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A sulpho cement-asphalt emulsion mortar was developed for the repair of damaged cement asphalt emulsion mortar. Various sulfoaluminate/Portland cement and asphalt emulsion/cement mass ratios, as well as emulsion types, were studied with respect to the setting time, rheological properties, volume stability, and mechanical properties of the repair materials in order to determine a reasonable mix proportion. The proper contents of cementitious materials and asphalt emulsion were determined. A possible relationship between the mechanical properties and the asphalt emulsion/cement mass ratio was found based on scanning electron microscopy analysis. Moreover, the shrinkage rates of the repair mortar in the fresh and hardened states showed different trends with an increase in the asphalt emulsion/cement mass ratio. The results shed light on the repair mortar for CA mortar with high efficiency and low cost.
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INTRODUCTION

Cement and asphalt mortar (CA mortar) is the key component of high-speed railways, supporting the weight of the slab track and train and acting as a shock-absorber (Leiben et al., 2018; Najjar et al., 2019). However, under the coupling effects of high-frequency loading and environmental erosion (Zhu et al., 2014; Fu et al., 2015; Le et al., 2019), the CA mortar tends to be damaged or broken, which significantly influences the structural and driving safety (Zhu et al., 2014; Liu et al., 2016). Therefore, this requires effective and rapid repair.

The CA mortar consists mainly of cement and asphalt emulsions. Compared with cement and concrete materials, the CA mortar is typically a low-modulus material owing to its high asphalt emulsion-to-cement ratio (usually over 0.5) (Wang et al., 2015; Liu and Liang, 2017). For example, the modulus values of the CA mortar for the Shinkansen slab (Japan) and the Max Bögl slab (Germany) were 100–300 MPa and 7,000–10,000 MPa, respectively. However, the modulus of the CA mortar for the Max Bögl slab would be 800∼1,200 MPa if tested with the same methods used for the Shinkansen slab.

Repair materials for CA mortar need to meet the following requirements considering the characteristics of the CA mortar:


1) A balance between the workable time and the fast hardening properties: The time allowed for CA mortar repair is usually less than 4 h; thus, repair materials must present sufficient workable time to fulfil the repair section. Moreover, they need to present fast hardening properties (such as sufficient 4 h mechanical properties and a short time interval between the initial and final settings of the repair materials) to guarantee the appropriate early mechanical properties.

2) Compatible modulus and strength: Repair materials for CA mortar should present mechanical properties that are compatible with those of the substrate mortar in order to ensure that the combined repair system withstands the applied stresses and maintains its structural integrity (Rangaraju, 2007). The modulus (28 days) and compressive strength (28 days) of CA mortar are 800–1,200 MPa and over 15 MPa, respectively, which are also the requirements for the repair mortar.

3) Good flowability properties: Since the CA mortar works as a shock-absorber layer between the slab track and the concrete roadbed, with a thickness of about 30–80 mm, it should be highly flowable for grouting (Ouyang and Tan, 2015; Peng et al., 2015; Leiben et al., 2018; Ouyang and Shah, 2018). Thus, the repair mortar needs good flowability to fulfil the repair section with D5 min ≥ 280 mm and D10 min ≥ 280 mm (the slump flow test methods of repair mortar are shown in section Mix Proportions and Experimental Design).

4) Good volume stability: The repair mortar also needs good volume stability to avoid affecting the structure height of the slab track, which is important for the safety of high-speed railways.



The most commonly used repair materials for CA mortar are resin or resin mortar, which have low modulus but are too expensive to be used widely. Moreover, our previous work (Liu et al., 2014) has shown that resin mortar may not bond well with CA mortar because of the oily and hydrophobic interface created by the high content of asphalt. Sulphoaluminate cement (SAC)-based repair materials, with good repair properties and low costs, have found wide applications and have drawn much attention in the cement and concrete repair fields. However, their modulus is too high for CA mortar repair. Some polymer latex or polymer powder has been added to cement mortar to improve its adhesive and water-proof properties (Ramli and Tabassi, 2012; Muhammad et al., 2015; Göbel et al., 2018). However, the polymer content was low (the polymer emulsion to cement mass ratio usually 0.05–0.15) so that its modulus was still higher than that of CA mortar (Göbel et al., 2018) which means that it may not meet the low modulus requirements for CA mortar repair.

