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Polyurethane grouting has garnered increasing attention in road maintenance, owing to its exceptional interfacial adhesion, mechanical robustness, and chemical resilience. In comparison to conventional SBS-modified asphalt, polyurethane grout offers superior durability and demonstrates an enhanced capacity to inhibit crack propagation within asphalt mixtures. This study investigates the anti-cracking performance of polyurethane grout in comparison to traditional SBS-modified asphalt, utilizing the Overlay Test (OT) to simulate real-world conditions of reflective cracking in asphalt pavements. Results demonstrate that polyurethane grout significantly enhances the crack resistance of asphalt mixtures, manifesting superior durability and resistance to crack propagation at a controlled temperature of 25°C, with a marked increase in the number of loading cycles relative to the control. However, the performance of polyurethane grout is notably diminished under adverse conditions of low temperatures and water immersion. The investigation employs a multi-index evaluation, with gray correlation analysis delineating the efficacy of various indices in appraising crack resistance. Recommending the use of loading cycles, allowable failure times, and cumulative fracture energy as key metrics.
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1 INTRODUCTION
Reflective cracking of asphalt concrete overlays remains a pervasive and detrimental pavement distress in semi-rigid base asphalt pavement structures. Extensive research efforts have been devoted to address the issue of reflective cracking in both laboratory and field settings. Chen (2019) and Qian et al. (2018) utilized MTS test equipment and numerical simulation to study the fatigue crack resistance of geotextiles, revealing their effectiveness in mitigating reflective cracking through reduced crack propagation rate and width. Fang et al. (2023) examined crack control through base layer strength enhancement using strength testing and field compaction experiments. Shen et al. (2021) evaluated the crack resistance of basalt fiber grids using impact resilience and dynamic fatigue testing, demonstrating their ability to improve the fracture toughness and fatigue resistance of asphalt mixtures. Pan (2019) analyzed the stress re-laxation effects of SAK warm mix rubberized asphalt and SBS polymer modified asphalt using ANSYS finite element modeling, elucidating the excellent cracking resistance and reflective cracking prevention capacity of warm mix rubberized asphalt in cold regions. Wang et al. (2016) applied discrete element modeling and multilayered base model to investigate the damage mechanisms and internal structural factors influencing the effectiveness of large stone porous mixtures (LSPM) in mitigating reflective cracking in semi-rigid bases, revealing the effectiveness of crack propagation delay and stress concentration release of LSPM. Hu (2021) studied the stress response of asphalt overlay composite pavements using finite element analysis to develop an optimized model for reflective crack analysis and explored the effects of crack-resistant layers through fatigue loading experiments. Hu (2019) extensively researched the anti-cracking performance of basalt fiber-reinforced cement-stabilized aggregate bases, proposing the use of basalt fiber strips to effectively reduce reflective cracking and enhance material durability. Su and Zhu. (2022) analyzed the stress response and reflective cracking mechanisms of ultra-thin asphalt overlays on old concrete pavements, establishing a combined active-passive anti-reflective cracking structure and validating its effectiveness through mechanical simulations and real-world measurements. In summary, current reflective cracking research focuses primarily on preventive measures implemented during the design and construction of new pavements to retard reflective cracking initiation through base layer optimization and fracture resistance enhancements. While beneficial for new pavements, effective remediation techniques for existing pavements with evident reflective cracking remain understudied. Considering that initiated reflective cracks perpetuate and expand to other areas, severely compromising ride quality and safety while reducing overall pavement strength and service life, developing economical and practical repair solutions to extend the lifespan of existing pavements holds tremendous practical significance for ensuring roadway durability and prolonging maintenance cycles.
