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A B S T R A C T   

The spraying method offers the advantages of environmental protection, convenient construction, and cost- 
effectiveness, making it widely used in pipeline structure repair. Given the complex service environment of 
pipelines, there is an urgent demand for high-strength and durable spraying materials. To achieve this goal, a 
PVA fiber reinforced cement mortar material (PFCM) with high early strength, excellent impermeability and 
stable acid corrosion resistance was developed through orthogonal test design. The optimal material was ob-
tained through factors such as setting time, fluidity, compressive strength and flexural strength. The effects of the 
contents of fly ash, redispersible polymer powder and PVA fiber on the working and mechanical properties of the 
material were investigated, and further research was conducted on its tensile strength, impermeability, acid 
corrosion resistance. In addition, Thermogravimetric-differential Thermal Analysis (TG-DTA) was utilized to 
analyze the thermal stability of PFCM. X-ray diffraction (XRD) was utilized to analyze the composition of PFCM. 
Mercury intrusion porosimetry (MIP) was utilized to analyze the pore structure of PFCM, and the feasibility of 
the PFCM was verified. The results indicate that the contents of fly ash, redispersible polymer powder and PVA 
fiber have significant effects on the working and mechanical properties. The optimum initial setting time is 
60–80 min, and the optimum fluidity is between 170 and 180 mm. The compressive strength and flexural 
strength of the mortar prepared with the optimum parameters are 102.5 MPa and 20 MPa, respectively. The 
material has an excellent spraying effect with no sagging, and exhibits high early strength, outstanding corrosion 
resistance, low porosity, and exceptional impermeability. This study lays the foundation for achieving high- 
quality spray repairs of underground drainage pipelines.   

1. Introduction 

Cement-based materials are the most commonly used artificial ma-
terials in civil engineering, with a conservative estimate of approxi-
mately 416,255 million tons of cement used annually worldwide. They 
find widespread applications in civil engineering [1,2], water conser-
vancy [3–5], national defense [6,7], and various other fields. In practical 
engineering, the construction techniques proposed for cement-based 
materials include manual plastering [8], mold casting [9,10], grouting 
[11,12], spraying [13], and 3D printing [14]. 

In terms of spraying, it refers to spraying the prepared cement-based 
materials onto the surface of rock or concrete [15–17]. A representative 
application of sprayed cement-based materials includes shotcrete 

technology for constructing tunnel lining structure [18]. Another 
example is the cement mortar spray lining technology used to reinforce 
underground drainage pipes [19,20]. 

As shown in Fig. 1, it refers to using the centrifugal force generated 
by the high-speed rotation of the pneumatic rotary nozzle to evenly and 
continuously spray the prepared high-performance cement-based lining 
slurry onto the inner wall of the pipeline or inspection well to be 
repaired. Simultaneously, the rotary nozzle is suspended by a lifting 
arm, moving back and forth within the pipeline or well. This process 
results in the creation of a uniform, continuous, and dense lining on the 
inner surfaces of the pipeline or well, ultimately achieving structural 
repair (as shown in Fig. 1). This technology offers several advantages, 
including high efficiency, a short cycle, no disruption to traffic, 
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environmental friendliness, low overall cost, and enhanced safety [21, 
22]. It constitutes an integral component of the trenchless repair tech-
nology system for underground pipelines and has found widespread 
application in the restoration of corroded pipelines [23,24]. 

For in-situ spraying repair technology, the performance of cement 
mortar is the key to long-term reinforcement effect. Due to long-term 
microbial erosion on the inner wall of underground drainage pipe-
lines, the upper part of the earth pressure and vehicle load, the 
geological conditions are unclear, resulting in a decrease in pipeline 
bearing capacity and the actual service environment is extremely 
complicated [25,26]. Nowadays, with the continuous acceleration of the 
urbanization process, the scale of the city will continue to expand, and 
the transformation of the urban drainage network will also be a 
long-term sustained systematic project. Trenchless spray repair tech-
nology is increasingly popular [21], but there are stringent requirements 
for the early strength, fluidity, sprayability and durability of repair 
materials, particularly when dealing with acid-resistant media. Early 
high strength ensures that the repaired pipeline can be swiftly reinte-
grated into service, while high fluidity and excellent sprayability ensure 
uniformity in the sprayed repair layer. Acid corrosion resistance and 
high impermeability are crucial in preventing future cracks or damage 
caused by acid corrosion or ion erosion, enhancing the long-term 
effectiveness of the repair [27]. Traditional mortar repair methods 
exhibit shortcomings such as uneven application, cracking, and peeling, 
making it imperative to develop high-performance sprayed cement 
mortar that aligns with practical needs. Zhao et al. [28] employed an 
organic silane fly ash (FA) hybrid and a polyethylene pyrrolidone (PVP) 
cross-linking network to enhance the compressive strength of 
polymer-modified cementitious materials. According to the results of 
nanoindentation testing, the micro-mechanical properties of the cement 
slurry were significantly improved, and the pore structure exhibited 
marked enhancement in the mercury intrusion porosimetry results. 
Gobel et al. [29]modified the bonding material by adding polymers to 
improve durability and bonding strength. Ryu et al. [30] conducted an 
experimental study on the properties of PVA fiber-reinforced cement--
based composites as repair materials. The results indicate that not only 
the bearing capacity is significantly improved, but also the ductility is 
enhanced without any interface failure or brittle fracture. Mishra et al. 
[31]studied the mechanical properties of graphene oxide modified 

cement mortar materials and their effects on the hydration mechanism 
of cement slurry and carbonate mineralization. This discovery indicates 
that the application of GO not only improves the mechanical properties 
of the cement system, but also significantly enhances CO2 storage in the 
cement system. In terms of improving the ordinary cementitious mate-
rials performance, methods proposed by previous researchers include 
polymer modified cementitious materials [28,29], fiber reinforced 
cementitious materials [32], and graphene oxide modified cementitious 
materials [33,34]. Among them, fiber reinforced cementitious materials 
have the characteristics of lightweight, high-strength, and high tough, 
making them more widely used. 

