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Abstract

:

The construction environment of deep rock tunnels is complex, and effectively enhancing tunnel boring machine (TBM) tunneling efficiency is paramount. Increasing rock-breaking efficiency and minimizing cutter consumption are essential strategies for improving TBM tunneling efficiency. Selecting suitable tunneling parameters is crucial for enhancing rock-breaking efficiency and reducing cutter consumption. Existing research on the optimization of the ratio of maximum cutter spacing to penetration (Smax/P) based on field-measured data is limited, and few studies compare and analyze the relationship between SE, CI, and the Smax/P ratio separately. Consequently, this study determined optimal tunneling parameters for various types of surrounding rock and construction environments, aiming to more accurately optimize TBM tunneling performance during construction processes based on on-site construction data. This study conducted a comparative analysis of specific energy (SE) and the coarseness index (CI). Under both working conditions, the quadratic fitting coefficients of the CI are 4.2% and 10.6% higher than those of the SE, respectively, with the CI selected to represent the particle size distribution of rock chips. Finally, taking into account both the correlations between the CI and the ratio of maximum cutter spacing to penetration (Smax/P), as well as cutter consumption and the Smax/P ratio, an optimization method for the TBM tunneling parameter was established under both dry and saturated conditions. The research findings indicate that cutter consumption exhibits an exponential increase with a higher rock Cerchar Abrasivity Index (CAI); it initially decreases as the Smax/P ratio increases and subsequently increases in both dry and saturated conditions. Instead, the CI demonstrates an initial increase and subsequent decrease as the Smax/P ratio increases. Maximizing rock-breaking efficiency and minimizing cutter consumption are crucial for improving tunneling performance. In saturated conditions, the corresponding optimal Smax/P ratio ranges are 7.055–8.319 for soft rock, 8.606–8.931 for medium–hard rock, and 13.50–14.00 for hard rock, and these optimal ranges under dry conditions are 8.495–9.457, 10.972–12.169, and 16.5–17.5 for the same rock types. This study provides optimal Smax/P ratio ranges for TBM tunneling, thereby significantly enhancing tunneling efficiency.
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1. Introduction


Tunnel boring machines (TBMs) are extensively used in engineering projects, such as water conveyance tunnels, highway tunnels, and railway tunnels, owing to their exceptional rock-breaking efficiency, capacity for the provision of a secure working environment, and minimal impact on their geological surroundings. In the 21st century, China has achieved remarkable advancements in the construction of extensive and large-scale tunnel projects through the utilization of the TBM method. Notable completed projects include the West Qinling Tunnel of the Lanzhou–Chongqing Railway, the Qinling Tunnel of the Xikang Railway, the Dahuofang Water Diversion Tunnel in Liaoning, the Shaanxi Water Diversion Tunnel from the Han to Wei Rivers, and the Jilin Water Diversion Project. The TBM method stands as one of the prevailing construction techniques for the creation of lengthy tunnels, with its primary advantage rooted in its rapid construction pace [1,2,3,4]. Consequently, while prioritizing the secure execution of TBM operations, paramount strategies encompass diminishing disc cutter consumption while enhancing rock-breaking efficiency.



During the TBM construction process, the mechanism of breaking rocks using the disc cutter is highly complex. A TBM employs a disc cutter for rotation and cutting, thereby inducing tensile, compressive, and shear failures within a rock mass as an integral part of the excavation process [5]. In the process of rock-breaking using a disc cutter, the efficiency of TBM rock-breaking is primarily influenced by several factors, including the properties of the surrounding rock, the TBM cutter head, and the tunneling parameters. On one hand, the presence of joints with varying orientations, inclinations, and integrity levels in the surrounding rock introduces complexity and uncertainty to the TBM rock-breaking mechanism. On the other hand, the arrangement of the disc cutters and the tunneling parameters of the TBM, including the spacing between TBM disc cutters and penetration, also exert substantial influences on the efficiency of rock-breaking. The spacing between TBM disc cutters can significantly impact the efficiency of rock-breaking. It is essential to note that the cutter head and cutters of a TBM cannot be altered or modified during the later stages of manufacturing and installation. Therefore, it is necessary to establish spacing reasonably based on the rock-breaking mechanism before manufacturing to optimize rock-breaking. Cho et al. [6] assessed the linear cutting performance of full-scale TBM disc cutters on granite under various conditions and identified an optimal cutter spacing range that enhanced the cutting performance of the disc cutters. Penetration refers to the depth to which the TBM disc cutter is pressed into the rock under the thrust of the cutter head, and the extent of penetration significantly influences the cutting effectiveness of a TBM disc cutter. Pan et al. [7] conducted full-scale linear cutting experiments on granite and sandstone under varying confining pressures. They observed that the specific energy (SE) exhibited a trend of initially decreasing and then increasing with an increase in penetration depth. There exists an optimal penetration depth that maximizes the cutting performance of the disc cutter. Gertsch et al. [8] investigated the impact of disc cutter spacing and penetration on the rock-breaking cutting performance of disc cutters through a series of rock-breaking experiments. They observed that SE is more responsive to variations in disc cutter spacing than penetration. The characteristics of the surrounding rock, the cutter spacing, and the penetration exert a substantial influence on the size and shape of the rock chips [9,10,11], particularly their impact on the rock-breaking efficiency of the TBM. Compared to the properties of the surrounding rock, cutter spacing and penetration are controllable. Therefore, in the TBM construction process, determining the optimal ratio of cutter spacing to penetration is of great significance for improving the rock-breaking efficiency of the TBM. Given the variation in cutter spacing at different positions and the fact that the maximum cutter spacing accounts for a large proportion of the cutter head, this study adopts the maximum cutter spacing as the TBM cutter spacing value. Numerous researchers have identified the optimal ratio of cutter spacing to penetration (S/P) through indoor linear cutting experiments [10]. These experiments entailed calculating SE using construction data measured at various S/P values, followed by the creation of a graphical representation illustrating the relationship between SE and the S/P ratio. The optimal ratio is determined by identifying the S/P value corresponding to the minimum SE on the graph. However, it is important to highlight that most indoor linear cutting experiments employ relatively small rock samples, which can restrict their ability to accurately represent real construction site conditions [12]. The studies mentioned above mainly rely on indoor experiments, with minimal discussion and research devoted to assessing the effectiveness of TBM excavation based on insights gained from on-site construction data.



