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Abstract

:

Tunnel construction projects are a classic type of repetitive project, and hold a crucial position in the construction industry. The linear scheduling method (LSM) has been in the spotlight in scheduling optimization for repetitive construction projects since it was first proposed. However, the possibility of changing the construction sequence during application is very often overlooked, which is not in line with actual engineering practices. Incorporating soft logic into LSM and considering the characteristics of tunnel construction, we propose an optimization method for the tunnel construction schedule to shorten the duration by opening up an additional working surface. A mixed-integer programming (MIP) model is developed, which considers various constraints, such as construction sequence and work continuity. The exact algorithm and genetic algorithm (GA) are designed via Python, and the validity is verified through practical cases. A comparative analysis was conducted between the two algorithms and their outcomes demonstrates that the method can satisfy the restrictive constraints of tunnel construction projects. In addition, improvement strategies for tunnel construction management are recommended.
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1. Introduction


With population growth and increasing traffic congestion, the development of tunnel engineering has become inevitable. By the end of 2022, China had constructed 24,850 road tunnels. At present, the technique and management of tunnel construction have achieved maturity, but there is still the unavoidable issue of work stopping due to environmental changes. This seriously affects the duration of construction projects and leads to a waste of labor, materials, and machinery resources. Tunnel construction is significantly characterized as involving repetitive construction projects, which consist of multiple repetitive units. The same activities are repeated in each unit, and construction resources are transferred from one unit to the next in a well-timed manner [1,2]. The scheduling of projects is an essential part of project management [3]. The resource-constrained project scheduling problem is a classic issue in project scheduling, where the purpose is to allocate finite resources to activities in the construction project, as well as to establish a schedule of construction project activities [4]. In recent years, the optimal problem of scheduling repetitive construction projects has attracted considerable attention from researchers [5]. Duration is regarded as one of the most important objectives for construction companies, and tunnel construction can be accelerated by increasing the number of working surfaces. However, a large portion of existing tunnel construction schedules are formulated based on manual experience and lack efficient and scientific calculation methods. Under the developing trend of construction management refinement, there is an urgent demand to explore the optimization of the tunnel construction schedule to provide a practical and scientific method for tunnel construction management.



Given the accessibility of computational programs and commercial software packages, traditional Gantt charts and network planning techniques, such as planning review techniques and the critical path method (CPM) [6], are extensively applied to construction projects for planning and scheduling. Nevertheless, these methods have a restricted degree of adaptability to repetitive construction projects and do not allow for efficient planning for them [7]. As a result, linear scheduling methods (LSMs) for repetitive projects have been gradually applied in the field of construction engineering [8]. The most representative methods are the line-of-balance (LOB) [9] and linear scheduling method (LSM) [10,11]. The LSM has been proven to have significant advantages as an approach to the scheduling of repetitive construction projects [12]. Most of the studies related to the LSM assume that the logical relationships are fixed, meaning that the construction of the whole project is carried out in a fixed sequence [13]. Such assumptions differ from the actual conditions. The project may be accomplished by multiple construction teams and the construction sequence may be subject to shifts due to environmental changes [14]. The same activities in different units and different activities in the same unit are linked by logical relationships, which can be “fixed” and “soft” [15]. In contrast to fixed logic, the implementation order of the construction units in soft logic relationships is changed. An increasing number of scholars have focused their studies on the optimization of construction schedules considering soft logic.



The scheduling optimization of repetitive construction projects has been extensively studied in recent years. However, there are still research gaps regarding aspects related to the optimization of the tunnel construction schedule, especially the lack of consideration of the situations in which the construction sequence can be changed. To address these issues, an optimization model for the tunnel construction schedule is developed by combining LSM and soft logic relationships.



The study is aimed at the optimization of the tunnel construction schedule, and the major contributions are as follows:




	(1)

	
By introducing soft logic relationships into the field of tunnel construction management, this study takes sufficient account of the changes in the construction sequence compared to the traditional fixed sequence in order to optimize the tunnel construction schedule.




	(2)

	
A mixed-integer programming (MIP) model for tunnel construction schedule is proposed based on LSM and soft logic relationships, which intuitively represents the constraint relationships related to logic, continuity, time, space, and construction team scheduling.




	(3)

	
The optimization issue is addressed using both the exact algorithm and genetic algorithm (GA), followed by a comparative analysis of the outcomes generated by these two methods. The objective is to address the issue being studied to the optimal extent.










2. Literature Review


2.1. Scheduling Optimization for Repetitive Construction Projects


The distinction between the scheduling of repetitive and non-repetitive construction projects is mainly due to labor and machinery allocation strategies, as well as work continuity requirements, such as construction sequence constraints, labor allocation constraints, and work continuity constraints [16]. The existing studies can be categorized into two types based on whether construction interruptions are permitted: (1) activities are required to maintain continuity [9]; (2) partial interruptions of activities are permitted [17]. The objectives of scheduling optimization for repetitive construction projects are primarily work continuity and resource continuity to minimize the duration and project cost [18]. Generally, enforcing requirements for work continuity may result in longer durations [19,20]. If a suitable schedule is formulated that allows for work interruptions at appropriate times, the duration can be shortened to a certain extent [21].



