the GC20 and GC30 groups were always less than those 
of the NC group. The results show that the addition of 10% UGP can decrease the rate of sulfate ion intrusion by increasing the 
compactness of the sample. The pozzolanic reaction of UGP consumes some of the Ca(OH)2 and reduces the amount of gypsum and AFt, 
and the generated C− S− H gel further densifies the structure of the sample and hinders the deep intrusion of sulfate ions [42–44]. 

Fig. 8. K-means clustering process.
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However, at high substitution rates of 20% and 30%, the amount of cement was insufficient, the total amount of early hydration 
products decreased, the initial porosity of the sample increased, sulfate ions were more likely to penetrate the interior, and the large 
number of expansion products in the later period caused more severe internal damage and a greater decrease in strength.

As shown in Fig. 9(c), with erosion in the high-concentration 10% sodium sulfate solution, the sulfate erosion effect strengthened, 
and the strength of each mortar sample peaked at first but then decreased rapidly in the later stage. The strength of each mortar sample 
peaked after 30 days of erosion, and the overall strength was less than that of the sample eroded in 5% sodium sulfate solution. The 
strength of the GC10 group was still greater than that of the NC group during the same period, indicating that even in a high- 
concentration erosion environment, 10% UGP can play an anti-erosion role by improving the compactness of the sample and inhib
iting the formation of expansion products.

Fig. 10 presents the flexural and compressive corrosion resistance coefficients of mortar samples under sodium sulfate erosion at 
different concentrations, where the evolution of these coefficients is governed by the combined effects of the erosion environment and 
the UGP replacement ratio. In a clear water environment with 0% sodium sulfate, the corrosion resistance coefficients of all groups 
increased steadily, peaked at 60 days, and then declined gradually; after 120 days of immersion, the GC10 group exhibited flexural and 
compressive corrosion resistance coefficients of 1.38 and 1.25, respectively, which were higher than those of the NC group (1.32 and 
1.21), the GC20 group (1.27 and 1.18), and the GC30 group (1.22 and 1.16), confirming that the mortar with a 10% UGP replacement 
ratio achieved the optimal synergistic effect between cement hydration and the pozzolanic reaction of UGP. Under 5% sodium sulfate 
erosion, the corrosion resistance coefficients of all groups showed an initial increase followed by a decrease, reaching their maximum 
at 60 days before declining rapidly; after 120 days of erosion, the NC group demonstrated flexural and compressive corrosion resis
tance coefficients of 1.05 and 1.03, while the GC10 group maintained higher coefficients of 1.11 and 1.06, whereas the GC20 and GC30 
groups recorded lower flexural and compressive corrosion resistance coefficients, namely 1.03 and 0.98 for GC20, and 1.01 and 1.01 
for GC30, respectively, indicating that the 10% UGP replacement contributed to a denser microstructure that delayed expansion 
damage, while higher replacement ratios accelerated erosion due to increased initial porosity. Under 10% high-concentration erosion, 

Fig. 9. Flexural strength and compressive strength of mortar samples under erosion by sodium sulfate solutions of different concentrations.
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the peak corrosion resistance coefficients occurred earlier, at 30 days, followed by a sharp decline; after 120 days of immersion, the 
GC10 group showed flexural and compressive corrosion resistance coefficients of 0.99 and 0.98, closely matching those of the NC 
group (0.96 and 0.95), further demonstrating that samples with a 10% UGP replacement retained comparatively good erosion 
resistance even under severe sulfate attack.

3.2. Quality change analysis

The rates of change in the mass of the mortar samples immersed in 0%, 5% and 10% sodium sulfate solutions for 0–120 d are shown 
in Fig. 11(a), (b) and (c), respectively. As shown in Fig. 11(a), the rate of change in the mass of each group of samples tended to increase 
but then gradually decreased, and the peak occurred at 60 d of erosion. After 60 days of erosion, the highest rate of change in the mass 
of the GC10 group was 0.056, which was higher than that of the NC group (0.053) and those of the GC20 and GC30 groups (0.051 and 
0.048, respectively). This phenomenon originates from the clear water environment, and the change in the quality of the sample was 
dominated only by cement hydration and UGP pozzolanic reactions: C− S− H gel continued to be generated, the primary pores in the 
sample were filled, the compactness of the sample was improved, and the quality of the sample slowly increased; because the GC10 
group contained the greatest amount of the C− S− H gel and the pore filling effect was the greatest, the rate of increase in mass was 
greatest. Owing to the decrease in the cement content, the total amount of hydration products in the GC20 and GC30 groups was 
insufficient, the amount of gel formed by the pozzolanic reaction was limited, and the rate of increase in mass was lower than that in 
the GC10 group. With increasing erosion duration, the hydration reaction of the cement was completed, and long-term immersion 
caused a small amount of fragments to fall off the surface of the sample; thus, the rate of change in the mass of each group of samples 
began to decrease gradually [45].