The tunneling performance of a TBM and the lifespan of its disc cutter are mainly influenced by factors including the characteristics of the surrounding rock, the TBM’s design, the interaction between the cutter and the surrounding rock, and the engineering geological environment [13,14]. Additionally, the presence of water in the surrounding rock significantly affects TBM tunneling performance as it can cause changes in the dry and saturated conditions of the surrounding rock. This is due to variations in the mechanical properties of rock under dry and saturated conditions [15]. Currently, there is limited research on evaluating TBM rock-breaking efficiency and optimizing tunneling parameters under varying dry and saturated conditions in surrounding rock. For example, Mammen et al. [16] studied the impact of water on the cutting performance of enhanced linear tunneling machines. They observed that disc cutter consumption in saturated argillaceous quartz sandstone is approximately 20% less than in dry argillaceous quartz sandstone. Similarly, Bakar et al. [17] concluded that water saturation can reduce the thermal fatigue of cutters based on experiments involving cutting rocks with full-scale cutters. Mosleh et al. [18] observed that disc cutter consumption initially increases and then decreases as the water content in orthoquartz sandstone rises. Bakar et al. [19] conducted full-scale cutting experiments on dry and saturated test blocks of medium-strength sandstone using a linear rock-cutting machine. They found that the SE was relatively low during the process cutting of saturated sandstone, resulting in improved rock-breaking efficiency and speed. Zhu et al. [20] discovered that the minimum SE of saturated sandstone is about 17% greater than that of corresponding dry rocks. Although some scholars have examined the influence of water on the physical and mechanical properties of surrounding rock, there has been relatively limited research conducted on the effects of varying dry and saturated tunneling conditions on the rock-breaking efficiency and disc cutter consumption of TBMs. Therefore, it is crucial to investigate the impact mechanisms of various construction and environmental conditions on TBM operations. This will aid in selecting optimal tunneling parameters, ultimately reducing project timelines and minimizing construction costs.



Most of the aforementioned studies primarily ascertained the S/P value through indoor linear cutting experiments, which may not precisely reflect the actual situation of a construction site. However, there is a scarcity of research focused on optimizing TBM tunneling efficiency using construction site data, especially regarding the impact of varying dry and saturated conditions on TBM rock-breaking efficiency and disc cutter consumption. In recent years, artificial intelligence and machine learning have introduced new approaches for predicting TBM tunneling efficiency [21] and analyzing shield tunnel settlement [22]. However, a large amount of on-site data is required for training machine learning-based models. Consequently, a straightforward method based on statistics and a fitting analysis is employed in this study. Selecting the appropriate Smax/P ratio based on on-site construction data and considering various dry and saturated conditions in the surrounding rock is crucial. This decision guides TBM construction, enhances rock-breaking efficiency, and effectively reduces cutter consumption and construction costs.



Building on this foundation, this study derives CI, SE, and Smax/P ratio values from on-site sieving tests and construction logs, and the complex correlations among these variables are studied through data fitting. Additionally, this study investigates the impact of varying dry and saturated conditions on TBM tunneling efficiency by analyzing the data correlations between CI and the Smax/P ratio, as well as cutter consumption and the Smax/P ratio. The aim is to optimize TBM tunneling parameters at the construction site and provide valuable insights and practical guidance for engineering practices.




2. Project Background


The rock samples utilized in this study were collected from a water conveyance tunnel project that transports water from the Liujiaxia Reservoir to Lanzhou City in northwestern China (see Figure 1). This project encompasses water tunnels, branch lines, treatment facilities, and municipal pipelines. The primary water conveyance tunnel was constructed using two double-shield TBMs that initiated tunneling from opposite ends. TBM 1 initiated tunneling from the Liujiaxia Reservoir side, while TBM 2 began from the Lujiaping water treatment plant side. These tunnel sections were designated TBM 1 and TBM 2, with lengths of 12.227 km and 13.259 km, respectively. The longitudinal gradient of the main tunnel averages approximately 0.1%. Initially, the main tunnel was designed with a diameter of 5.46 m, but it was measured at 4.60 m after construction. The maximum burial depth of the main tunnel reaches 918 m.



The geological profile along the water conveyance tunnel is shown in Figure 2. The lithology of the strata encountered along the water conveyance tunnel includes the following: (1) Middle Caledonian quartz diorite (δο32); (2) blue-grey quartz schist of the pre-Sinian Mazhuanshan Group (AnZmx4); (3) middle Caledonian granite (γ32); (4) the Lower Cretaceous Hekou Group (K1hk1), characterized by brown-red interbedded with light gray-green sandstone and mudstone; and (5) green-gray metamorphic andesite of the Upper Middle Ordovician Wusu Mountain Group (O2–3wx2). The primary design parameters for TBM1 and TBM2 are provided in Table 1.