Polyurethane grouting technology has emerged as a novel trenchless remediation method for latent defects in asphalt pavements, garnering increasing attention in the field of road maintenance in recent years. Previous studies (Gao et al., 2017; Zhang et al., 2017; Jiang et al., 2022; Li et al., 2017) have demonstrated numerous superior performance characteristics of polyurethane compared to conventional asphalt materials, including (1) low viscosity and high permeability, (2) high consolidation strength and outstanding mechanical properties, (3) rapid chemical reaction without curing requirements, and (4) excellent engineering adaptability and operability. Thus, polyurethane grouting is regarded as an efficacious technology capable of mitigating reflective cracks in practical applications for both road maintenance and pre-overlaying distress treatment. Consequently, experimental investigations into the anti-reflective cracking performance of polyurethane have progressively been conducted from various perspectives. Wang et al. (2019) examined the mechanical response of polyurethane aggregate composites under axial loading, finding that mixture brittleness and strength increase with density, while overall system compressive performance is minimally correlated with density. Wang (2018) characterized the mechanical properties of fractured rock formations reinforced by a new water glass/polyurethane grout, establishing a three-dimensional damage creep model based on experimental results to evaluate the effectiveness of the grouting reinforcement. Xu W et al. (2024) demonstrated that high-strength polyurethane composite (HSPUC) significantly enhances the structural integrity of concrete, effectively reinforcing the material by delaying crack propagation and improving both stiffness and load-bearing capacity. Liu et al. (2018) conducted a comprehensive study on the reinforcement properties of fractured structural surfaces based on surface roughness, analyzing the variation patterns of mesoscopic fractured surface shear strength.
Most previous studies have focused predominantly on assessing anti-cracking performance through dynamic testing of composite specimens under various stress conditions. Conventional tests often apply constant stress or strain to examine only the crack initiation phase, without including the propagation stage. The loading methods and boundary constraints employed in these experiments diverge from the natural development of reflective cracks, resulting in test results that may have limited applicability or realism (Braun et al., 2022; Xu C C et al., 2024).
The Overlay Test (OT) captures both the initiation and propagation phases of cracking, closely mirroring real-world conditions and yielding a more comprehensive dataset (Gu et al., 2015). Using OT, Zhai et al. (2017) analyzed the fracture resistance of large stone porous mixture (LSPM), finding that the number of load cycles (N) and maximum load loss rate (R) could fully characterize the cracking resistance. Wei et al. (2021) investigated the influence of different test factors on the fracture resistance and behavior of large stone asphalt mixtures, finding that the energy needed for crack propagation exceeded that for initiation, with fracture energy somewhat increasing as temperatures fell. Walubita et al. (2021) analyzed correlations between OT data and reflective cracking performance of in-service highways, demonstrating the OT’s utility as a repeatable laboratory test for evaluating the cracking potential of hot mix asphalt compared to field performance. In summary, Overlay Test has seen moderate use as a more effective evaluation method for simulating reflective cracking, offering enhanced realism compared to other laboratory tests.
Current research on the grouts has concentrated largely on analyzing the mechanical properties of grout-aggregate composites from a holistic structural perspective, but direct evaluations of the crack resistance of grouting materials remain limited. In this paper, Overlay Test (OT) was utilized to conduct an extensive evaluation of the anti-reflective cracking capabilities of polyurethane grouting material. The evaluation was carried out under various temperature conditions as well as after aging treatments to simulate real-world pavement environments. Through this approach, the study focused on assessing key performance indicators including crack initiation, propagation behavior, cumulative fracture energy, and load-bearing capacity to quantify the material’s effectiveness in resisting reflective cracking. The results demonstrate that polyurethane grouting material significantly delays crack propagation and enhances resistance to reflective cracking, particularly in aged and temperature-variable conditions, offering a promising insight into the optimization of pavement maintenance strategies and emphasizing the practical applications of polyurethane grouts in enhancing roadway durability.