The purpose of this study is to develop, using high asphalt content, sulphoaluminate cement-based repair materials with low modulus and ensure the cost is kept low. The effects of key components such as cementitious materials and asphalt emulsion on the properties and microstructure of repair mortar were studied.



MATERIALS AND EXPERIMENTAL METHODS


Raw Materials


1) Cement: Ordinary Portland cement P.O 42.5 (PC) and sulfoaluminate cement SAC 42.5 were used in this study. The composition and properties of the cements are listed in Table 1.




TABLE 1. Composition and properties of PC and SAC cement.
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2) Asphalt emulsion (AE): Anionic asphalt emulsions were used in this study. The emulsifier dosage was 2.0%. The properties are listed in Table 2.




TABLE 2. Properties of asphalt emulsion.
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3) Fine aggregate: River sand with an apparent density of 2,630 kg/m3 was used. The water absorption rate was 1.8% and the mud content was 0.4%.

4) The superplasticizer (SP) used was a polycarboxylic high-performance water reducer with 20.0% solid content and 26.6% water-reducing ratio.

5) The deformer (DF) used in this study was silicone based with 30.1% solid content and a pH value of 8.2.





Mix Proportions and Experimental Design

The experimental design is shown in Figure 1. The main objective of this study is to determine the mix proportion of repair materials, which includes the composition of dry powder and the asphalt emulsion contents.


[image: image]

FIGURE 1. Experimental design.


The cement-asphalt emulsion paste was prepared to investigate the effect of different SAC/PC ratios on the setting time. The mix proportion of SAC-PC paste is shown in Table 3. The asphalt emulsion/cement ratio (A/C) and water-to-cement ratio (w/c) were both 0.4. The water in the asphalt emulsion was also taken into account when calculating w/c.


TABLE 3. Mix proportion of sulphoaluminate cement and Portland cement.

[image: Table 3]The effect of the SAC/PC ratio on the mechanical properties of the repair mortar was studied by testing the mortar strength. The mortar was prepared with cement/standard sand mass ratio c/s = 1:2, A/C = 0.4, and w/c = 0.4. The superplasticizer content was 1 wt% of the cementitious materials.

The mineral powders improved the rheological properties of the mortar. Two different types of mineral powder, fly ash and slag powders, were employed to prepare the SAC paste. The w/c and the A/C ratios were 0.4 and 0.3, respectively.

To investigate the effect of the A/C ratio on the rheological properties of the pastes, SAC-AE pastes with A/C ratios varying from 0 to 0.7 were prepared with w/c = 0.4. The amount of water in the asphalt emulsion was incorporated into the calculation of the w/c ratio.

According to the results above, the dry powder content of the repair materials could be determined. Then, the effects of different A/C ratios on the mechanical, rheological, and volume stability properties were investigated to determine the proper A/C ratio and evaluate the performance of the repair mortar.



Experimental Methods


Setting Time

The method was developed based on the standard specification for the test of setting time of cement paste (AQSIQ, 2001) and reported before (Wang et al., 2008). The paste was prepared in a mold, and every 30 min a steel needle penetrated the grout from the upper surface, and after 30 s, the depth was read. The setting process can be characterized by plotting the depth against time.



Slump Flow Property Tests

The slump flow property of the repair mortar was tested according to the Chinese Railway Specification (2008). The mortar was poured into a tube (inner diameter D = 50 mm, height H = 190 mm) and its diameter was measured until the grout stopped flowing, after this the tube was elevated by 15 cm.



Rheological Properties Test

A 350-mL SAC-AE sample was used for rheological measurements using an R/S-SST rheometer manufactured by Brookfield (Middleboro, Massachusetts). The shear rate underwent 2 equal rounds, increasing from 0 to 150 s–1 (ascending stage) within 30 s and then decreasing from 150 s–1 to 0 (declining stage) within the same time.