3. Rock Chip Sieving and Laboratory Tests


3.1. On-Site Rock Chip Sieving Test


Research has indicated that analyzing rock chip data generated during TBM tunneling is the primary method for evaluating a TBM’s rock-breaking efficiency [23,24]. Rock chip sieving tests serve as a primary means of acquiring these crucial rock chip data. According to relevant European regulations (BSEN933-1-2012) [25], the minimum required sample weight for each sieve group depends on the maximum particle size of the rock chip, with a minimum of 40 kg mandated for samples with a maximum particle size of 63 mm. Therefore, to ensure the representativeness of collected rock chip samples, it is advisable to aim for a minimum mass of at least 100 kg for each group of samples.



The rock chip sieving test utilized standard square-hole sieves with apertures of 40 mm, 31.5 mm, 25 mm, 16 mm, 10 mm, 5 mm, and 2.5 mm to randomly select mixed particle-size rock chip samples from the TBM belt conveyor outlet at the construction site (see Figure 3). Subsequently, the fundamental data acquired from the TBM rock chips were employed for the analysis and assessment of the TBM’s rock-breaking efficiency. Sampling should adhere to minimum sampling requirements such that each group of rock chips is manually or mechanically sieved, and the weights of rock chips with varying particle sizes, as obtained through sieving, are recorded. Dry rock chips can be directly sieved, while wet rock chips require natural drying before sieving.




3.2. Preparation of Rock Samples


Following testing requirements and engineering geological survey data, representative rock cores from five distinct lithologies were extracted from the core library in the Lanzhou Water Conveyance Tunnel Project. During the sampling process, elongated and intact cylindrical rock cores were obtained from various depths of the geological drilling column, corresponding to metamorphic andesite (A), sandstone (S), granite (H), quartz schist (Y), and quartz diorite (SY). For each lithology, 6–8 rock core samples, each with a length of no less than 30 cm, were collected. Subsequently, following laboratory testing standards, these rock core samples were processed through various methods to prepare them for the Cerchar abrasion test. The original rock core test sections, representing the five distinct lithologies, were made into standardized cylindrical samples with a diameter of 50 ± 1 mm and a height of 40 ± 1 mm, following three steps: drilling, cutting, and grinding. The upper and lower surfaces of these samples were maintained parallel. There were 8 samples for each group, totaling 40 samples, each classified and assigned a unique identification number.




3.3. Cerchar Abrasivity Test


In this study, a rock abrasion servo tester (as depicted in Figure 4) was utilized to determine the Cerchar Abrasivity Index (CAI) values of 40 rock samples obtained from five distinct lithologies. The objective was to evaluate the wear resistance of the rocks. The instrument provides numerous advantages, including high levels of automation, compatibility with various test material shapes, user-friendly operation, and precise measurement capabilities.



To evaluate the impact of varying lithological rock CAI values on disc cutter consumption under both dry and saturated conditions, Cerchar abrasivity tests were conducted on rock samples exposed to these conditions (see Figure 5). The test procedure for this test followed the ASTM D7625-2010 [26] specification. A total of five groups of standard rock samples were prepared for the test, with each group containing eight samples. In each group, the first four rock samples (1–4) underwent Cerchar abrasion tests under dry conditions, whereas the subsequent four rock samples (5–8) underwent Cerchar abrasion tests under saturated conditions. The test results are presented in Table 2.





4. Correlations among CI, SE, and Tunneling Parameters


The arrangement of a TBM’s cutters plays a crucial role in determining its rock-breaking efficiency. Specifically, the ratio of maximum disc cutter spacing to penetration (Smax/P) significantly affects the characteristics of rock chip particle size and shape. Identifying the optimal value of the Smax/P ratio is essential for mitigating tunneling energy consumption, enhancing TBM rock-breaking efficiency, and reducing engineering costs. In engineering, the CI is widely embraced by researchers for its intuitive and convenient assessment of rock chip particle size distribution. Additionally, its simple calculation allows for an indirect evaluation of TBM rock-breaking efficiency. Therefore, employing the CI to determine the optimal Smax/P is not only straightforward and convenient but also offers more precise insight into on-site construction conditions. To provide a valuable reference for selecting tunneling parameters in similar projects, this section investigates the correlations among the CI, SE, and Smax/P ratio.



4.1. Specific Energy (SE)


SE is an indicator used to represent the amount of energy required to break a unit of rock mass. In recent years, with the widespread application of TBMs in tunnel construction, SE has become a common metric for evaluating the rock-breaking efficiency of TBMs in tunnel construction projects [27]. Usually, the smaller the SE, the less energy is required to cut a unit of rock mass, leading to a higher rock-breaking efficiency for the TBM and vice versa. The formula for calculating specific energy is as follows:


  S E =    F v  l + M θ   l π  R 2     



(1)




where SE is the specific energy (kJ/m3), Fv is the average tunneling thrust of the TBM (kN), l is the tunneling distance of the TBM for a certain period (m), M is the average torque of TBM tunneling (KN·m), ϴ is the rotation angle of the cutter (rad), and R is the radius of the excavated tunnel (m).



Through the extraction, analysis, and processing of data from construction logs related to various rock chips and tunneling parameters in the Lanzhou Water Conveyance Tunnel Project, SE was computed for each tunneling section, as shown in Table 3 and Table 4.




4.2. Coarseness Index (CI)


Roxborough et al. [28] proposed the concept of the CI, which can, to a certain extent, reflect both the fragmentation of rock chips [24] and the distribution of particle sizes within the rock chips [29]. Utilizing data from the rock chip sieving tests, the particle size distribution of the rock chips is analyzed to calculate the cumulative residual rate for each sieve. Subsequently, these cumulative residual rates are aggregated to calculate the CI. The specific calculation expression is as follows:


   X i  =    W i     W t    × 100 %  



(2)






  C I =  ∑   X i     



(3)




where Wi is the total mass of rock chips larger than a certain particle size obtained from on-site sieving tests (kg); Wt is the total mass of TBM rock chips taken on-site (kg); Xi is the cumulative residue rate greater than a certain particle size; CI is coarseness index of rock chips.