2 MATERIALS AND METHODS
2.1 Materials
Research materials included SBS modified asphalt and polyurethane grout, which were all synthesized in the laboratory. Given our research aim to evaluate the effectiveness and efficiency of these materials in addressing pavement cracking, SBS modified asphalt was used as a control to compare with the bonding performance of the polyurethane grout. This comparison is intended to reveal the potential advantages and limitations of polyurethane in practical applications, thereby providing a more comprehensive reference for pavement repair and material selection.
2.1.1 SBS asphalt preparation
To produce the SBS modified asphalt, the Shell 70# asphalt binder was first heated to at least 160°C to ensure optimal fluidity. Subsequently, at temperatures between 170°C and 180°C, appropriate amounts of SBS and extracted oil were added sequentially under a shear rate of 4,000 rpm, with a 45-min shearing process. Finally, stabilizers were introduced at 180°C under a mixing rate of 700 rpm, followed by 150 min of low-speed blending. Below are the technical indexes of this SBS modified material (Table 1).
TABLE 1 | Technical indexes of SBS-modified asphalts.
[image: Table 1]2.1.2 Polyurethane grout preparation
Regardless of the specific application, polyurethane’s structure comprises soft and hard segments, with the soft segments primarily derived from polyols and the hard segments from the carbamate formed by the reaction of isocyanate and alcohol hydroxyl group (Liu, 2019). The balance and composition of these segments dictate the material properties of the polyurethane. Polyether and polyester polyols are the most commonly used soft segment monomers. Polyether polyols offer superior thermal resistance, whereas polyester polyols excel in mechanical strength and impact resistance. Isocyanates, classified as either aromatic or aliphatic, further influence the properties of polyurethane. Aromatic isocyanates, characterized by the presence of benzene rings, enhance mechanical strength but tend to exhibit poor resistance environmental factors, while aliphatic isocyanates provide better overall weatherability but offering lower mechanical performance. Therefore, considering the intended application scenario and the desired performance, the following raw materials were selected (Table 2).
TABLE 2 | Raw material information of PU.
[image: Table 2]The polyurethane grout was synthesized using the well-established one-step method, a widely adopted approach in industrial polyurethane production for its straightforward procedure and broad applicability. Following this method, the grout was produced through a three-step process, ensuring both reliability and consistency with standard practices in the field. Firstly, a quantity of polyols and chain extender were added to a reaction vessel heated to 110°C and dehydrated under vacuum for 1 hour. Secondly, foam stabilizer, latent curing agent, cross-link agent, and flame retardant were introduced in set ratios after cooling to 50°C and mixed for 1 hour, yielding a composite polyether material. Finally, a 1.2:1 mass ratio mixture of the composite polyether and polymeric diphenylmethane diisocyanate (PAPI) was rapidly stirred to obtain the final polyurethane material. Upon the completion of synthesis, the material underwent thorough analysis to verify its structure and performance. The infrared spectrum is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Infrared spectrum of PU material.
The FTIR analysis was conducted over a wavenumber range of 500–4,000 cm⁻1, with 16 scans at a resolution of 4 cm⁻1. As shown in Figure 1, the characteristic peak at 1721 cm⁻1 corresponds to the stretching vibration of the carbonyl group (C = O), which is key evidence of the formation of urethane bonds, indicating the successful reaction between the isocyanate and polyol to form polyurethane. Additionally, the N-H stretching vibration observed at 3,303 cm⁻1 further confirms the presence of urethane linkages. The absorption peak at 2,269 cm⁻1, associated with the isocyanate group (N = C = O), suggests the participation of isocyanates in the reaction, with the relatively weak intensity of this peak indicating only a small amount of residual isocyanate. The absorption peaks at 1,104 cm⁻1 and 1,224 cm⁻1 correspond to the stretching vibrations of C-O-C ether bonds, reflecting the presence of polyether polyol as the soft segment. Meanwhile, the peak at 1,598 cm⁻1 is attributed to the C = C stretching vibrations in the aromatic ring, derived from the aromatic isocyanate structure of PAPI in the polyurethane hard segment. These spectral features confirm a typical polyurethane material synthesis, of which possessing the essential structural characteristics and representative properties.