Scholars have employed a variety of methods to solve the scheduling optimization issues in repetitive construction projects, mainly mathematical planning methods, constrained planning techniques, and heuristic methods. Shafahi et al. [22] and Zhentao et al. [23] proposed a linear programming model for small-scale instances and optimized the calculation. Tang et al. [24] used constraint planning techniques to solve the schedule control issue in repetitive construction projects. Tran et al. [25] and Eid et al. [11] used genetic algorithms (GAs) to solve these kinds of issues. Ze et al. employed the gray wolf optimization algorithm to provide insights into the issue [26]. In the practical construction process, heuristic methods have been extensively applied to the scheduling optimization of repetitive construction projects, in which the application of GAs is particularly significant [27,28,29].




2.2. Scheduling Optimization for Repetitive Construction Projects Based on LSM


LSM was first proposed in 1981 in the construction field and was initially employed to solve project management issues such as highway projects. It employs a Cartesian coordinate system to describe the construction schedule, with the horizontal axis representing the spatial location and the vertical axis representing the temporal progress [30]. It can represent the spatial progress of each activity per unit of time, namely, the construction speed, and thus can be considered as continuous and oriented to the construction progress. According to the duration and complexity of the activities, LSM categorizes the activities of repetitive construction projects into three types, linear, strip, and block [31], with certain temporal and spatial buffers between the activities. The LSM can characterize the attributes of the activities and the logical relationships within them.



LSM has unique superiority compared to traditional construction scheduling methods for the scheduling optimization of repetitive construction projects [32]. Traditional construction scheduling methods, such as CPM and network scheduling techniques, are not very suitable for scheduling the optimization of repetitive construction projects because they overlook construction continuity and labor scheduling strategies during their application [33]. Yamín et al. [34] compared LSM and CPM in detail and concluded that LSM is superior when dealing with the very specific issues of projects, but further, more in-depth research is necessary. Both LSM and LOB are linear scheduling techniques and are strongly related [35]. While LOB is event-centered [33], LSM is schedule-centered. LSM has more significant engineering characteristics and is extensively applied in the scheduling of repetitive construction projects [36].




2.3. Scheduling Optimization for Repetitive Construction Projects Based on Soft Logic


The concept of soft logic was first mentioned by Tammi et al. [37] in 1988, and it was utilized to update network schedule diagrams caused by unexpected events. El-Sersy et al. classified soft logic into three types, soft, or, and exclusive-or, and activities with soft logic relationships can change the sequence of occurrences or take place simultaneously on different units. Soft logic relationships are essential for flexibility when facing scheduling optimization issues in repetitive construction projects.



Numerous scholars have incorporated soft logic relationships with the scheduling optimization of repetitive construction projects. Fan et al. [38] integrated soft logic with RSM, focusing on the soft logic relationships for the simultaneous construction of multiple units. Tao et al. addressed schedule optimization with or without resource constraints in conjunction with soft logic [29]. Zhang et al. focused on the soft logic issue of interchangeable unit sequences of construction, and successively achieved the scheduling optimization of repetitive construction projects by inserting the concept of resource transfer cost [28], reducing the number of construction teams [39], and maximizing the work continuity [15].




2.4. Knowledge Gaps


Work continuity is a critical factor influencing the duration of studies on the scheduling optimization of repetitive construction projects. Currently, there are fewer studies on the optimization of tunnel construction schedules, and their specific constraints still need to be further investigated. The exact algorithms and GAs have been extensively applied in the scheduling optimization of repetitive construction projects. Nevertheless, the optimization models that are more in line with the characteristics of tunnel construction projects remain to be explored.



LSM is frequently applied to the scheduling optimization of repetitive construction projects, which usually assumes that there are only fixed logical relationships between activities and neglects variations in the construction sequence. Therefore, it is necessary to associate LSM with other theories or methods in order to solve the issues of logical relationships between construction activities and to develop a more efficient and feasible schedule.



Soft logic relationships can be referenced for the scheduling optimization of repetitive construction projects, but they typically involve subjective judgments and ambiguous concepts that require that explicit constraints are determined. Moreover, the scheduling optimization of repetitive construction projects with soft logic relationships could result in an increasing number of feasible solutions, which puts higher demands on the models and algorithms.





3. Method


Given the current research limitations, LSM and soft logic are combined to discuss the optimization problem of tunnel construction schedules. Specifically, we construct an optimization model of tunnel construction schedule (TSMOM) and design the exact algorithm and GA accordingly.



3.1. Problem Description


Tunnel construction involves complex optimization issues, including the scheduling of labor, materials, and machinery resources, among others. The optimization of tunnel construction schedule aims to increase the working surfaces by scheduling construction teams in a manner that satisfies all basic and reasonable constraints. On the one hand, this improves the efficiency of construction, thus shortening the project’s duration; on the other hand, it largely prevents personnel or equipment idle time, thereby reducing construction costs and the waste of resources. The exact algorithm and GA are used to optimize the scheduling problem of tunnel construction.