A total of 14 on-site rock chip sieving tests were completed, involving five typical rock types. Rock hardness varies and is categorized into two types of surrounding rock: hard rock and relatively soft rock, both of which are well representative. After sieving, we obtained data from 14 groups of TBM rock chip sieving tests, and the results of the sieving tests are presented in Table 3 and Table 4. Through the analysis and processing of data obtained from on-site rock chip sieving tests, CI indicators can be derived for both soft rock and hard rock. Construction data were collected, and SE values for the two working conditions were calculated using Equation (1), as presented in Table 3 and Table 4.




4.3. Correlation between CI and SE


The rock mass information at the construction site was divided into two working conditions: soft rock and hard rock. A correlation analysis of the CI and SE for these two working conditions is presented in Figure 6.



As shown in Figure 6, in both soft rock and hard rock conditions, SE decreases as the CI increases. The correlation between these two parameters is strong, with correlation coefficients of 0.820 and 0.835, respectively. This indicates that the CI maintains a robust linear correlation with SE, offering an accurate reflection of the TBM’s rock-breaking efficiency. From the perspective of the rock chip analysis, when the TBM exhibits high rock-breaking efficiency, the proportion of block and sheet rock chips is relatively high, whereas the content of powdered rock chips is comparatively low, resulting in a higher calculated CI. Conversely, when the TBM’s rock-breaking efficiency is low, there are lower contents of block and sheet rock chips, while the content of powdered rock chips is higher, resulting in a lower calculated CI. Thus, using the CI to reflect the rock-breaking efficiency of a TBM is reliable. Furthermore, the considerable variability in parameters like thrust, torque, and penetration at TBM construction sites often poses challenges in accurately determining the parameter values required for calculating SE. In some cases, it becomes extremely challenging to accurately calculate SE for a construction site. Obtaining corresponding CI indicators from the rock chips generated in real time during TBM tunneling can be achieved through a relatively straightforward method, offering precise feedback on on-site construction conditions. Therefore, the optimization of TBM tunneling parameters and the provision of feedback on rock-breaking efficiency based on the CI hold significant practical significance.




4.4. Correlation between Rock-Breaking Efficiency and Tunneling Parameters


Data from 14 on-site rock chip sieving tests and the calculated CI, SE, and Smax/P values from TBM construction logs (Table 3 and Table 4) were utilized to examine and analyze the correlation between Smax/P and SE, as well as between Smax/P and CI. The results are presented in Figure 7 and Figure 8.



From Figure 7 and Figure 8, it is evident that under all operating conditions, the SE initially decreases and subsequently increases with an increase in the Smax/P ratio. An optimal Smax/P value exists to minimize SE. Similarly, the CI initially increases and then decreases with the increase in the Smax/P ratio, and an optimal Smax/P value can be identified to maximize the CI. When the Smax/P ratio is small (indicating higher penetration), thrust and torque on the cutter head increase, strengthening the synergistic effect among the TBM’s cutters. This leads to excessive rock-breaking, as depicted in Figure 9a, in which predominantly block-shaped rock chips prevail. The energy provided by the TBM is greater than the energy required for rock-breaking, resulting in an increase in the ineffective rock-breaking energy and a relatively lower rock-breaking efficiency. As the Smax/P ratio increases, particularly within the optimal Smax/P range, the penetration becomes moderate, allowing cracks initiated by neighboring disc cutters to gradually extend to the penetration point, effectively breaking the rock. This is illustrated in Figure 9b, in which the predominant form of rock chips is in the shape of flakes. At this stage, energy consumption is minimized, resulting in effective rock-breaking. However, with a continued Smax/P increase, the penetration is relatively low, and the synergy between TBM cutters weakens. The cracks generated by disc cutters cannot link up to each other. The primary reason for this phenomenon is that under conditions of reduced driving force, the cutting force applied by the disc cutter fails to reach the critical load required for rock-breaking [30]. Consequently, a grinding effect occurs between the disc cutter and the rock, resulting in increased powdery rock chip content, smaller rock chip particle sizes, an elevated SE, and a reduced CI. Therefore, the rock-breaking efficiency of the TBM decreases [31], as illustrated in Figure 9c. During this period, penetration is minimal, resulting in limited rock-breaking and slower tunneling progress, which is not conducive to efficient tunneling.



Additionally, as shown in Figure 7 and Figure 8, both SE and the CI exhibit a strong quadratic correlation with Smax/P values under both operational conditions, with fitting coefficients exceeding 0.880. Specifically, Figure 7 indicates a quadratic fitting coefficient between SE and the Smax/P ratio of 0.923, with the optimal Smax/P range identified as 10–12 under soft rock conditions. Similarly, the quadratic fitting coefficient between the CI and Smax/P ratio is 0.957, with the optimal Smax/P range being 11–12. In Figure 8, the quadratic fitting coefficient between SE and the Smax/P ratio is 0.882, with an optimal Smax/P range of 13–14 under hard rock conditions. Similarly, the quadratic fitting coefficient between the CI and Smax/P ratio is 0.986, with the optimal Smax/P range determined to be 15–16. Under both working conditions, the CI exhibits superior quadratic fitting coefficients compared to the SE, with percentages of 4.2% and 10.6% higher, respectively. This suggests that the CI offers a more precise fit with respect to the Smax/P ratio. Moreover, the CI is more readily obtainable at the construction site and offers higher accuracy compared to SE indicators. Therefore, the CI possesses unparalleled advantages in the optimization of TBM tunneling parameters and in guiding on-site TBM construction.