The technical indicators of the polyurethane grout material are present in Table 3.
TABLE 3 | Technical indexes of PU material.
[image: Table 3]A preliminary analysis of the performance indices for the aforementioned polyurethane grout indicates that the composites synthesized in the laboratory demonstrate notable mechanical strength. Specifically, the compressive and tensile strengths were recorded at 10.5 MPa and 9.1 MPa, respectively. In addition to this, the materials exhibit exceptional dimensional stability, undergoing minimal deformation in both high and low temperature conditions (less than 1.5% at high temperatures and under 0.5% at low temperatures). Significantly, the grout, when solidified in water, showed no signs of loosening, maintaining a glossy surface texture and a hard consistency. These characteristics establish a strong engineering foundation for the use of this material in the repair of reflective cracks in areas with high moisture, which is critical for practical engineering applications.
2.2 Methods
The methods employed in this study are designed to systematically assess the anti-cracking performance of polyurethane grout compared to traditional SBS-modified asphalt under various environmental conditions. Section details include specimen preparation, the specific testing protocols of the Overlay Test, and the comprehensive experimental procedures.
2.2.1 Specimen preparation
The preparation of OT specimen is as follows: (1) Prepared well-graded standard AC-13 SBS asphalt mixture Marshall specimen through gyratory compaction; (2) Carried out cutting process to shape Marshall specimen into standard OT sample according to its size requirements; (3) Divided all OT pieces into 3 groups: first group is used as blank control without any operation; specimens from second group were cut along the center and then bonded with SBS asphalt; the cutting operation of third group was consistent with the pervious one but the bonding materials become polyurethane grout instead. Specimens are shown in Figure 2.
[image: Figure 2]FIGURE 2 | (A) Standard OT sample; (B) Bonding with SBS asphalt; (C) Bonding with polyurethane.
2.2.2 Overlay test
Each specimen was attached to two tensile plates with epoxy resin adhesive and in-stalled on the test equipment, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | (A) OT sample; (B) OT equipment.
There is a gap of 2–3 mm in the middle of the OT mold, with the left part tightly fixed and the right half capable of horizontal movement to produce a transverse displacement of 0.635 mm back and forth. The crack width of 2–3 mm is inherently determined by the base of the OT mold, in accordance with the specifications Tex-248-F (TxDOT, 2021). This crack width serves to effectively simulate the typical crack dimensions found in actual pavement conditions. Consequently, the use of this crack width ensures both the accuracy and the practical relevance of the experimental results. In this setup, this test simulates the crack opening and closing motion of reflection cracking under the conjoint action of temperature and load through multiple periodic displacement transformation which realized by a sine triangle wave loading mode. The end of this test is marked by a 93% loading loss rate (the load in one certain cycle/initial maximum load = 7%) or the completion of 1,200 cycles.
2.2.3 Indices and analytical method
According to the specification Tex-248-F and current research status (Zhai et al., 2018), the load loss rate (R), number of loading cycles (N), cumulative fracture energy (G), initial maximum load (F), allowable failure time (J), average fracture energy (G*), and critical fracture energy (Ec) were used to evaluate the crack resistance performance of bonding materials under different conditions.
• Load loss rate (R);
R represents the load change in an asphalt mixture reflection crack from its initiation to penetration. After a crack form, repeated loads significantly accelerate the internal damage process of the asphalt mixture, directly indicating the attenuation in tensile stress during loading.
• Number of loading cycles (N);
N represents the number of cycles a specimen has endured before reaching a set load loss or fracture energy ratio. A higher value of N signifies improved crack resistance, allowing it to endure more vehicle loads and temperature changes without developing reflective cracks.
• Cumulative fracture energy (G);
Fracture energy is the energy needed for crack propagation per unit area when a specimen undergoes tensile loading. G represents the total energy required from the start of loading until complete fracture failure, calculated as the area under the curve of the load period (Figure 4).