As shown in Fig. 11(b), the rate of change in the mass of samples in each group immersed in the 5% sodium sulfate solution first 
increased but then decreased. After 120 days of erosion, the mass loss of the GC10 group was the lowest at 0.2%, followed by that of the 
NC group at 2.2%. In contrast, the GC20 and GC30 groups presented the most significant losses at 3.1% and 4.3%, respectively. 

Fig. 10. Flexural corrosion resistance coefficient and compressive corrosion resistance coefficient of mortar samples under erosion by sodium 
sulfate solutions of varying concentrations.
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Fig. 11. Rate of change in the mass of the mortar samples under erosion by sodium sulfate solutions with different concentrations.

Fig. 12. SEM images of the mortar samples in the NC group eroded in 5% sodium sulfate solution for 120 days.
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Analysis indicated that during the initial erosion period (0–60 days), sulfate ions penetrated the samples, reacting with the cement 
hydration product Ca(OH)2 to form gypsum and with calcium aluminate hydrates to form AFt. These two erosion products filled the 
pores, increasing the sample mass. After erosion for 90–120 days, the volume expansion caused by excess gypsum and AFt induced the 
formation of microcracks within the samples. The propagation of these cracks led to a decrease in the sample mass [46].

As shown in Fig. 11(c), under the action of a 10% sodium sulfate solution, the rate of change in the mass of each group of samples 
peaked at 30 d. By day 120, the mass losses of the samples in groups GC20 and GC30 were large, with the masses decreasing by 5.6% 
and 7.8%, respectively, while the mass loss of the samples in the GC10 group was only 3.2%. In the GC10 samples, some of the Ca(OH)2 
was consumed because of the pozzolanic reaction, reducing the amounts of gypsum and Aft produced, and the C− S− H gel further 
densified the structure of the sample, which delayed the penetration of sulfate ions and the development of cracks and resulted in the 
smallest mass loss [47]; in the GC20 and GC30 groups, owing to the high rate of UGP substitution and the insufficient amount of 
cement, the initial porosity was higher, the sulfate ions were more likely to penetrate the interior, the expansion-induced damage in the 
later stage was more severe, and mass loss was aggravated. This finding is similar to the results obtained in Section 3.1.

3.3. Micromorphology analysis

The micromorphologies of the NC, GC10, GC20 and GC30 groups of mortar samples eroded for 120 days in a 5% sodium sulfate 
solution are shown in Figs. 12, 13, 14 and 15, respectively. In the NC group without UGP (Fig. 12), flaky Ca(OH)2 crystals and needle- 
like AFt aggregates were observed, the structure was loose, and obvious microcracks and holes were present, indicating that under 
long-term sulfate attack, the continuous formation of gypsum and AFt led to volume expansion and internal structural damage. By 
contrast, as shown in Fig. 13, the structure of the GC10 group was more compact, the number of Ca(OH)2 crystals reduced, the C− S− H 
gel was continuously distributed, and the number of cracks and holes was lower, indicating that the volcanic ash reaction of UGP 
effectively consumed part of the Ca(OH)2 and inhibited the formation of expansive products. Moreover, the generated C− S− H gel 
further filled the pores and increased the compactness and erosion resistance of the system. This dense microstructure directly con
tributes to the higher flexural and compressive strengths observed in Fig. 9.