5. Influence of Dry and Saturated Conditions on TBM Tunneling Efficiency and Optimization of Tunneling Parameters


In the majority of engineering projects employing TBM construction, the prevailing conditions for the surrounding rock typically fall into two categories: dry and saturated states. To explore the influence of the presence of water on the properties of different tunnel-surrounding rocks and TBM tunneling efficiency, the Cerchar Abrasivity Test was conducted using data from the Lanzhou Water Conveyance Tunnel Project. Tunneling data from TBM sections with varying lithologies were collected, organized, and subjected to a fitting analysis. This study explores differences in TBM rock-breaking efficiency and cutter consumption under different dry and saturated tunneling conditions. Furthermore, TBM tunneling parameters were optimized based on the principle of maximizing the CI and minimizing disc cutter consumption. By identifying the optimal tunneling parameters for various tunneling conditions, the objective of enhancing TBM rock-breaking efficiency and minimizing TBM disc cutter consumption was accomplished.



5.1. Optimization of Tunneling Parameters Based on CI


At the TBM construction site of the Lanzhou Water Conveyance Tunnel Project, tunneling sections involving relatively soft rock (sandstone), medium-hard rock (metamorphic andesite), and hard rock (granite, quartz schist, and quartz diorite) were selected for collecting, statistically analyzing, and processing TBM tunneling data. Corresponding rock chip samples were also collected for sieving tests. A robust quadratic relationship exists between the Smax/P ratio and the CI, with the CI serving as a superior indicator for assessing TBM rock-breaking efficiency and on-site construction conditions. Therefore, sieving tests were conducted on the aforementioned types of rock chips. Based on the sieving results, the CI was calculated using Equations (2) and (3). The correlation between the CI and Smax/P ratio under various tunneling conditions was subjected to a fitting analysis, and the corresponding results are presented in Figure 10.



As shown in Figure 10, the correlation between the CI and the Smax/P ratio aligns with the previously analyzed results. A comparative analysis of Figure 10a–c reveals that for dry surrounding rocks classified as medium-hard rock (metamorphic andesite), relatively soft rock (sandstone), and hard rock (granite, quartz schist, and quartz diorite), the optimal Smax/P ranges for a TBM are 10.972–12.246, 8.495–9.749, and 14.511–16.640, respectively. Similarly, for saturated surrounding rocks classified as medium-hard rock (metamorphic andesite), relatively soft rock (sandstone), and hard rock (granite, quartz schist, and quartz diorite), the optimal Smax/P intervals for TBM are 7.187~8.641, 7.055~8.319, and 10.945~13.163, respectively. As observed in Figure 10, the curve representing saturated surrounding rock appears positioned higher and to the left compared to the curve representing dry surrounding rock. This is because of the lower strength of saturated surrounding rock. On one hand, the overall P tends to be higher due to saturation, while Smax remains unchanged. Consequently, the ratio Smax/P becomes smaller, leading to the curve of saturated surrounding rock being located to the left of that of dry surrounding rock. On the other hand, the lower strength of saturated surrounding rock contributes to a more effective rock-breaking efficiency, resulting in the relationship curve being positioned above that of dry surrounding rock. When the surrounding rocks consist of medium-hard rock (metamorphic andesite), relatively soft rock (sandstone), and hard rock (granite, quartz schist, and quartz diorite), the maximum CI of the TBM in the saturated state of the surrounding rock is, respectively, 5.27%, 5.01%, and 9.59% higher than that in the dry condition. This difference is attributed to the influence of water, which significantly weakens particle-to-particle bonding, reduces their binding force, and enhances the propensity for outward particle expansion [32]. The presence of water within the pores of the rock diminishes the strength and deformation characteristics of the rock, facilitating rock-breaking. Additionally, water exerts softening, dissolution, and water-wedge effects on rocks. When water molecules infiltrate the interstices among rock particles, they reduce the cohesion among these particles, leading to a decline in rock strength and a softening effect which is manifested by reductions in both strength and deformation parameters. Water, acting as a solvent, can dissolve certain mineral components within rock, leading to uneven stress or the partial dissolution of cementitious substances within the rock, thus playing a pivotal role in rock dissolution. Simultaneously, a reduction in pore volume during rock compression can induce an elevated pore water pressure, resulting in the generation of additional stress near the crack. This can trigger crack propagation and ultimately diminish the rock’s yield and peak limit [33].