Shrinkage Test

The expansion rate of the repair mortar in the fresh state was measured using cylinder methods, as shown in the Chinese Railway Specification (2008). The fresh repair mortar was poured into a 250 ml graduated flask with its surface covered with plastic film to prevent moisture exchange. The initial depth of the mortar (h0) and its depth at a different time (ht) were measured using a Vernier caliper with a precision of 0.02 mm. The shrinkage rate was calculated using Equation (1):
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Where P is the expansion rate (%), ht is the depth of the mortar after t min (mm), and h0 is the initial depth after casting (mm).

The shrinkage rate of hardened RM was measured according to the specifications of the National Development Reform Commission (2004). The mortar was prepared with dimensions of 25 × 25 × 280 mm, and then cured for 24 h in a standard curing box at a temperature of 20 ± 3°C and a relative humidity over 90%. After it was cured in water at a temperature of 20 ± 1°C for 2 days, the mortar was removed and wiped clean before the initial length L0 was measured. Then, it was continuously cured in a curing box at a temperature of 20 ± 3°C and a relative humidity of 50 ± 4%. The sample length at different curing times, Lt, was measured. The shrinkage rate was calculated according to Equation (2):
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Where S is the shrinkage rate of the sample (%), Lo is the initial length of the sample (mm), and Lt is the sample length at different curing times (mm).



Test of Mechanical Properties

Specimens with dimensions of 40 × 40 × 160 mm were tested using a Materials Testing System with a constant loading rate of 0.05 KN/s for the flexural test and 0.5 KN/s for the compressive test according to AQSIQ (1999).

The test method of the repair mortar modulus is as follows; the sample is loaded to 800 N with a loading rate of 1 mm/min and then unloaded with the same rate according to the Chinese Railway Specification (2008). This process was repeated 4 times, and the stress and strain of 3/4 and 0.5 MPa in the fifth test curve were taken and calculated as follows:
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Where E is the modulus of the sample, h is the height of the sample, σb is the compressive strength of the 3/4 part of the fifth test curve, σa is 0.5 MPa, b is the strain of the 3/4 part in the fifth test curve, and a is the strain of 0.5 MPa in the fifth test curve.



SEM Test

The microstructure of the SAC-AE paste was examined using an S-3400N scanning electron microscope (SEM) (Hitachi, Japan).



XRD Analysis

The XRD curves of the SAC-AE paste were measured with non-monochromatic Cu Kα X-ray radiation at 40 kV and 40 Ma, and recorded from 5° (2θ) to 75° (2θ).



RESULTS AND DISCUSSION


Effect of the SAC/PC Ratio on the Setting Time of SAC/PC-AE Pastes

The setting time of the (SAC/PC)-AE paste is shown in Figure 2. The addition of SAC significantly decreased the setting time. When the SAC content was 0, the initial and final setting times of the pure PC-AE paste were 878 and 1,035 min, respectively. When the SAC/PC ratio was over 1:1, the setting time of the (SAC/PC)-AE paste sharply decreased. The initial and final setting times of S6 (SAC/PC ratio of 6:4) were ~15 and 27 min, respectively. Then, the setting time became stable when the SAC content further increased. This is significantly different from the SAC/PC pastes whose setting time would first decrease and then increase with the increase in the SAC content (Chen et al., 2007). The different results can be attributed to the addition of the asphalt emulsion. The setting time of the SAC/PC-AE paste is governed by both the cement hydration speed and the asphalt emulsion demulsification speed. The stable initial setting time of the composite paste indicated that the asphalt emulsion demulsification speed was the main factor controlling the setting time.


[image: image]

FIGURE 2. Setting time of composite cement and asphalt emulsion paste.


The composite cement in the wide mix proportion range would lead to a sharp decrease in the setting time. When the SAC/PC ratio was 1:1, the difference between the initial and final setting times of the SAC/PC-AE paste was only 7 min. XRD patterns (Figure 3) showed that the substitution of 50% PC by SAC led to stronger AFt peaks and weaker C4A3 [image: image] peaks. This is because the C4A3[image: image] in SAC and C3S in PC have mutual promotion effects on the cement hydration process, which accelerates the setting process.


[image: image]

FIGURE 3. XRD results of composite paste with different SAC/PC ratio.