Based on this, in order to develop a fiber reinforced cement mortar 
material suitable for spraying technology with early strength, high 
strength, good durability and excellent sprayability, the optimal ratio of 
the material was designed through orthogonal test. The 
Thermogravimetric-differential Thermal Analysis (TG-DTA) and Mer-
cury Intrusion Porosimetry (MIP) experiments were used. Verify 
whether the material has good thermal stability, impermeability and 
acid corrosion resistance. This relevant research provides a foundation 
for achieving high-quality repairs of underground drainage pipelines. 

2. Experimental procedures 

2.1. Raw materials, mixing designs and preparation of fresh PFCM 

The bind materials used here was ordinary Portland cement (OPC, 
type P.O.52.5) silica fume (SF), fly ash (FA), which are respectively from 
Henan Mengdian Group, Wuhan Sinocem Smartec Co., Ltd and Henan 
Borun Casting Materials Co., Ltd. SF can effectively prevent the intrusion 
and corrosion of acid ions, while FA was used to enhance the sustain-
ability and fluidity of the PVA-fiber-reinforced cement mortar compo-
sition. The quartz sand (QS) and a quartz powder (QP) were used as fine 
aggregate. The particle size and morphologies of the bind materials were 
analyzed using the Malvern laser particle size instrument and scanning 
electron microscope (SEM), and the results are shown in Figs. 2 and 3. 
Redispersible polymer powder (RDP), hydroxypropyl methylcellulose, 
calcium formate, and a commercially available defoamer were added to 
enhance constructability and adhesion. The fiber reinforcements used in 
PVA-fiber-reinforced cement mortar were ultra-high-strength polyvinyl 

Fig. 1. Mortar spraying repair pipeline diagram.  
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alcohol (PVA) fibers (Fig. 4), with a length of 6 mm and a diameter of 14 
μm. The PVA fibers have 35 GPa elastic modulus and 1200 MPa tensile 
strength. The chemical composition of the raw material in Table 1. 

2.2. Preparations of PFCM and testing methods 

A high-range water reducer (HRWR, PCA®-400P) was incorporated 
at a 0.3% weight of the binder. Silica fume possesses highly active 
volcanic ash properties, can react with calcium hydroxide, and has very 
small particle sizes that can fill small pores in mortar. Therefore, it is 
widely used in ultra-high-performance mortar materials. Sprayed 
mortar demands extremely high sagging resistance, with moderate 
fluidity required. Due to the significant influence of silica fume content 
on mortar fluidity, the fluidity is initially adjusted using silica fume. The 
final choice is to maintain silica fume at 7% of the cementitious material. 
Subsequently, for the three influencing factors of fly ash, redispersible 
polymer powder, and PVA fiber, the optimal mixing ratios were deter-
mined using orthogonal experimentation [35,36]. Three levels were 
considered for each factor: the replacement rate of fly ash to cement at 5, 
10, and 15 %; the mass dosage of redispersible polymer powder at 1, 2, 
and 3 %; and the volume fraction of PVA fiber at 0.1, 0.3, and 0.5 %. The 
experimental factor level table is shown in Table 2, and the specific 
proportions of composite materials are listed in Table 3. 

To prepare specimens, all dry ingredients (OPC, SF, FA, QS, RDP, and 
QP) were mixed in a 5-L mortar mixer at 140 rpm for 3 min. The PVA 
fibers was then added to the dry ingredients which were mixed for 6 min 

at 140 rpm to ensure sufficient blending of PVA fibers. The water pre-
mixed with HRWR was then added to the composite mixture which were 
mixed for 6 min at 285 rpm. The fluidity and setting time of the fresh 
PFCM were experimentally tested using NLD-3 electric flow table and 
SZ-100 digital display setting time tester according to methods proposed 
in Standard Specification for Flow Table for Use in Tests of Hydraulic 
Cement [37]and Standard for Test Method of Basic Properties of Con-
struction Mortar [38]. 

The compressive strength was measured using 70.7-mm cubes 
following JGJ/T 70–2009 (Fig. 5a) [38]. The test employed a WHY-2000 
type electro-hydraulic servo testing machine with a loading rate of 1.5 
kN/s, and three identical cubes were tested for each mixture. All blocks 
were cured for 3 days, 7 days, and 28 days under standard curing con-
ditions of 20 ± 2 ◦C and humidity above 95%. Similarly, the flexural 
strength was measured using 40 × 40 × 160 rectangular samples 
(Fig. 5b). The WHY-300/10 type electro-hydraulic servo testing ma-
chine was used, with a loading rate of 50 N/s. The optimal ratio was 
selected based on testing the compressive and flexural strength. For the 
optimal group, a direct tensile test was conducted using three 
dog-bone-shaped specimens (Fig. 5c). After curing for 3 days, 7 days, 
and 28 days in a standard curing room (20 ± 2 ◦C, 90 ± 5% RH), the 
INSTRON 5982 electronic universal material testing machine was 
employed for direct tensile testing at a rate of 0.5 mm/min. Deformation 
was measured using an extensometer. The direct tensile test device was 
arranged as shown in Fig. 6, and the end of the specimen was sequen-
tially reinforced with carbon fiber cloth and aluminum sheet to prevent 
concentrated stress resulting from the force of the testing machine, 
which could lead to end failure. 