5.2. Optimization of Tunneling Parameters Based on Cutter Consumption


The data on TBM disc cutter consumption under five different rock tunneling conditions in the Lanzhou Water Conveyance Tunnel Project were collected and statistically analyzed, as presented in Table 5 and Figure 11. Figure 11 illustrates the varying impact of CAI values on TBM disc cutter consumption in rocks under different dry and saturated conditions. Regardless of whether the rock is dry or saturated, the consumption of TBM cutters increases exponentially with an increase in rock CAI. However, when the CAI is the same, the quantity of cutter consumption during TBM tunneling in saturated surrounding rock is observed to be lower than that in dry surrounding rock. Variations in TBM cutter consumption can be observed between dry and saturated conditions when tunneling surrounding rocks of differing CAI values. When the surrounding rock is sandstone with a lower CAI, the TBM cutter consumption of rocks in dry and saturated conditions is relatively low, and the difference is not significant. This is attributed to the fact that when the rock CAI is low, its hardness is relatively lower compared to the TBM disc cutter, and the influence of water within the rock’s internal pores on softening the rock and its subsequent impact on TBM disc cutter consumption can be largely disregarded. However, in the case of metamorphic andesite, which is characterized by high wear resistance, TBM cutter consumption in saturated surrounding rock is reduced by 53.12% compared to dry surrounding rock. In scenarios involving granite, quartz schist, and quartz diorite, which possess the highest wear resistance, TBM cutter consumption decreases by approximately 41.93% to 57.06% under saturated conditions relative to dry conditions. The consumption of TBM cutters under dry conditions of highly wear-resistant surrounding rock increases higher than that in the saturated condition as the CAI of the rock increases. This is attributed to the presence of water, which softens the rock, diminishes its strength, provides lubrication, and cools the rock. Additionally, it weakens the friction between the disc cutter and the rock surface, thereby reducing thermal fatigue wear induced by TBM disc cutter rock-breaking [34]. Water molecules infiltrate the internal pores of rocks, thereby diminishing the cohesion between mineral particles within the rock. Furthermore, as a solvent, water dissolves soluble mineral components, which further disrupts the internal structural cohesion of the rock, leading to a non-uniform stress distribution in terms of magnitude and direction within the rock. This is evidenced by a decrease in both the strength and deformation parameters of the rock [33]. Therefore, in the presence of rock with high wear resistance, the water within the rock’s internal pores significantly influences the consumption of TBM cutters. Hence, gaining insight into the cutter consumption patterns of TBMs under varying lithologies and in both dry and saturated conditions can facilitate informed decisions for TBM disc cutter selection and design. It allows for the proposal of optimization measures tailored to geological conditions. Additionally, it enables the anticipation of disc cutter consumption during the construction process, leading to the prediction of cutter longevity and the optimization of cutter management strategies. This holds significant implications for enhancing TBM tunneling efficiency.



The dry and saturated conditions, as well as the strength and wear resistance of the surrounding rock, significantly influence the consumption of TBM disc cutters. In practical engineering, the cost of cutters constitutes a significant portion of TBM construction projects, and the consumption of TBM disc cutters is notably influenced by tunneling parameters. There should be a connection between the Smax/P ratio and cutter consumption. Hence, it is imperative to investigate and analyze the correlation between TBM cutter consumption and the Smax/P ratio. By collecting, statistically analyzing, processing, and analyzing cutter consumption data during TBM construction, the corresponding tunneling data were selected to establish a correlation curve between TBM cutter consumption and the Smax/P ratio under varying dry and saturated conditions, as shown in Figure 11. As shown in Figure 11, regardless of whether the surrounding rock is classified as hard or soft rock and under both dry and saturated conditions, TBM cutter consumption initially decreases and subsequently increases with a rise in the Smax/P ratio. The optimal Smax/P ratio minimizes TBM cutter consumption by increasing the contact area between the disc cutter and the rock, thereby enhancing the synergistic effect among the TBM’s disc cutters. The rock between the disc cutters exerts a counterforce on them, leading to friction between the disc cutter and the rock. When the Smax/P ratio is small, penetration is greater (with the cutter spacing remaining constant during tunneling), leading to increased friction between the cutter and the rock, thus resulting in greater TBM cutter wear. Within the optimal range of the Smax/P ratio, moderate penetration allows for the gradual extension of cracks generated by neighbor cutter heads, effectively facilitating rock-breaking. At this time, TBM tunneling efficiency is elevated, accompanied by a relatively modest consumption of TBM cutters. As the Smax/P ratio continues to rise, penetration decreases, leading to a diminished synergistic effect among TBM cutters. However, the total duration of contact friction between the cutters and the rock increases, leading to a relatively higher wear rate of TBM cutters. Therefore, the consumption of TBM cutters is higher, leading to decreased TBM tunneling efficiency during this period.



Comparing and analyzing Figure 12, optimal Smax/P ranges for TBMs are found to vary under different dry and saturated conditions with surrounding rock types. In the case of dry surrounding rocks, including medium-hard rock (metamorphic andesite), relatively soft rock (sandstone), and hard rock (granite, quartz schist, and quartz diorite), the optimal Smax/P ranges are 10.414~12.169, 7.976~9.457, and 17.465~19.369, respectively. Meanwhile, for saturated surrounding rocks of the same types, the optimal Smax/P ranges are 8.606~11.656, 6.502~8.769, and 14.514~16.193. The optimal Smax/P ratio for saturated surrounding rock is smaller than in dry conditions. The presence of water in the surrounding rock diminishes rock wear resistance and weakens the thermal fatigue wear of the disc cutter. Under identical penetration conditions, the wear resistance of saturated surrounding rock decreases, resulting in a relative reduction in TBM cutter consumption. Therefore, accurate predictions for cutter consumption under various dry and saturated conditions during tunneling can be made. Simultaneously, determining the optimal tunneling parameters under specific conditions also aids in reducing cutter consumption.




5.3. Optimal Tunneling Parameters Considering CI and Cutter Consumption


In TBM construction projects, the balance between rock-breaking efficiency and cutter consumption is frequently inadequate, potentially leading to project delays and increased costs. The construction period and cost are paramount concerns for enterprises involved in engineering projects. Therefore, it is imperative to comprehensively assess the rock-breaking efficiency and cutter consumption of a TBM, aiming to identify the optimal tunneling parameter range for maximizing its tunneling efficiency.