• Initial maximum load (F);
[image: Figure 4]FIGURE 4 | Two different scenarios in overlay test.
F refers to the maximum load reached by the specimen during the first loading cycle in the test.
• Allowable failure times (J);
Typically, the test terminates at R of 93% or N of 1,200. Figure 4 shows two typical specimen failure scenarios with similar G values and varying N values: curve 2 exhibits high initial load but R dropping to 93% before N reaches 1,200; curve 1 exhibits low initial load but R above 93% at the end of the test. To mitigate these effects, the J index was introduced by referencing fracture mechanics and fracture strain tolerance concepts, defining J as the ratio of G to F. (Zhai et al., 2018).
• Average fracture energy (G*);
G* is defined as the ratio of G to N to remove the limitation of solely using G for evaluation.
• Critical fracture energy (Ec);
Ec refers to the energy required for crack propagation until fracture occurs. This parameter indicates the fracture toughness of the material.
In order to further understand the relationships between these key performance indicators and identify which factors most significantly impact crack resistance, grey correlation analysis was applied. Gray theory quantitatively compares and analyzes development trends based on the similarity or dissimilarity among factors, measuring the degree of influence between them (Liu et al., 2021). By calculating the correlation and ranking of the target value (reference series) and influencing factors (comparison series), it identifies the main factors that impact the target value. The specific method of grey relational analysis is as follows (Equations 1–5):
• Determine the reference series;
[image: image]

• Determine the comparison series;
[image: image]

• Dimensionless processing involves dividing all numbers in the sequence by the first number in the sequence to obtain a new dimensionless sequence.
• Correlation coefficient calculation;
[image: image]
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• Correlation calculation;
[image: image]
By ranking the correlation coefficients, the impact weights of various indicators on a specific road performance can be intuitively judged.
2.2.4 Experimental design
All specimen groups were tested at controlled temperatures of 25°C and 5°C (given that the specimen is prone to sudden fracture and the data becomes highly discrete when the temperature drops below 5°C, the low-temperature OT test was conducted at 5°C). In addition to standard conditions, OT specimens also underwent water immersion and long-term aging tests as specified in JTG E20-2011, respectively. Each test group consisted of 18 specimens, divided equally among three testing conditions, with three specimens per condition tested at each temperature.
• Water immersion;
Specimens were placed in a 60°C water tank and insulated for 48 h.
• Long-term aging;
Specimens were placed in an 85°C oven and continuously heated for 5 days with forced ventilation.
3 RESULTS AND DISCUSSIONS
As per the test plan, the results presented in the subsequent section reflect the average values of the OT tests conducted under standard, immersion, and aged conditions, as shown in Table 4.
TABLE 4 | Test results under different conditions.
[image: Table 4]3.1 Temperature effect
An integral part of assessing the robustness of bonding materials involves understanding the impact of temperature variations. This section delves into the temperature effect on different OT specimens, emphasizing the contrast between standard (25°C) and low-temperature (5°C) conditions.
The test results shown in Figure 5 demonstrate that at 25°C, polyurethane bonded specimens exhibit superiority in several aspects over SBS-bonded specimens in terms of parameters F, G, N, and Ec. This indicates that the polyurethane bonded samples require greater stress and energy to initiate cracks, thereby affirming the effectiveness of polyurethane grouting materials in enhancing the crack resistance properties of the mixtures.
[image: Figure 5]FIGURE 5 | Results under different temperature conditions: (A) cumulative fracture energy G; (B) maximum load of the first cycle F; (C) allowable failure time J; and (D) critical fracture energy Ec.