Effect of the SAC/PC Ratio on the Mechanical Properties of the SAC/PC-AE Mortar

The effect of SAC/PC on the mechanical properties of the composite paste is shown in Figure 4. As can be seen, the flexural and compressive strengths first decreased and then increased with the increase in the SAC content. The strength decreased when the SAC content varied from 20 to 80%. This is because when the SAC content changed from 20 to 80% and therefore the SAC/PC paste showed a faster hydration speed according to the results in section Effect of the SAC/PC Ratio on the Setting Time of SAC/PC-AE Pastes. The hydration products of SAC and PC do not have enough time to form a dense microstructure, thus decreasing the compressive strength. Moreover, an obvious fast setting appeared when the SAC content was of 50–80% as shown in Figure 2. Thus, the SAC/PC ratio was 90/10 when considering both the setting time and mechanical strength results.
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FIGURE 4. Effect of SAC/PC on the mechanical properties of repair mortar. (A) Flexural strength. (B) Compressive strength.




Effect of Mineral Mixture on the Rheological Properties of Sac-Ae Pastes

Figure 5 compares the effect of the mineral mixture on the rheological properties of the SAC-AE pastes (A/C = 0.3, w/c = 0.4). The curves in the ascending stage could be fitted according to the Bingham model (Peng et al., 2015) and the results are listed in Table 4. The addition of fly ash (FA) and mineral powder (MP) reduced yielding stress. The addition of 10% mineral powder (MP) showed the best improvement. This could be attributed to the improvement of the cement grain grading by mineral powder, which released more free water and improved the rheological properties.


[image: image]

FIGURE 5. Effect of mineral material on the rheological properties of the SAC-AE paste. (A) Fly ash. (B) Mineral powder.



TABLE 4. Effect of mineral material on the rheological properties of the SAC-AE paste.

[image: Table 4]


Effect of Asphalt Emulsion Content on the Mechanical Properties and Microstructure of Repair Mortars

According to the above results, the composition of 1,500 kg dry powder was determined as follows: SAC 415 kg, PC 45 kg, mineral powder 40 kg, and river sand 1,000 kg. The dry powder was then used to prepare the repair mortar, as shown in Table 5. The effect of the A/C ratio on the mechanical properties of the repair mortar is shown in Figure 6.


TABLE 5. Modulus of repair mortar (kg/m3).

[image: Table 5]
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FIGURE 6. Influence of asphalt content on the properties of repair materials. (A) Flexural strength. (B) Compressive strength.


As can be seen, the strength of the repair mortar sharply decreased with an increase in the A/C ratio. The 4 h compressive strength of the repair mortar decreased from 16.8 to 9.6 MPa, i.e., by 42%, when the A/C ratio increased from 0 to 0.1. However, when the A/C ratio increased to 0.3, the strength changed slightly. When the ratio continually increased to 0.5, the strength decreased sharply again and slightly changed when A/C = 0.7. The same trend could be found for the mortar at 1–56 days age. Coupling with the effect of A/C ratio on the repair mortar modulus (shown in Table 5), the A/C ratio is determined as 0.3, which is compatible with the modulus of substrate CA mortar (800–1,200 MPa).

Figure 7 shows the microstructure of the repair mortar with different A/C ratios at 4 h. A significant amount of needle-shaped AFt can be observed in the mortar when A/C = 0. A small asphalt film was found on the surfaces of the hydration products when A/C = 0.1 and 0.3. When A/C increased to 0.5 and 0.7, most hydration product surfaces were coved with the asphalt film. It can be concluded that when the A/C ratio was less than 0.3, there was no successive asphalt film in the mortar. When the A/C ratio was 0.3, the asphalt cement ratio by volume (VA/VC) was ~0.91. Ouyang’s work (Ouyang et al., 2018) also showed that when VA/VC was above 1, a continuous asphalt membrane could form in the cement asphalt paste. When VA/VC was less than 1, no conspicuous continuous asphalt membrane was observed. Therefore, the compressive strength of the SAC-AE repair materials sharply decreased again when the A/C ratio increased from 0.3 to 0.5 and slightly changed when A/C = 0.7.