By comprehensively examining the correlations between the CI and the Smax/P ratio, as well as cutter consumption and the Smax/P ratio under varying dry and saturated conditions of the surrounding rock, this study analyzes TBM tunneling efficiency to optimize TBM tunneling parameters. Based on Figure 10 and Figure 12, it is evident that for relatively soft surrounding rock, considering the CI and cutter consumption, the optimal Smax/P ranges for a TBM in dry and saturated conditions are 8.495~9.457 and 7.055~8.319, respectively. For medium-hard surrounding rock, considering the CI and cutter consumption, the optimal Smax/P ranges for TBMs in dry and saturated conditions are 10.972~12.169, and 8.606~8.931, respectively. At this time, TBMs exhibit enhanced rock-breaking efficiency with reduced cutter consumption. Considering the wide ranges of rock types analyzed in this study and the numerous factors influencing the properties of surrounding rocks, the optimal Smax/P range, based on the CI and cutter consumption, does not overlap for either dry or saturated conditions for hard rock. Recommended ranges were selected based on a data analysis and construction experience. The optimal Smax/P ranges for dry and saturated conditions are as follows: 16.5~17.5 and 13.50~14.00. The recommended optimal Smax/P ratio range is shown in Table 6. Figure 10 and Figure 12 illustrate that within the optimal Smax/P range for TBM, rock-breaking efficiency is higher, while cutter consumption is minimized. Moreover, when the Smax/P value falls within the optimal range, the rock-breaking efficiency and cutter consumption of a TBM in saturated rock conditions are more favorable for project advancement compared to dry conditions. The presence of water facilitates rock-breaking, reduces its wear resistance, and enhances the thermal fatigue wear of disc cutters. This study assessed the influence of varying dry and saturated conditions in the surrounding rock on TBM tunneling efficiency by employing data fitting while considering the CI and cutter consumption. The proposed optimal tunneling parameter range, considering both the CI and cutter consumption, can serve as a valuable reference for projects in similar geological conditions seeking to maximize TBM tunneling performance. This research holds significant implications for the optimization of TBM tunneling parameters, ultimately resulting in reduced project durations and construction costs.





6. Conclusions


A TBM parameter optimization method based on the CI and cutter consumption was proposed in this study based on the construction project of the water conveyance tunnel in the Lanzhou Water Conveyance Tunnel Project. This method effectively improves the rock-breaking efficiency of a TBM and reduces its cutting tool consumption. It employed a statistical analysis and data fitting to realize optimization. These findings provide valuable insights for the selection of tunneling parameters in similar engineering projects. The main research conclusions are as follows:




	
Both SE and the CI exhibit strong quadratic relationships with the Smax/P ratio. The fitting coefficients for the CI under both soft and hard rock conditions are 4.2% and 10.4% higher than those of the SE, respectively.



	
Regardless of if conditions are dry or saturated, TBM cutter consumption increases exponentially with the CAI. In different lithologies under saturated conditions, cutter consumption is 15.07% to 57.06% lower compared to dry conditions.



	
In both dry and saturated conditions, the CI initially increases and then decreases with an increase in the Smax/P ratio, while TBM cutter consumption decreases initially and then increases with a rise in the Smax/P ratio. There exists an optimal Smax/P value that maximizes TBM rock-breaking efficiency and minimizes TBM cutter consumption.



	
Considering both TBM rock-breaking efficiency and cutter consumption, the optimal Smax/P ranges for dry conditions are 10.972–12.169, 8.495–9.457, and 16.5–17.5 for medium-hard, soft, and hard rocks, respectively. In saturated conditions, the optimal Smax/P ranges are 8.606–8.931, 7.055–8.319, and 13.50–14.00 for the same rock types. To enhance TBM construction guidance, optimal tunneling parameter ranges are suggested for various dry and saturated surrounding rock tunneling conditions.








In conclusion, this optimization method can optimize the TBM parameters of similar geological formations by calculating the CI and cutter consumption. The efficiency optimization method proposed in this study is applicable to continuous strata, but its effectiveness for broken formations requires further investigation. However, the research methodology of this study is applicable to most strata and engineering projects. Subsequent research should collect more data for analysis and study a wider range of strata types. Further mechanical studies are warranted to facilitate TBM optimization design across diverse geological and environmental contexts.
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Figure 1. Construction layout of the water conveyance tunnel. 
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Figure 2. Geological profile of the water conveyance tunnel. 
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Figure 3. The sieving test of TBM rock chips. 
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Figure 4. Rock abrasion servo tester. 
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Figure 5. Steel needle evaluation before and after the Cerchar abrasion test. 
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Figure 6. Correlation between CI and SE. (a) Soft rocks; (b) hard rocks. 
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Figure 7. Correlations between SE and Smax/P ratio and CI and Smax/P ratio for soft rock. (a) Correlation between Smax/P ratio and SE; (b) correlation between Smax/P ratio and CI. 
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Figure 8. Correlations between SE and Smax/P ratio as well as CI and Smax/P ratio for hard rock. (a) Correlation between Smax/P ratio and SE; (b) correlation between Smax/P ratio and CI. 
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Figure 9. Disc cutter rock-breaking methods at different Smax/P values. (a) Smaller Smax/P value, (b) optimal Smax/P value, and (c) greater Smax/P value. 
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Figure 10. CI and Smax/P ratio relationship curves in dry and saturated conditions. (a) Relatively soft rock, (b) medium-hard rock, and (c) hard rock. 
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Figure 11. Cutter consumption variation with CAI in dry and saturated conditions. 
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Figure 12. Cutter consumption variation with Smax/P ratio in dry and saturated conditions. (a) Relatively soft rock, (b) medium-hard rock, and (c) hard rock. 
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Table 1. TBM main design parameters.
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TBM Design Parameters