The material composition of the mortar is analyzed using X-ray 
diffraction (XRD). This involves primarily grinding the mortar into 
powder. The testing range is 5–90◦, the scanning speed is 2◦/min, and 
the scanning step length is 0.02◦. 

Fig. 2. Particle size distributions of raw materials.  

Fig. 3. SEM images of (a) Portland cement, (b) silica fume, (c) fly ash and (d) quartz sand.  

Fig. 4. Photograph of polyvinyl alcohol (PVA) fibers.  
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2.3. Sprayability, impermeability, and acid-corrosion resistance 
characterizations 

Based on the test results of fluidity, setting time, and basic me-
chanical properties, the optimal ratio for the cement mortar was 
determined. Subsequently, further spraying tests were conducted to 
assess its sprayability. The equipment and process used are as follows. 

The centrifugal spraying equipment M/P–80W was developed by 
Wuhan CUG Trenchless Technology Research Institute. This equipment 
consists of a pneumatic rotary injector, mortar spraying machine, air 
compressor, generator, and other components. The nozzle is circular and 
features a single hole at its base for the inlet of compressed air (as shown 
in Fig. 7). The entire process takes place indoors, with all-round pipes 
positioned indoors. The distance from the nozzle outlet to the pipe wall 
is 197.5 mm, and the nozzle discharge port is perpendicular to the pipe 
wall for spraying. 

Impermeability tests and chloride ion penetration tests were con-
ducted to verify the impermeability characteristics of the PFCM. In the 
next test, mortar powder is prepared. Thermal analysis is employed to 
quantitatively determine reaction products, and the sample is analyzed 
in a platinum pot. The analyzer is heated at a rate of 10 ◦C/min, starting 
from room temperature and reaching 1000 ◦C. Nitrogen is used as the 
protective gas. 

To investigate the influence of acidic solutions on the mechanical 
properties of sprayed mortar, a long-term accelerated corrosion test was 
conducted in the laboratory. A specific quantity of 98% concentrated 
sulfuric acid was prepared to create acid solutions with a pH of 2. To 
accelerate the corrosion rate, the pH value of the solution was monitored 
daily to maintain a constant pH value. The samples were subjected to 
corrosion for 0 days, 3 days, 7 days, 28 days, 56 days, 112 days, and 180 
days, respectively. The quality of the samples before and after corrosion 
was assessed, and compression tests and three-point bending tests were 
performed. The average flexural strength, compression test results, and 
average elastic modulus of each group of specimens were recorded. 

Additionally, the AutoPore V 9600 mercury injection instrument, 
manufactured by Micromeritics in the United States, was employed to 
assess the pore structure characteristics of the samples with varying 
corrosion cycles. This assessment included pore distribution, average 
pore size, maximum pore size, and porosity. The calculation of hole 
diameter and volume for different small holes primarily relies on the 
functional relationship between the amount of mercury pressed into the 
porous system and the pressure. The instrument features a mercury 
contact angle of 130◦ and a mercury surface tension of 485 dyn/cm. 
Before conducting the mercury injection test, the sample to be tested 
was initially soaked in absolute ethanol for more than 48 h to halt hy-
dration and dehydration. Subsequently, the sample was removed and 
dried in an oven at 60 ◦C until it reached a constant weight. Finally, the 
dried sample was allowed to cool in a dryer for the MIP test. 

3. Results and discussions 

3.1. Working performance 

The setting times of fresh PFCM with nine different mixing designs 
are illustrated in Fig. 8. When the content of redispersible polymer 
powder is 2%, the mortar exhibits relatively short setting times, with the 
shortest initial setting time at 30 min and the shortest final setting time 

Table 1 
The chemical composition of the raw material.  

Type CaO Al2O3 SiO2 Fe2O3 MgO K2O SO3 Cl-1 TiO2 Na2O P2O5 

OPC 62~67 4~7 20~24 2.5–6.0 3.5 – – – – – – 
SF 0.16 0.32 99.23 – 0.12 0.15 0.62 0.009 – – – 
FA 3~4 24~25 62~63 4~5 1~2 – 0.1–1 – 1~2 0.1–0.5 0.2–0.4  

Table 2 
The orthogonal experiment factor level table.  

Levels Factors 

A 
Fly ash 
content/% 

B 
Redispersible polymer powder 
content/% 

C 
PVA fiber 
content/% 

1 5 1 0.1 
2 10 2 0.3 
3 15 3 0.5  

Table 3 
Mixing ratio of spray mortar (g).  