With increasing UGP content, the microstructure inside the sample obviously deteriorated, as shown in Fig. 14 and Fig. 15 In the 
GC20 group, the expansion-induced damage caused by AFt and gypsum led to the structural weakening and a decrease in the amount 
of the C− S− H gel inside the sample, and the gel dissolved. Many holes remained, and compared with that of the NC group, the 
microstructure was more degraded. In the GC30 sample, a large number of well-developed needle-like AFt and gypsum structures 
appeared inside the sample and were interspersed in the cracks and pores. The internal microstructure of the sample was severely 
degraded, no obvious flocculent C-S-H gel existed, indicating that an insufficient amount of cement caused the internal structure of the 
sample to be loose, and the pozzolanic reaction failed to fully compensate for the pore defects. Sulfate ions are more likely to invade 
and generate a large amount of AFt and gypsum inside, aggravating the expansion-induced damage.

In summary, SEM analysis verified that, at the microscopic level, 10% UGP delayed sulfate attack by optimizing the composition of 
the hydration products and pore structure. However, too high of a content leads to a decrease in corrosion resistance because of initial 
structural defects and insufficient reactions.

3.4. XRD analysis

The XRD patterns of different mortar samples eroded for 120 days in a 5% sodium sulfate solution are shown in Fig. 16. The XRD 
data clearly showed the phase differences in different groups of samples after long-term sulfate attack. The characteristic peaks of silica 
were detected in all the groups and were derived mainly from standard sand and UGP. In the NC group, strong Ca(OH)2 diffraction 
peaks and obvious characteristic peaks of AFt and CaSO4⋅2 H2O can be observed. This shows that after sulfate ions penetrated the 

Fig. 13. SEM images of the mortar samples in the GC10 group eroded in a 5% sodium sulfate solution for 120 days.
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cement mortar in the NC group, the ions reacted with the hydration product Ca(OH)2 to form a large amount of gypsum and simul
taneously reacted with the hydrated calcium aluminate to form a large amount of AFt. The enrichment of these crystalline expansion 
products was the direct cause of the microstructure cracking and the degradation in the macroscopic performance of the NC group. In 
contrast to that in the GC10 group, the intensity of the Ca(OH)2 diffraction peak decreased significantly, and the diffraction peaks of 
AFt and CaSO4⋅2 H2O were also relatively weakened. This phenomenon proves the effectiveness of the UGP pozzolanic reaction: the 
active SiO2 in UGP reacts with Ca(OH)2 in the system, consuming some of the Ca(OH)2 and thus reducing the amount of reactants 

Fig. 14. SEM images of the mortar samples in the GC20 group eroded in 5% sodium sulfate solution for 120 days.

Fig. 15. SEM images of the mortar samples in the GC30 group eroded in 5% sodium sulfate solution for 120 days.

Fig. 16. XRD patterns of different mortar samples after 120 days of erosion in 5% sodium sulfate.
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available for the formation of gypsum and AFt, two key expansion products. The reduction in Ca(OH)2 and expansion products, 
combined with the denser C-S-H matrix, explains the improved mechanical performance of the GC10 group.

For the samples in the GC20 and GC30 groups, although the intensity of the Ca(OH)2 peak decreased, the diffraction peaks of AFt 
and CaSO4⋅2 H2O did not decrease in intensity. This finding indicates that at high amounts, the loose internal structure of the sample 
caused by the reduction in the amount of cement material provided a channel for the rapid invasion of sulfate ions, resulting in the 
continuous generation of AFt and CaSO4⋅2 H2O. Although the C− S− H gel can be generated by pozzolanic reactions, the amount 
formed is insufficient to offset the negative impact caused by the lack of cementitious materials and the internal structural defects of 
the sample, which ultimately aggravates erosion damage.

3.5. Nanoindentation analysis

The K-means clustering results of different mortar samples eroded in 5% sodium sulfate solution for 120 days are shown in Fig. 17. 
The results of the cluster analysis of the hardness and elastic modulus of different mortar samples are listed in Table 5. The micro
mechanical properties of the GC10 group were the best. The volume fraction of the HD C− S− H phase was 48%, whereas the volume 
fraction of the PP phase was reduced to 11%, and the volume fraction of the CH phase was also reduced to 14%. These results confirm 
that the addition of 10% UGP promotes the formation of a high-density C− S− H gel through an effective pozzolanic reaction and 
optimizes the pore structure inside the sample; thus, the sample has a higher elastic modulus and hardness and improved corrosion 
resistance.