	
Water Conveyance Tunnel




	
TBM1

	
TBM2






	
TBM type

	
double shield




	
Tunneling diameter

	
5460 mm

	
5460 mm




	
Number of disc cutters

	
37

	
30




	
Center disc cutter/diameter

	
6/432 mm

	
4/432 mm




	
Inner cutter/diameter

	
21/483 mm

	
17/483 mm




	
Gauge cuter/diameter

	
10/483 mm

	
9/483 mm




	
Maximum cutter spacing

	
86 mm

	
83 mm




	
Cutter head speed

	
0~10.3 r·min−1

	
0~8.7 r·min−1




	
Cutter head power

	
1800 kW

	
2100 kW




	
Maximum cutter head thrust

	
22,160 kN

	
11,900 kN




	
Rating torque

	
3458 kN·m

	
4210 kN·m




	
Breakaway torque

	
5878 kN·m

	
6940 kN·m




	
Maximum tunneling speed

	
120 mm·min−1

	
120 mm·min−1











 





Table 2. CAI values for rocks of different lithologies in dry and saturated conditions.
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Rock

Lithology

	
Code Name

	
Sample Number

	
CAIdry

	
Average CAIdry

	
Code Name

	
CAIsat

	
Average CAIsat






	
Metamorphic andesite

	
A

	
A1

	
2.435

	
2.530

	
A5

	
1.846

	
2.006




	
A2

	
2.358

	
A6

	
1.553




	
A3

	
2.746

	
A7

	
2.439




	
A4

	
2.581

	
A8

	
2.184




	
Sandstone

	
S

	
S1

	
0.751

	
0.846

	
SH5

	
0.564

	
0.747




	
S2

	
0.978

	
SH6

	
0.939




	
S3

	
0.835

	
SH7

	
0.741




	
S4

	
0.821

	
SH8

	
0.743




	
Granite

	
H

	
H1

	
2.933

	
3.523

	
H5

	
2.581

	
2.905




	
H2

	
3.751

	
H6

	
2.943




	
H3

	
3.323

	
H7

	
3.261




	
H4

	
4.085

	
H8

	
2.834




	
Quartz schist

	
Y

	
Y1

	
4.169

	
3.488

	
SP5

	
3.041

	
3.024




	
Y2

	
3.323

	
SP6

	
2.822




	
Y3

	
3.647

	
SP7

	
3.254




	
Y4

	
2.813

	
SP8

	
2.978




	
Quartz diorite

	
SY

	
SY1

	
3.539

	
3.167

	
SY5

	
3.219

	
3.102




	
SY2

	
2.959

	
SY6

	
3.411




	
SY3

	
2.953

	
SY7

	
3.042




	
SY4

	
3.215

	
SY8

	
2.734











 





Table 3. Sieving test data for rock chips cut by TBM for soft rocks and hard rocks.
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	Group Number
	Surrounding Rock Grade
	Sieve Quality (kg)
	Smax/P
	SE (kJ/m3)
	CI





	1
	IV
	178.81
	6.38
	30,024.92
	312.13



	2
	IV
	108.20
	5.2
	31,784.36
	279.29



	3
	III
	215.17
	9.8
	19,939.43
	347.60



	4
	III
	164.30
	5.4
	29,866.75
	326.74



	5
	III
	119.80
	9.5
	17,356.68
	366.00



	6
	III
	104.61
	7.22
	27,396.53
	328.00



	7
	III
	194.37
	9
	19,616.44
	350.66










 





Table 4. The sieving test data of rock chips cut by TBM for hard rocks.
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	Group Number
	Surrounding Rock Grade
	Sieve Quality (kg)
	Smax/P
	SE (kJ/m3)
	CI





	1
	II
	180.50
	22.25
	78,505.88
	377.28



	2
	II
	171.15
	23.25
	68,820.04
	350.74



	3
	II
	263.17
	20.11
	51,575.24
	430.81



	4
	II
	212.74
	12.29
	32,221.89
	448.88



	5
	II
	175.07
	12.6
	29,259.62
	454.06



	6
	II
	239.25
	17.2
	38,060.04
	457.58



	7
	II
	214.14
	20.5
	46,150.56
	429.67










 





Table 5. CAI values and cutter consumption for dry and saturated rock.
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Rock Lithology

	
Dry

	
Saturated




	
CAIdry

	
Cutter Consumption

10−3 Piece m−3

	
CAIsat

	
Cutter Consumption

(10−3 Piece∙m−3)






	
Metamorphic andesite

	
2.530

	
2.568

	
2.006

	
1.204




	
Sandy stone

	
0.846

	
0.669

	
0.747

	
0.642




	
Granite

	
3.523

	
5.640

	
2.905

	
2.422




	
Quartz schist

	
3.488

	
6.070

	
3.024

	
2.741




	
Quartz diorite

	
3.167

	
5.066

	
3.102

	
2.942











 





Table 6. Optimal Smax/P ranges determined based on disc cutter consumption and CI data.
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Rock Lithology

	
Soft Rock

	
Medium-Hard Rock

	
Hard Rock






	
The optimal Smax/P range determined based on CI

	
Dry

	
7.976~9.457

	
10.414~12.169

	
17.465~19.369




	
Sat

	
6.502~8.769

	
8.606~11.656

	
14.514~16.193




	
The optimal Smax/P range determined based on cutter consumption

	
Dry

	
8.495–9.749

	
10.972–12.246

	
14.511–16.640




	
Sat

	
7.055~8.319

	
7.187~8.641

	
10.945~13.163




	
The optimal Smax/P range recommendation

	
Dry

	
8.495~9.457

	
10.972~12.169

	
16.5~17.5




	
Sat

	
7.055~8.319

	
8.606~8.931

	
13.50~14.00
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