Number Mixture OPC SF FA QP QS (40–80 mesh) QS (80–120 mesh) PVA RDP Water 

1 F5V1P0.1 782 71 46 90 465 310 1.14 9 198 
2 F5V2P0.5 782 71 46 90 465 310 6 18.4 198 
3 F5V3P0.3 782 71 46 90 465 310 3.6 26.9 198 
4 F10V1P0.5 738 71 90 90 465 310 6 9 198 
5 F10V2P0.3 738 71 90 90 465 310 3.6 18.4 198 
6 F10V3P0.1 738 71 90 90 465 310 1.14 26.9 198 
7 F15V1P0.3 692 71 136 90 465 310 3.6 9 198 
8 F15V2P0.1 692 71 136 90 465 310 1.14 18.4 198 
9 F15V3P0.5 692 71 136 90 465 310 6 26.9 198  

Fig. 5. Test Specimen:(a) 70.7 × 70.7 × 70.7 mm, (b) 160 × 40 × 40 mm, and (c) dog-bone shaped molds.  
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at 90 min. Conversely, when the fly ash content is 5%, the setting time is 
the shortest. However, when the fly ash content is 15%, the setting time 
is the longest. According to previous studies, different fineness of fly ash 
has different setting time for mortar materials, some fly ash extends the 
setting time, and some fly ash shortens the setting time. For example, 
Choi et al. [39] replaced Portland cement with Blaine fineness of 4125 
cm2/g (40F), 6686 cm2/g (60F) and 9632 cm2/g (90F). The replacement 
ratios were 0 (which was the control mix), 15, 30, 45 and 60% by binder 

mass, respectively. The test results showed that the setting time of the fly 
ash mixes where 15 and 30% of the cement was replaced with fine fly 
ashes was faster than that of the control mix. However, Tong et al. [40] 
discussed the effect of large amount of fly ash on the setting time of 
cement fly ash grout through laboratory tests and found that with the 
increase of fly ash content, the setting time of grout extended. In this 
study, only primary fly ash is used, and the conclusion is consistent with 
Tong. The increase of fly ash content can prolong the setting time of 
mortar. This indicates that the addition of a certain amount of redis-
persible polymer powder, coupled with a reduction in the amount of fly 
ash, is beneficial for shortening the setting time. 

Tables 4 and 5 analyze the range and variance of the orthogonal test 
results. The influencing factors on the initial setting time are ranked 
from the largest to the smallest: fly ash > PVA fiber > redispersible 
polymer powder. The weight of the influencing factors affecting the final 
setting time is the same as for the initial setting time. The combination 
with relatively short initial and final setting times is A3B3C1. The sig-
nificance of the variance analysis indicates that fly ash has the highest 
significance, followed by redispersible polymer powder and PVA fiber, 
and these results consistent with the range analysis. 

To further investigate the effects of fly ash content, redispersible 
polymer powder content, and PVA fiber content on setting time, a curve 
of setting time variation under the influence of various factors was 
established, as shown in Fig. 9. From Fig. 9 (a), it can be seen that the 
initial and final setting times increase with the increase of fly ash con-
tent. The setting time is the shortest at 5% fly ash content, with initial 
and final setting times of 30 min and 135 min, respectively. However, 
the setting time of mortar with 15% fly ash content is the longest, with 
initial and final setting times 4.5 and 1.6 times the setting time of 5% fly 
ash content, respectively. From Fig. 9 (b), it can be observed that the 
addition of redispersible polymer powder from 1% to 2% significantly 
reduces the setting time, while an increase in the addition from 2% to 
3% leads to a significant increase in the setting time. However, the 
setting time is still shorter than that of the mixture with a content of 1%. 
Nan et al. [41] indicates that polymer modified fast hardening cement 
mortar is widely used in repair materials because of its short setting 
time. From Fig. 9 (c), the initial setting time shows a trend of slowly 
decreasing first and then significantly decreasing with the increase of 
PVA fiber content. The final setting time shows a linear decreasing trend 
with the increase of PVA fiber content. This can be attributed to the 

Fig. 6. The direct tensile test device and specimen dimensions (unit:mm).  

Fig. 7. Pneumatic rotary sprayer.  
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presence of hydroxyl inside PVA fibers, which have hydrophilicity. The 
absorption of free water increases the effective concentration of alkaline 
activators and further shortens the setting time, which is consistent with 

the report by Lu et al. [42]. From this, it can be seen that choosing low 
fly ash content and high PVA fiber content has a beneficial effect on 
shortening the setting time. 

According to the fluidity test method, use a caliper to measure the 
vertical and horizontal length of the mixture passing through the center 
of the circle after paving each group of mix proportion specimens. Take 
the average value as the fluidity of this group of mix proportion, and 
summarize the test results in Table 6. 

Tables 7 and 8 analyzes the range and variance of the orthogonal test 
results for fluidity. The influencing factors of the fluidity are sorted from 
large to small: fly ash > PVA fiber > redispersible polymer powder. 
Using SPSSAU to perform three factors variance analysis, through 
comparing the F value, the impact of various factors on fluidity. The 
ranking order from largest to smallest is consistent with range analysis. 
The variance analysis is different from range analysis in that it cannot 
analyze whether factors can enhance or weaken experimental 

Fig. 8. Setting time of nine groups of mortar samples in orthogonal test: (a) initial setting time, (b) final setting time.  

Table 4 
Range analysis of mortar setting time.  

Setting time Level A.FA (%) B.RDP (%) C.PVA (%) 

Initial setting (min) K1 45 85 100 
K2 65 75 75 
K3 135 85 70 
R 90 10 30 

Final setting (min) K1 115 175 190 
K2 165 140 150 
K3 220 175 160 
R 105 25 40  

Table 5 
Variance analysis of mortar setting time.  

Setting time Level Square sum df Mean square F p Significance 

Initial setting A.FA(%) 13400 2 6700 67.000 0.015 * 
B.RDP(%) 200 2 100 1.000 0.500 – 
C.PVA(%) 1550 2 775 7.750 0.114 – 

Final setting A.FA(%) 2600 2 1300 2.737 0.268 – 
B.RDP(%) 16550 2 8275 17.421 0.054 – 
C.PVA(%) 1250 2 625 1.316 0.432 – 

*p < 0.05 **p < 0.01. 