By contrast, in the NC group, the HD C–S–H phase accounted for 35%, whereas the PP phase accounted for 14%, and the CH phase 
accounted for 18%. The proportion was greater, resulting in the overall micromechanical properties of the sample being weaker than 

Fig. 17. K-means clustering results for different mortar samples after 120 days of erosion to 5% sodium sulfate solution.
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those of the GC10 group. When the UGP content increased to 20% and 30%, the micromechanical properties decreased systematically. 
The volume fractions of the PP phase in the GC20 and GC30 groups increased to 18% and 22%, respectively, while the proportions of 
the HD C–S–H phase decreased to 34% and 30%, respectively. These findings indicate that for the samples with UGP contents of 20% 
and 30%, the amount of C− S− H gel produced by the cement hydration reaction was reduced, and a large number of pores were 
generated inside the samples, which allowed the easy erosion of the sodium sulfate solution and expose the interior of the samples and 
ultimately led to a decrease in the micromechanical properties.

The results of the nanoindentation test reveal that the addition of an appropriate amount of UGP significantly improved the 
micromechanical properties of the mortar, whereas an excessively high UGP content deteriorated the internal structure of the sample. 
By optimizing the type and distribution of the hydration products, the density and micromechanical properties of the samples 
significantly improved when 10% UGP was added. However, when the UGP content was 20% or 30%, the proportion of the HD C− S− H 
phase continued to decrease, and the proportion of the PP phase continued to increase, resulting in the degradation of the structural 
properties of the material at the nanoscale. This is consistent with the macroscopic mechanical properties and SEM and XRD analysis 
results, which together clarify the mechanism by which the UGP content influences sulfate resistance.

The elastic modulus and hardness phase distribution of each group of samples are shown in Fig. 18 and Fig. 19, respectively. In the 
figure, the blue area represents the pores inside the sample, the green area represents C− S− H gel, and the yellow and red areas 
represent calcium hydroxide. As shown in Figs. 18 and 19, the C− S− H gel in the GC10 group had the most uniform distribution and 
accounted for a significant proportion, indicating that the microstructure of GC10 was dense and that its mechanical properties were 
stable. In the NC group, the distribution of the C− S− H gel was relatively narrow, and the pore and calcium hydroxide areas increased 
in size, reflecting the poor structural uniformity of NC. In the GC20 and GC30 groups, many pores and large amounts of calcium 
hydroxide existed, and a continuous network was formed, which indicates that the micromechanical properties of the samples were 
severely uneven at high contents and that cracking and expansion easily occurred under stress.

Comprehensive analysis shows that the improvement of sulfate resistance of cement mortar with 10% UGP content is the result of 
the synergistic effect of volcanic ash chemical reaction and matrix microstructure evolution. The active SiO2 in UGP reacts with the Ca 
(OH)2 generated by hydration of cement to produce pozzolanic reaction, which preferentially consumes the core reactant Ca(OH)2 to 
generate gypsum and ettringite from the chemical reaction level, reduces the formation of expansive erosion products from the source, 
and promotes the secondary formation of C-S-H gel. SEM microscopic characterization showed that the compactness of the mortar 
matrix was significantly improved under 10% UGP content, the flake Ca(OH)2 crystals were greatly reduced, the C-S-H gel was 
uniformly distributed in a continuous network, the number and size of microcracks and pores were significantly reduced, and there 
was no obvious AFt needle crystal agglomeration. The nanoindentation quantitative test further quantified the optimization effect. The 
volume fraction of high-density C-S-H phase in GC10 group reached 48%, which was 13% higher than that in NC group, the volume 
fraction of porous composite phase decreased to 11%, and the Ca(OH)2 phase decreased to 14%. The elastic modulus and hardness of 
HD C-S-H phase reached 34.55 GPa and 1.35 GPa, respectively, which were 4.2% and 12.5% higher than those of the blank group. The 
micro-mechanical properties and pore structure refinement effect were significant.

4. Reliability life prediction of cement mortar based on Weibull distribution

4.1. Weibull distribution theory

Due to the heterogeneity of cement-based materials and the complexity as well as variability of the actual service environment, a 
considerable amount of random and incomplete information is often encountered in predicting the service life of such materials. 
Therefore, it is necessary to employ probabilistic distribution methods to mitigate the randomness in evaluation parameters and the 
incompleteness of information, thereby reducing the inaccuracy of prediction results and making the life prediction more realistic and 

Table 5 
Cluster analysis results for the hardness and elastic modulus of different mortar samples.