As temperature decreases to 5°C, the stiffness of the bonding materials notably increases, which is evident in the substantial elevation of the initial load (F) under low temperature conditions. For example, load value for the second group of samples rises to 5.44 at low temperatures, marking a 1.77-fold increase from the value at 25°C, while the load value for the third group of samples climbs to 4.66, a 1.03-fold increase from 25°C. Despite the augmented load values suggesting that the materials can endure greater forces during initial load bearing, this does not signify an improvement in overall material performance. Instead, the heightened brittleness at lower temperatures results in a greater propensity for cracking, as demonstrated by the reduction in J and G, signaling a decrease in the materials’ crack resistance and durability under cold conditions.
Moreover, both immersion and aging conditions highlighted a pronounced degradation in material performance, with distinct patterns similar to those observed at low temperatures. Specifically, under water immersion at 25°C, PU and SBS bonded specimens exhibited notable decreases in J values, reflecting moisture’s detrimental impact on mechanical properties. This effect was more pronounced at 5°C, where low temperatures intensified the negative impacts, particularly for PU materials, due to changes in their internal structure from the combined effects of cold and moisture. Aging further exacerbated material brittleness, significantly deteriorating material properties at 5°C. Notably, SBS materials showed a greater sensitivity to low temperatures after aging, as evidenced by the substantial declines in J and G values, indicating a heightened vulnerability under these conditions. These detailed analyses conclusively demonstrate that, across a range of conditions—be it standard, water-immersed, or aged—a decrease in temperature consistently precipitates a decline in material performance. Additionally, particular environmental factors such as immersion and aging amplify this deterioration.
3.2 Aging effect
At a standard temperature of 25°C, the impact of aging varies among different specimen groups. Observations from the first control group reveal that aging markedly enhances the brittleness of the asphalt mixture while reducing its ductility; the N value decreased from 1,200 to 297, and the G value dropped from 831.29 N/m to 365.6 N/m. These results suggest that aging precipitates both chemical reactions and physical transformations, notably triggering molecular rearrangement and a decline in adhesive properties within the binder. Furthermore, the oxidation process results in the volatilization of lighter fractions and an increase in cross-linking density within the material, thereby substantially impairing various performance metrics.
In a comparative analysis under identical aging conditions, significant disparities in performance emerged between the second and third groups. The R value of the SBS bonded specimen rises from 89.4% to 93.2%, signifying a pronounced deterioration in crack resistance throughout the aging process. Conversely, the R value for the PU bonded specimen modestly increased from 78.1% to 83.7%, underscoring the superior aging resistance of the PU material. This variance stems from the distinct chemical and physical reactions that each material undergoes during aging. The SBS material, characterized by a lower cross-linking density and a polymer structure vulnerable to thermo-oxidative effects, is more susceptible to degradation when exposed to elevated temperatures and oxygen. This vulnerability leads to diminished adhesive strength and crack resistance, thereby adversely affecting its durability under cyclic loading.
The PU material capitalizes on its high-functionality polyether groups and multi-group isocyanate linkages, providing it with exceptional resistance to oxidation and thermal aging. This configuration enables the material to maintain substantial chemical and physical stability under conditions of aging. For example, the cumulative fracture energy (G) of PU steadily holds at 1,155.48 N/m post-aging, significantly surpassing that of SBS, which reduces to 258.41 N/m. Moreover, the load cycle (N) for PU consistently remains at 1,200, demonstrating its superior aging resilience. A deeper analysis of the data reveals that while both materials exhibit an increase in the initial maximum load (F) due to material hardening post-aging, this increase is less pronounced for the PU material. Further examination of J values illuminates the potential failure risks the materials may confront after prolonged service. The J value for PU declined from 285 to 226, yet remains considerably higher than that of SBS, which decreased from 337 to 61 (Figure 6C). This observation reinforces that PU material retains superior structural integrity and crack resistance throughout the aging process, thereby underscoring its pronounced advantage in terms of aging resistance.
[image: Figure 6]FIGURE 6 | Results under different aging conditions: (A) cumulative fracture energy G; (B) maximum load of the first cycle F; (C) allowable failure time J; and (D) critical fracture energy Ec.