Fig. 9. Influence of different factors on mortar setting time.  
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indicators. However, it can be compared with a defined value at a given 
level of significance to determine whether factors have a significant 
impact on experimental values. The significance of variance analysis 
shows that fly ash has the highest significance, followed by redispersible 
polymer powder and PVA fiber, and the results are consistent with the 
range analysis results. 

From Fig. 10, it can be seen that the fluidity range among various 
influencing factors in mortar ranges from large to small as fly ash, PVA 
fiber, and redispersible polymer powder. This indicates that among 
these three influencing factors, fly ash has the greatest impact on the 
fluidity of mortar, followed by PVA fiber, and finally redispersible 
polymer powder. In addition, fly ash also has a positive effect on 
improving fluidity, which is consistent with the results of Li et al. [43]. 
PVA fibers and redispersible polymer powder have a negative effect on 
fluidity, reducing the material fluidity [44,45]. 

3.2. Mechanical properties 

The compressive test results are shown in Fig. 11. It can be seen that 
the compressive strength at 3, 7, or 28 days is the best for the fourth 
group, with a strength of 80 MPa at 3 days. This material greatly im-
proves the early strength of the pipeline spraying material. From Table 9 
and Fig. 11, it can be seen that the range values of various influencing 
factors in the 28d compressive strength are in descending order: redis-
persible polymer powder > fly ash > PVA fiber, indicating that these 
three influencing factors have the greatest impact on the compressive 
strength of mortar, with redispersible polymer powder followed by fly 
ash and PVA fiber [46,47]. Further determine the optimal mix ratio as 
A2B1C3. By comparing the F-values in Table 10 with the variance anal-
ysis, the influence of various factors on the compressive strength of 
mortar can be obtained. The order from largest to smallest is consistent 
with the range analysis, but for a given significance level of p < 0.05, 
these three influencing factors do not have a significant impact. Fly ash, 
redispersible polymer powder, and PVA fiber have little effect on the 
compressive strength of PFCM. 

From Fig. 12, with the increase of fly ash content, the 28d 
compressive strength of the mortar first significantly increased and then 
slowly increased. The addition of 15% fly ash resulted in a 10.2% in-
crease in mortar compressive strength, indicating that fly ash positively 
influences compressive strength [48]. On the other hand, as the content 
of redispersible polymer powder increases, the compressive strength of 
the mortar significantly decreased by 5.6% and 12.2%, respectively 
[49]. Additionally, as the amount of PVA fiber added increases, the 
compressive strength initially shows an upward trend, followed by a 
decrease, ultimately stabilizing [50]. 

The flexural test results are shown in Fig. 13. From the figure, it can 
be seen that the flexural strength of the second and fourth groups at 28 
days reaches 20 MPa, and the early strength can also reach around 16 
MPa, indicating a high flexural strength. From Table 11 and Fig. 13, the 
range values of the three factors affecting the 28-day flexural strength of 
the mortar vary in descending order: fly ash > redispersible polymer 
powder > PVA fiber. This suggests that fly ash has the most significant 

impact on flexural strength, followed by redispersible polymer powder 
and PVA fiber [51]. Based on the degree of influence shown in Table 11, 
the optimal factor level is selected as A1B2C3. By comparing the F-values 
in Table 12 with the variance analysis, it can be concluded that the in-
fluence of various factors on the flexural strength of mortar is in the 
order of fly ash > PVA fiber > redispersible polymer powder, from 
highest to lowest. However, for a given significance level of p < 0.05, 
none of these three influencing factors have a significant impact. Fly ash, 
redispersible polymer powder, and PVA fiber have little effect on the 
flexural strength. 

The flexural strength first slowly decreases and then sharply de-
creases with the increase of fly ash content, with a maximum decrease of 
7.5% [52]. As the amount of redispersible polymer powder increases, it 
shows a trend of first increasing and then decreasing [53]. However, 
with the increase of PVA fiber content, the flexural strength first slowly 
increases and then significantly increases (see Fig. 14). PVA fibers have 
significantly improved flexural strength [54]. 

Fig. 15 displays the XRD patterns of nine groups of samples with 
varying ratios. The diffraction peaks of different components in samples 
with different ratios exhibit similarity, indicating the presence of iden-
tical hydration products. The primary diffraction peaks observed include 
silica and ettringite [55], along with traces of calcium carbonate, cal-
cium hydroxide, and a small quantity of gypsum. Notably, the diffrac-
tion peak intensity of silica is the highest, suggesting that silica does not 
actively participate in the hydration reaction. The generation of calcium 
hydroxide results from both the hydration reaction of C2S and C3S, as 
well as a certain amount of calcium hydroxide produced by fly ash itself. 

Table 6 
Fluidity table of orthogonal test.  

Number Factor & Level Fluidity (mm) 

A.FA (%) B.RDP (%) C.PVA (%) 

1 5 1 0.1 165 
2 5 2 0.5 125 
3 5 3 0.3 140 
4 10 1 0.5 175 
5 10 2 0.3 155 
6 10 3 0.1 185 
7 15 1 0.3 200 
8 15 2 0.1 225 
9 15 3 0.5 193  

Table 7 
Range analysis of mortar fluidity.  

Level A.FA (%) B.RDP (%) C.PVA (%) 

K1 143.33 180 191.67 
K2 171.67 168.33 165 
K3 206 172.67 164.33 
R 62. 67 11. 67 27.33  

Table 8 
Variance analysis of mortar fluidity.  