Sample Phase H/GPa E/GPa Volume fraction/%

NC PP 0.21 6.59 14
LD C-S-H 0.71 21.32 33
HD C-S-H 1.20 33.16 35
CH 1.97 48.49 18

GC10 PP 0.16 6.05 11
LD C-S-H 0.89 23.10 27
HD C-S-H 1.35 34.55 48
CH 1.98 49.76 14

GC20 PP 0.23 6.43 18
LD C-S-H 0.66 22.09 28
HD C-S-H 1.21 32.90 34
CH 2.00 46.92 20

GC30 PP 0.27 6.70 22
LD C-S-H 0.81 21.84 24
HD C-S-H 1.25 33.65 30
CH 2.12 48.90 24
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reliable [48–50]. The reliability modeling approach based on performance degradation data serves as an effective supplement to 
traditional life prediction methods and provides an important means for addressing life prediction problems in products characterized 
by small sample sizes, high reliability, and long service life. Among these methods, the Weibull distribution model is relatively 
straightforward in terms of mathematical processing. Compared with normal and lognormal distribution models, the Weibull distri
bution model offers a broader scope of application, greater flexibility, and can deliver more accurate life predictions even with a 
smaller number of samples [51–54]. The two-parameter Weibull distribution function, in particular, demonstrates high accuracy when 
applied to small sample data. Therefore, this paper adopts a two-parameter Weibull distribution model to predict the durability life of 
cement mortar samples [55]. It is assumed that the durability life T of cement mortar follows the Weibull distribution, and by esti
mating the shape and scale parameters, the reliability function of the cement mortar samples can be established.

The two-parameter Weibull distribution function is 

F(t) = 1 − e

(
−

t
u

)v

(12) 

The reliability function is 

f(t) = 1 − F(t),0 < f(t) < 1 (13) 

where u denotes the scale parameter (u > 0), v represents the shape parameter (v > 0), and t indicates the duration of sulfate erosion in 
days (t ≥ 0), the reliability of the cement mortar sample exhibits an inverse relationship with its service life. As the sulfate erosion time 
increases, the reliability of the sample progressively declines. Failure is defined when the reliability drops to zero, and the cumulative 
number of erosion days at this point corresponds to the service life predicted in this study.

Fig. 18. Phase distribution of elastic modulus of different mortar specimens after immersion in 5% sodium sulfate solution for 120 days.
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Fig. 19. Phase distribution of hardness of different mortar specimens after immersion in 5% sodium sulfate solution for 120 days.

Fig. 20. Variation of the evaluation parameter for relative dynamic elastic modulus of samples with erosion time under erosion in sodium sulfate 
solutions of different concentrations.
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4.2. Parameter estimation of Weibull distribution based on relative dynamic elastic modulus

The evaluation parameter P for the relative dynamic elastic modulus can be calculated using Eq. (14), based on the measured 
relative dynamic elastic modulus of the sample at various sulfate erosion durations. 

P =

Et
E0
− 0.95
0.05

(14) 

Where Et denotes the dynamic elastic modulus measured after t days of sulfate erosion, and E0 represents the corresponding modulus 
before the erosion test begins.

Fig. 20 shows the changes in the relative dynamic elastic modulus evaluation parameters of the samples under sulfate attack at 
different concentrations. With increasing sulfate erosion duration, these parameters initially increase and subsequently decrease. 
Under 10% concentration sulfate erosion, the peak value of the parameters appears earlier, which is consistent with the variation 
patterns of flexural strength, compressive strength, and the corrosion resistance coefficient described in Section 3.1. This suggests that 
during the early stage of sulfate erosion, the erosion products generated within the mortar sample fill the pores, resulting in a denser 
internal pore structure and thereby improving the relative dynamic elastic modulus. In the later stage of erosion, due to the continuous 
generation of erosion products, the internal pore pressure of the sample increases and micro-cracks develop. As sulfate erosion con
tinues, these micro-cracks propagate, and the progressive leaching of cementitious materials leads to a reduction in the relative dy
namic elastic modulus. For samples eroded by 5% sodium sulfate solution, the relative dynamic elastic modulus parameters reached 
their peak at 60 days. With further sulfate erosion, these samples began to sustain damage, whereas for samples subjected to 10% 
sodium sulfate erosion, damage onset occurred at 30 days.