[image: image]

FIGURE 7. Microstructure of the repair mortar with different A/C ratios (4 h).




Effect of Asphalt Emulsion Content on the Flowability of Repair Mortars

The effect of the A/C ratio on the spreading of the repair mortar is shown in Figure 8. The spreading first increased and then decreased with an increase in the A/C ratio. When A/C was 0.3, the mortar had an optimum spreading of 330 mm. The results coincided with the viscosity results of the composite cement paste shown in Figure 9. The flowability of cement paste can be improved by decreasing its apparent viscosity (Ouyang et al., 2016). Indeed, the SAC-AE paste with a decreased viscosity showed better flowability in the repair mortar. The SAC-AE paste with an A/C ratio of 0.3 had the lowest viscosity; thus, the repair mortar had the optimum flowability. This could be attributed to the improvement of anionic emulsion addition on the rheological properties of the SAC-AE pastes. The zeta potentials of the anionic emulsion and SAC hydration product AFt were ~-70 and +4.53 mV, respectively. When the A/C ratio was 0.3, the absorbed asphalt particles on the AFt surfaces showed a good dispersion effect and improved the rheological performance (Liu et al., 2019).


[image: image]

FIGURE 8. Effect of A/C ratio on the spreading properties.



[image: image]

FIGURE 9. Viscosity of SAC-AE pastes.




Effect of Asphalt Emulsion Content on the Volume Stability of Repair Mortars

Figure 10A shows the expansion rate variation of the repair mortar with different A/C ratios with 0–2 h curing time. As it can be seen, the expansion rate was negative, indicating that it shrank. The shrinkage rate increased with increasing A/C ratio. The shrinkage of the repair mortar in the fresh state could be attributed to the quick burst of many bubbles induced by the emulsifier in the asphalt emulsion. The air content increased and density decreased (Table 6) with an increase in the A/C ratio. These bubbles were burst by SAC hydration, which decreased the mortar height. When SAC continued hydration, the AFt amount increased, which made the mortar denser and thus reduced the shrinkage rate.


[image: image]

FIGURE 10. Volume stability of cement-based repair material with low modulus. (A) Early age time (0–2 h) properties. (B) Long-term properties.



TABLE 6. The air content of repair mortar with different A/C ratios.

[image: Table 6]As shown in Figure 10B, the long-term shrinkage rate of repair materials decreased with an increase in the A/C ratio. The mortar shrinkage was mainly caused by water evaporation in the pores. When the asphalt emulsion content increased, the asphalt droplets absorbed the surfaces of SAC and decreased the water evaporation in the pores. Moreover, this may be because the addition of an asphalt emulsion changes the pore structure in the mortar, this requires further investigation.

Figure 10B also compares the shrinkage rates of PC, SAC, and PC/SAC pastes with different curing times. As can be seen, the shrinkage rate of PC mortar increased with curing time. The SAC and SAC/PC pastes showed a lower shrinkage rate and were stable with an increase in curing time. Moreover, the SAC/PC paste showed a lower shrinkage rate. This could be attributed to the accelerating effect on cement hydration by the addition of PC. More AFt was generated in the early stages, which could compensate for the mortar shrinkage.



CONCLUSION


1) The optimum mix proportion of the repair materials was determined. The proper SAC/PC ratio was 90/10. The addition of 10% mineral powder improves the rheological properties of repair mortar. Repair mortar with an A/C ratio of 0.3 has proper mechanical properties, optimum flow-ability, and volume stability.

2) The composition of SAC and PC in a wide mix proportion would have an adverse effect on the setting time and strength of composite pastes due to the mutual promotion effect on SAC and PC hydration.

3) The mechanical properties and structure of the repair mortar were determined by the A/C ratio. When A/C ≤ 0.3, the asphalt droplets could not form the successive film structure and the asphalt film existed in the dispersed phase. When A/C> 0.3, the asphalt phase changed from the dispersed phase to a successive phase.

4) The shrinkage rate of repair materials increased and decreased with an increase in the A/C ratio in the early and late stages, respectively. In addition, the composite of SAC and PC could reduce the shrinkage rate, which could be attributed to accelerated SAC hydration by the addition of PC.
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