Level Square sum df Mean square F p Significance 

A.FA(%) 5908 2 2954 32.465 0.030 * 
B.RDP 

(%) 
209 2 104 1.147 0.466 – 

C.PVA 
(%) 

1458 2 729 8.015 0.111 – 

*p < 0.05 **p < 0.01. 

Fig. 10. Horizontal relationship between fluidity K and various factors.  
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The hydration of tricalcium aluminate produces hydrated calcium 
aluminate, and gypsum reacts with hydrated calcium aluminate to form 
hydrated calcium sulfoaluminate needle shaped crystals (ettringite). The 
presence of calcium carbonate facilitates the reaction between calcium 
ions and gypsum, leading to the formation of ettringite [56,57]. 

3.3. Determination of the mixing design 

Based on the analysis of setting time, fluidity, compressive strength, 
and flexural strength, it is essential for engineering repair mortar to have 
a setting time that is neither too long nor too short, as this can affect the 
construction process. After analyzing compressive and flexural strength, 
the optimal proportions were found in the second group (A1B2C3) and 
the seventh group (A3B1C2), both of which exhibited setting times that 
were either too long or too short. The fourth group (A2B1C3), with initial 
and final setting times of 60 min and 180 min, respectively, demon-
strated moderate setting times. Additionally, its 28-day compressive 
strength and flexural strength were comparable to those of the second 

Fig. 11. Compressive performance test results.  

Table 9 
Range analysis of mortar compressive strength.  

Level A.FA (%) B.RDP (%) C.PVA (%) 

K1 84.97 95.63 85.67 
K2 94.63 89.97 92.5 
K3 91.23 85.23 92.67 
R 9.67 10.4 7  

Table 10 
Variance analysis of mortar compressive strength.  

Level Square sum df Mean square F p Significance 

A.FA(%) 144.276 2 72.138 2.373 0.296 – 
B.RDP(%) 162.676 2 81.338 2.675 0.272 – 
C.PVA(%) 95.722 2 47.861 1.574 0.388 – 

*p < 0.05 **p < 0.01. 

Fig. 12. Horizontal relationship between compressive strength K and 
various factors. 

Fig. 13. Flexural performance test results.  

Table 11 
Range analysis of mortar flexural strength.  

Level A.FA (%) B.RDP (%) C.PVA (%) 

K1 19.07 18.53 18.17 
K2 18.97 19.2 18.2 
K3 17.63 17.93 19.3 
R 1.43 1.27 1.13  

Table 12 
Variance analysis of mortar flexural strength.  

Level Square sum df Mean square F p Significance 

A.FA(%) 3.842 2 1.921 5.687 0.15 – 
B.RDP(%) 2.409 2 1.204 3.566 0.219 – 
C.PVA(%) 2.496 2 1.248 3.694 0.213 – 

*p < 0.05 **p < 0.01. 

X. Zhang et al.                                                                                                                                                                                                                                   



Journal of Materials Research and Technology 29 (2024) 4607–4621

4615

and seventh groups, while also offering better early strength and 
fluidity, making it suitable for use in sprayed concrete applications. 
Therefore, based on orthogonal experimental analysis, the optimal ratio 
is A2B1C3, which corresponds to 10% fly ash content, 1% redispersible 
polymer powder content, and 0.5% PVA fiber content. Subsequent 
studies will be conducted using this ratio as the standard. 

3.4. Sprayability 

The examination of the PFCM is carried out using centrifugal 
spraying equipment. As depicted in Fig. 16, the material sprayed from 
the nozzle adheres completely to the inner wall of the pipeline in the 
form of dispersed particles, thanks to the centrifugal force generated by 
high-speed rotation. Importantly, this material does not suffer from 

wastage due to dripping. In the context of spraying, materials do not 
need to flow solely under the influence of gravity. However, materials 
with limited deformation capacity can impede the sprayability and 
potentially lead to nozzle blockages and inadequate atomization. In our 
experiment, PVA fiber was employed. Given that PVA fiber is a hydro-
philic fiber known for its strong adhesion to substrates, the material 
achieves a balance between effective atomization and ease of con-
struction during the spraying process [58]. Furthermore, in vertical 
spraying, the material can reach a thickness of 30 mm without any issues 
of dripping, shedding, or excessive flow (as shown in Fig. 16), indicating 
excellent sprayability. 

3.5. Tensile strength 

A direct tensile test was conducted on the selected mix proportion 
materials. This test was conducted using the INSTRON 5982 electronic 
universal material testing machine from the American ITW Group’s 
Instron Corporation [59], and the tensile specimens were dumbbell 
shaped. As shown in Fig. 17, this material still has high early tensile 
strength, with a 3 day tensile strength of 4.83 MPa, which has reached 
84.7% of the 28 day strength. 

Research on the tensile properties of PVA fiber-reinforced mortar 
reveals that the tensile failure does not occur along the interface be-
tween the matrix and fibers. Instead, it involves the direct separation of 
the fibers themselves [60], as illustrated in Fig. 18. In the propagation 
process, cracks extend directly through the fibers, which could be 
attributed to the high strength of the matrix material. Ultimately, the 
failure mechanism involves the direct pulling apart of the fibers. From 
Fig. 19, it can be seen that there are no multiple peaks in the 
stress-displacement curve, indicating that the vast majority of samples 
do not exhibit multiple cracks. In the experiment, it was observed that 
when the first crack initially appeared, the specimen gradually 
expanded along that crack, ultimately leading to its final failure. While 

Fig. 14. Horizontal relationship between flexural strength K and 
various factors. 