Due to its simplicity and practicality, the least squares method facilitates the calculation of parameters related to linear functions. 
Therefore, the least squares method is employed to take the logarithm of the reliability function, as shown in Eq. (15). 

ln[ − ln f(t)] = v ln t − v ln u (15) 

Let y = ln[ − ln f(t)] and x = ln t. Then Eq. (14) can be simplified to 

y = ax+ b (16) 

Where v = a, and u = e−
b
v.

The calculation results of the parameters of the sample are shown in Table 6.

4.3. Reliability analysis and life prediction based on two-parameter Weibull distribution

By substituting the parameters obtained in Table 6 into the reliability function (13), the reliability life prediction curve of cement 
mortar sample can be obtained, as shown in Fig. 21. Among them, the reliability of NC-5 is basically 0 at 478 days of sulfate attack, and 
the sample fails, that is, the life of NC-5 is 478 days. The reliability of GC10–5, GC20–5 and GC30–5 is 0 at 515 days, 412 days and 375 
days of sulfate attack, respectively, that is, the corresponding life is 515 days, 412 days and 375 days, respectively. It can be seen that 
when the UGP content is 10%, the life of the cement mortar sample is prolonged, and when the UGP content is 20% and 30%, the life of 
the cement mortar sample is shortened.

Under the erosion of 10% concentration of sodium sulfate, the reliability of NC-10 is basically 0 at 363 days of erosion, that is, the 
corresponding life is 363 days; the reliability of GC10–10, GC20–10 and GC30–10 is 0 at 423 days, 338 days and 317 days, respectively, 
that is, the corresponding life is 423 days, 338 days and 317 days, respectively. This shows that with the increase of the concentration 
of sodium sulfate solution, the life of each group of samples has decreased, and for the samples with UGP content of 10%, the predicted 
life remains the highest. It is shown that when the UGP content is 10%, the internal structure of the cement mortar sample is the most 
compact, which inhibits the generation and expansion of micro cracks in the sample under sulfate attack.

The reliability life of this paper is only the predicted value, which is different from the actual project, but it provides a new idea and 
certain reference value for the life prediction of ultrafine glass powder cement mortar in sulfate erosion environment. It should be 
noted that the predicted service lives presented here are based on accelerated laboratory conditions and are intended for comparative 

Table 6 
Parameters corresponding to the Weibull distribution.

Sample Shape parameter Scale parameter

NC-5 2.969 269.017
GC10–5 2.926 300.368
GC20–5 3.039 244.153
GC30–5 3.076 223.614
NC-10 3.080 212.993
GC10–10 2.991 244.651
GC20–10 3.144 199.143
GC30–10 3.186 189.197
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evaluation of material formulations. For real engineering applications, factors such as temperature fluctuations, wet-dry cycles, and 
loading conditions should be considered to refine the model

5. Conclusion

In this study, the influence of varying content levels of UGP on the sulfate resistance of cement mortar was systematically 
investigated. Through macroscopic mechanical tests, analysis of mass evolution, SEM, XRD, nanoindentation, and a reliability-based 
life prediction method grounded in Weibull distribution, the following main conclusions were drawn:

(1) Incorporating an appropriate amount of UGP significantly improves the microstructure and long-term durability of cement 
mortar. The optimal replacement level was found to be 10%. At this content, UGP effectively refined the pore structure and 
densified the matrix, as evidenced by a more continuous C–S–H gel distribution and a 48% volume fraction of high-density 
C–S–H—a marked increase from the control group. This microstructural improvement directly translates to superior macro
scopic performance, including reduced mass loss (only 3.2% after 120 days in a 10% sulfate solution) and enhanced resistance 
to flexural and compressive strength degradation.

(2) The UGP as a by-product with low economic value can be effectively recycled to produce high-performance, durable con
struction materials. By replacing 10% of the cement with this waste product, the study presents a viable strategy for reducing 
cement consumption, lowering material costs, and mitigating the environmental impact associated with both cement pro
duction and waste landfilling. This approach offers a pathway toward more sustainable and economically efficient concrete 
production.

(3) A reliability-based life prediction model via Weibull distribution was developed and validated as an effective tool for forecasting 
material performance. The model’s application shows that mortar with 10% UGP has a predicted service life of 515 days and 
423 days under 5% and 10% sodium sulfate attack, respectively.
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