3.3 Immersion effect
In the water immersion experiments, we observed significant differences in the response of various specimen materials to the water-soaked environment and drawn Figure 7 for comprehensive comparison.
[image: Figure 7]FIGURE 7 | Results under different immersion conditions: (A) cumulative fracture energy G; (B) maximum load of the first cycle F; (C) allowable failure time J; and (D) critical fracture energy Ec.
Data from the first set of control specimens indicate that water immersion led to a decline in material performance; for instance, the R value increased from 78.8% to 90.7%, while the G value decreased from 831.29 N/m to 817.69 N/m. These changes suggest that water immersion may affect the cohesion within the material, thereby reducing its overall crack resistance. The penetration of water can alter the adhesive properties within the asphalt matrix, resulting in diminished bonding performance. Furthermore, the effects of water immersion are more pronounced at a lower temperature of 5°C, where the control group’s N dramatically dropped to 34, indicating that lower temperatures exacerbate the negative impacts of water immersion. In such conditions, the lower temperatures intensify the internal stresses within the material, increasing the brittleness of the asphalt mix as temperatures fall. The presence of water could further weaken the bond between asphalt and aggregate, accelerating the formation and expansion of cracks, and leading to a sharp decline in performance indicators.
Under identical conditions of water immersion, there was also a notable disparity in performance between the second and third group specimens. The R-value for the SBS-bonded specimens slightly worsened, increasing from 89.4% to 91.2%, signaling a marginal decline in crack resistance. However, this decline in crack resistance under water immersion conditions was more temperate compared to its performance under aging conditions, underscoring the enhanced stability of SBS materials against water erosion relative to the thermal oxidation effects encountered during aging. In contrast, the R-value for PU-bonded specimens markedly rose from 78.1% to 93.1%, particularly in the testing environment at 5° post-immersion, where the N-value precipitously dropped by 28 times, indicating a significant degradation in crack resistance under water immersion conditions, which sharply contrasts with its exhibited superior aging resistance during aging tests.
PU materials form a complex three-dimensional network structure by cross-linking the NCO groups of isocyanates with the OH groups of polyols through a polymerization reaction, theoretically enhancing chemical stability; however, significant performance degradation was observed during water immersion tests. For instance, the cumulative fracture energy (G) of PU decreased from 1,283.41 N/m to 887.68 N/m. Although SBS also showed a decline, it was from 1,039.33 N/m to 795.99 N/m, a lesser reduction. Moreover, the loading cycles (N) for PU specimens dropped dramatically from 1,200 to 229, significantly lower than the consistent performance of SBS at 1,200. Further examination revealed a decrease in the J value for PU from 285 to 229, while the J value for SBS also decreased from 337 to 264, albeit at a lesser rate. These observations emphasize the significant deterioration in the structural integrity and crack resistance of PU materials during water immersion, contrasting with their superior aging resistance shown during the aging process. This degradation is speculated to be primarily due to the hydrolysis of the urea bonds (formed by the reaction of NCO and OH) in polyurethane, particularly after prolonged water immersion. The rupture of these chemical bonds directly impacts the material’s structural integrity and mechanical properties. Additionally, the penetration of water molecules causes physical expansion and softening of the material, further compromising the structural integrity of polyurethane. These changes are particularly pronounced in a water-immersed environment, especially under cold conditions, where the brittleness of polyurethane increases, thus exacerbating the decline in material performance. Therefore, despite PU’s impressive performance under dry aging conditions, its performance in a water-immersed environment leaves much to be desired.
3.4 Gy correlation analysis
In this study, gray theory was employed to examine the relationships between N and the indices F, G, G*, J, and Ec. N served as the reference sequence, while the other evaluation indices functioned as comparison sequences for the analysis.