Fig. 15. XRD patterns of samples with different proportion.  
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there are no instances of multiple crack propagation, the presence of 
PVA fibers, owing to their low density and significant quantity within 
the mortar, effectively inhibits crack development during the contin-
uous cracking process [61]. This results in both improved strength and 
toughness. Based on this material, our team has improved a high 

ductility ECC material. Additionally, one of the authors is currently 
preparing an additional research paper. 

To verify the thermal stability of the optimal material, TG-DTA 
testing was conducted on the material. Qualitatively, the DTA curves 
show that there are no differences in mortar decomposition tempera-
tures, which are 35–200 ◦C and 400–500 ◦C. Endothermic peaks 
occurred at approximate temperatures 92 ◦C and 431 ◦C. The ther-
mogravimetric curves (TG) of F10V1P0.5 mortars are presented in 
Fig. 20. Throughout the temperature range of the analysis, there was a 

Fig. 16. Pipe spraying effect.  

Fig. 17. Tensile strength at different ages.  Fig. 18. Fracture surface diagram of the specimen.  
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decrease in weight, and when it reached 900, the weight reduction 
almost stabilized. The weight loss of materials mainly comes from the 
combined water decomposed by calcium hydroxide (Ca(OH)2) and the 
volatile carbon dioxide (CO2) decomposed by calcium carbonate 
(CaCO3) at high temperatures [62]. From Fig. 20, it can also be seen that 
there are two main endothermic peaks during the sample heating pro-
cess, with water evaporation at 35–200 ◦C and carbonate phase at 
approximately 400–500 ◦C [63,64]. Overall, the material lost 10%–11% 
of its mass. 

3.6. Properties of PFCM after acid-corrosion 

Fig. 21 shows the surface degradation of mortar soaked in a pH = 2 
sulfuric acid solution for 0, 3, 7, 28, 56, 112, and 180 days. It can be seen 
that the degree of surface corrosion increases with time, but there is no 
significant damage or detachment. After rinsing off the surface floating 
layer with clean water, it can be observed that there is almost no sig-
nificant change on the surface of the specimens after 3 days. After 7 
days, a layer of transparent film like substance is formed on the surface 
of the sample with small holes. After 28 days, the specimen showed 
many small pores, with white crystalline substances embedded in the 
pores and the corroded surface showing a yellowish brown color. Ac-
cording to previous studies [65,66], after the surface of the specimen 
reacts with acid, the product of cement hydration product calcium hy-
drate ferrite decomposition produces ferric hydroxide, resulting in 
yellowish brown surface. More than 28 days later, a large number of 

white crystals appeared on the surface of the specimen, which may be 
caused by the formation of gypsum phase [67]. This indicates that sul-
furic acid corrosion of the specimen is a continuous accumulation pro-
cess, and the alkaline substance in the mortar reacts with sulfuric acid to 
form a gypsum substance. Because sulfuric acid solution is directly in 
contact with the surface of the specimen, the corrosion basically occurs 
on the surface of the specimen. The material has a dense structure, and 
the internal intrusion of sulfuric acid solution is very small, and white 
crystals are adhered to the surface of the specimen. 

As shown in Fig. 22, the mortar soaked in sulfuric acid solution with 
pH = 2 showed different degrees of mass loss for different soaking times. 
When calculating mass loss, the mass loss of three parallel specimens 
was taken into account to reduce the test error. At the early stage of 
soaking, the mass of the specimen increased slightly, probably because 
the sulfuric acid solution penetrated into the internal pores and was 
absorbed by the mortar. Izquierdo et al. [68] showed through research 
that after the reaction of mortar and acid solution, the erosion products 
were deposited, resulting in a denser material structure and further 
increasing the early mass. The mass loss rate increases with the increase 
of sulfuric acid solution soaking time. The mass loss rates of 28 days, 56 
days, 112 days and 180 days were 0.42%, 1.35%, 3.67% and 4.45%, 
respectively. After 180 days of soaking, the mortar still showed a good 
quality retention rate, and the mass loss was only 4.45%. It can also be 
seen from Fig. 22 that the corrosion depth gradually increases with the 
passage of soaking time, but gradually slows down, and the corrosion 
depth increases rapidly in the initial stage of soaking. In 56 days, the 
corrosion depth reaches 0.4 mm, which is 69% of the corrosion depth 
reached at 180 days. 

According to equation (1), the flexural strength ratio of specimens 
soaked in sulfuric acid solution was calculated [69], as shown in Fig. 23. 
It can be seen that the flexural strength increases with the extension of 
soaking time, but the change in strength gradually slows down after the 
corrosion age is greater than 28 days. 

RS =
Rb − Rh

Rb
(1) 

RS—— Flexural strength ratio of specimens soaked in acid; 
Rb—— Standard curing 28d specimen flexural strength, MPa; 
Rh—— Flexural strength of specimen after soaking in acid, MPa。 
It can also be seen from Fig. 23 that with the extension of soaking 

time, the flexural corrosion resistance coefficient gradually decreases, 
indicating that the corrosion of the sample is becoming more and more 
serious. In the early stage of soaking, the flexural corrosion resistance 
coefficient decreases rapidly, and the change is small in the later stage, 
indicating that the corrosion is more obvious in the early stage, but the 
flexural corrosion resistance coefficient K is greater than 0.8, according 
to the national standard GB/T 749–2008 [69]. The corrosion resistance 
coefficient K > 0.8 of the specimen after six months of corrosion is 
qualified, so this material meets the current national standard. 

By conducting impermeability tests and chloride ion permeability 
tests, it was found that when the permeability pressure reached 4 MPa, 
there was still no water seepage on the surface of the PFCM, and the 
effective diffusion coefficient of chloride ions was 0.1 × 10− 12 m2/s, 
referring to the evaluation standard for concrete permeability [70], the 
permeability level of chloride ion diffusion coefficient is Grade V, less 
than 0.5 × 10− 12 m2/s, with extremely low permeability. This may be 
due to the fact that the redispersible polymer powder in the material is 
wrapped outside the hydration product, increasing the thickness of the 
external hydration film, preventing the penetration of water molecules, 
and effectively improving the permeability of the mortar material. On 
the other hand, good impermeability indicates that the material is dense, 
thereby enhancing its corrosion resistance. 

In this study, cumulative porosity and pore size distribution were 
measured to estimate the total porosity and pore structure of mortar 
samples before and after sulfuric acid corrosion (Fig. 24). From Fig. 24, 
it can be seen that the average pore radius of mortar ranges from 7 nm to 

Fig. 19. Direct tensile test results.  

Fig. 20. TG,DTA and DTG curves obtained from group F10V1P0.5 in 
35–1000 ◦C temperatures range. 
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500 μm. In general, according to the existing literature [71,72], the 
pores in cement mortar can be divided into three types, the first type is 
gel pore (harmless pore), the diameter is less than 0.05 μm, the second 
type is micropores with a diameter of 0.05 μm–0.1 μm, less harmful 
pores, the third is large pore, the diameter is greater than 0.1 μm harmful 
pore. The pores of harmful pores are less, mainly focus on micropores. 
The total porosity of all samples increases with age, and the total 
porosity of mortar increases from about 0.04 mL/g to 0.07 mL/g. In 
particular, after 180 days of corrosion, the porosity in the pore size range 
of 10 nm–100nm was lower than that in the pore size range of 112 days, 
but the porosity in the pore size range of 180 days (0.01–1 μm) was the 
largest. This indicates that many harmful pores are only induced after a 
corrosion cycle of up to 112 days. At 180 days of corrosion, the total 
porosity is 1.75 times that of uncorroded. 

Fig. 25 shows the XRD spectra of the corrosion products adhered to 
the surface of the mortar after 180 days of immersion in H2SO4 solution 
with a pH of 2, as well as the XRD spectrum of the uncorroded mortar. It 
is evident that the mortar exposed to the H2SO4 solution produces an 

increased amount of gypsum. A comparison of the two XRD patterns 
reveals significant differences, particularly in the presence of ettringite, 
calcium carbonate, and gypsum. The formation of gypsum within the 
corrosion layer is a result of the reaction and deposition of dissolved 
Ca2+ and SO4

2− ions from the solution. Additionally, the diffraction 
peaks associated with ettringite and calcium silicate either disappear or 
weaken after exposure to the acid, indicating their complete or partial 
dissolution, which is consistent with the results of Jia et al. [73]. 

4. Conclusions 

A high-strength and durability spraying material was studied for the 
complex service environment of pipelines, and the following conclusions 
were obtained: 

(1) The optimal material was obtained through orthogonal experi-
ments, with an early compressive strength of 80 MPa and a 
flexural strength of 16 MPa. By analyzing the range and variance 

Fig. 21. Corrosion surface changes after 0–180 days of sulfuric acid erosion.  

Fig. 22. Mass loss rate of specimens immersed in sulfuric acid.  
Fig. 23. The strength ratio and flexural corrosion resistance coefficient of 
specimens immersed in sulfuric acid. 
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of the orthogonal experimental results of materials, the influ-
encing factors weights on setting time and fluidity were consis-
tent, ranging from large to small: fly ash > PVA fiber >
redispersible polymer powder. The influencing factors weights on 
compressive strength ranged from large to small: redispersible 
polymer powder > fly ash > PVA fiber, and the influencing fac-
tors weights on flexural strength ranged from large to small: fly 
ash > redispersible polymer powder > PVA fiber.  

(2) The optimal ratio obtained by the test was 10% fly ash, 1% 
redispersible polymer powder and 0.5% PVA fiber. Its initial 
setting time is 60 min, final setting time is 180min, fluidity is 175 
mm, 28d compressive strength is 102.5 MPa, flexural strength is 
20 MPa, and tensile strength is 5.16 MPa.  

(3) The optimal material was subjected to impermeability tests, 
chloride ion penetration tests, and sulfuric acid corrosion tests. 
The impermeability strength reached 4 MPa, the chloride ion 
diffusion coefficient was less than 0.1 × 10− 12 m2/s, and the 
permeability was V grade, indicating extremely low permeability. 
In an acid solution, the mass loss rate increases with the increase 
of sulfuric acid solution soaking time. The mass loss rates of 28 
days, 56 days, 112 days and 180 days were 0.42%, 1.35%, 3.67% 
and 4.45%, respectively. After 180 days of soaking, the mortar 
still showed a good quality retention rate, and the mass loss was 
only 4.45%. The flexural corrosion resistance coefficient K is 

greater than 0.8, this material meets the current national 
standard.  

(4) Microscopic tests such as XRD, MIP, and TG-DTA were conducted 
on the material to demonstrate its acid corrosion resistance and 
thermal stability. The XRD test results of the acid corroded 
sample showed that gypsum is the main degradation product 
under the action of sulfuric acid. 
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