Table 5 reveals the gray correlation degrees for each evaluation index as follows: cumulative fracture energy G > allowable failure times J > maximum load of the first cycle F > critical fracture energy Ec > average fracture energy G*. Notably, the correlation between N and G exceeds 0.75. Both N and J serve as accurate indicators of crack resistance of adhesive bonded asphalt mixtures. G, however, is only reliable when the number of loading cycles or the load loss rate is similar; otherwise, it is prone to misinterpretations. Meanwhile, F is suitable for depicting the initiation of reflective cracks and the nature of initial cracks, although it does not capture the expansion process. Evaluating the crack resistance of asphalt mixtures should not solely focus on the origins of the cracks. Overall, it is advisable to use N, J, and G for a comprehensive assessment of crack resistance of the bonding materials.
TABLE 5 | Gray correlation degree of each evaluation index.
[image: Table 5]Although gray correlation analysis provides a powerful tool for assessing and comparing the effects of different indicators, it also has some limitations. First, the accuracy of the analysis highly depends on the quality and completeness of the data. Insufficient or biased data sampling may lead to inaccurate results in correlation analysis. Secondly, the choice of the resolution coefficient (ρ) used in the calculation of correlation degrees can affect the outcomes, and different resolution coefficients may lead to significant differences in correlation degrees. Therefore, an appropriate resolution coefficient should be carefully selected when applying this analysis. Moreover, gray correlation analysis can only provide the relative importance of the indicators, not establish causality, which must be clearly stated when interpreting the results.
4 CONCLUSION
This study conducted an evaluation of the anti-cracking performance of polyurethane grout compared to traditional SBS-modified asphalt using the Overlay Test (OT). The results indicate that under standard testing conditions at 25°C, polyurethane grout significantly enhances the crack resistance of bonded asphalt mixtures, effectively prolonging the initiation period of cracks, thereby improving the overall durability and crack propagation resistance of the mixtures. These findings highlight the potential application of polyurethane grout in modern road materials, especially in pavements requiring high durability.
However, the performance of this material under low temperatures (5°C) and water immersion conditions demonstrates certain limitations. In these extreme environments, the efficacy of polyurethane grout diminishes, particularly its crack resistance. This reduction in performance may be associated with changes in the chemical and physical properties of the material under cold and wet conditions. Nonetheless, compared to SBS-modified asphalt, polyurethane grout exhibits superior performance retention even after extensive aging, indicating its potential advantages in aging resistance.
Through grey correlation analysis, this study further quantitatively assessed the relationship between key performance indicators and the crack resistance of polyurethane grout. The analysis revealed that the order of correlation among the evaluation indices is as follows: cumulative fracture energy (G) > allowable failure times (J) > maximum load of the first cycle (F). Notably, the correlation between the number of loading cycles (N) and cumulative fracture energy (G) exceeds 0.75, demonstrating that these indicators are highly predictive and accurate in assessing the crack resistance of polyurethane grout.
In terms of long-term performance, the aging tests followed by regular and low-temperature evaluations clearly demonstrate that polyurethane grout exhibits superior crack resistance compared to SBS-modified asphalt, particularly under low-temperature conditions where SBS shows significant degradation. This enhanced durability, even under adverse environmental conditions, suggests that polyurethane grout could offer a more sustainable solution for pavement applications. While its initial cost is higher than that of SBS-modified asphalt, the extended durability and reduced maintenance requirements of polyurethane grout could lead to considerable cost savings over the pavement’s lifecycle, making it a potentially more cost-effective option for long-term road maintenance despite the higher upfront investment.
Despite these promising results, this study has certain limitations. The performance of polyurethane grout in extreme conditions, such as prolonged low temperatures and water immersion, highlights the need for further optimization to fully harness its potential in more demanding environments. Future research should focus on refining the material’s formulation and application techniques to address these limitations, aiming to expand its applicability across a broader range of environmental conditions and ensure its long-term reliability in real-world scenarios.
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