Following an on-site investigation, a scenario was formulated in relation to the situation at a particular tunnel site. The details are as follows.



In tunnel construction, additional working surfaces are often created through auxiliary tunnels to accelerate the construction progress. Figure 1 shows a schematic diagram of the optimization of the tunnel construction schedule. Tunnel projects are usually well-stocked to ensure the successful completion of construction, so the limited resources are mainly considered constraints for the construction teams. The number of construction teams and the direction of construction are fixed. Each activity within each construction unit can only be carried out by one construction team, which can continue to the next part of the work after the corresponding part of the construction team has finished their work. Each construction team needs to work continuously over a certain distance due to the construction continuity requirement, so there is a certain distance constraint between two adjacent working surfaces. The proposed cost is mainly calculated based on project quantities, so this model does not consider the variation in costs.



Combining the LSM and soft logic, the relationships between construction units and working surfaces are analyzed and determined according to the characteristics of the tunnel construction projects, as shown in Figure 2. As a result, information such as the location and start time of the additional working surfaces can be determined, thus optimizing the objective function.




3.2. Mathematical Model


3.2.1. Parameters


To facilitate the construction of the model, the relevant parameters are defined as shown in Table 1, Table 2 and Table 3:




3.2.2. Objective Function


LSM requires that a coordinate system is established in which the start time of activities without any predecessors in repetitive construction projects is assumed to be 0. This start time is regarded as the beginning of the entire construction schedule, as shown in Equation (1).


  s  t  i ,  j i s    = 0  



(1)







Duration is the latest completion date for all activities, as shown in Equation (2).


  M i n   T = m a x  (  f  t  i , j    )   



(2)








3.2.3. Constraints


	(1)

	
Logical constraints







This type of constraint is responsible for the prioritization and backwardness of each activity. Typically, there are four types of logical relationships between construction activities, as follows: start-to-start (S-S), finish-to-start (F-S), start-to-finish (S-F), and finish-to-finish (F-F). If activity  a  is a predecessor of activity  b , the logical relationships can be expressed by the following equations:




	
S-S relationship








The latter activity can only begin after the previous one has started, as shown in Equation (3).


  s  t  a , j   ≤ s  t  b , j   ,   ∀ a , b ∈ N  



(3)







	2.

	
F-S relationship







The previous activity is completed before the subsequent activity can begin, as shown in Equation (4).


  f  t  a , j   ≤ s  t  b , j   ,   ∀ a , b ∈ N  



(4)







	3.

	
S-F relationship







The latter activity cannot be completed until the previous activity has begun, as shown in Equation (5).


  s  t  a , j   ≤ f  t  b , j   , ∀ a , b ∈ N  



(5)







	4.

	
F-F relationship







The previous activity will not be completed until the subsequent activity is completed, as shown in Equation (6).


  s  t  a , j   ≤ f  t  b , j   , ∀ a , b ∈ N  



(6)







	(2)

	
Work continuity constraints







Work interruptions affect the proficiency of the construction team, which is not conducive to learning and advancement [40]. There are additional costs associated with idle construction teams and transfers to other construction sites [15]. In practice, in order to shorten the interruption of activities and minimize the transfer of construction teams, the minimum time of continuous work or the shortest continuous working distance of the construction teams is usually constrained.



In each activity, the working surface can only be accessed and carried out using one additional working surface optional point, and there is no situation where a construction team can work on the same working surface from multiple optional additional working surface points, as shown in Equation (7).


    ∑   s = 1  S    ∑   j = 1  M   x  j , s   = 1  



(7)







The construction team may perform activities on multiple units using an additional working surface, but these units must be continuous, as shown in Equations (8)–(10).


   e  j , s   ≥  x  j , s + 1   −  x  j , s    



(8)






   e  j , s   ≤  (   x  j , s   −  x  j , s + 1    )   (   x  j , s   − 1  )  A  



(9)






    ∑   s = 1  S   e  j , s   ≤ 1  



(10)







Construction team switching is only allowed when the work continuity constraints are met. A certain distance constraint must be met between the original and the new working surface before the new construction team is allowed to work on the new working surface, as shown in Equations (11) and (12).


   y q   y r   (   (  d  p r  − d  p q   )  −  v  i , j    (  s  t r  − s  t q   )   )  ≥ R +  (   y q   y r  − 1  )  A , ∀ q , r ∈ j  



(11)






   y q   y r  ∗  (   (  d  p r  − d  p q   )  −  v  i , j    (  s  t r  − s  t q   )   )  ≤  y q   y r  A  



(12)







The end time of the additional working surface from unit j is shown in Equation (13).


  d  t j  =   ∑   j = 1  M    ∑   s = 1  S   x  j , s    w s   



(13)







	(3)

	
Temporal constraints







The specific temporal constraints are mainly based on the type of unit and activity. The directions of the activities discussed in this paper are all fixed. Strip activities can be viewed as block activities with a unit span of 0, so they can be discussed as a class of activities. Assume that activity a is the predecessor activity to b, and unit c is the preceding unit to d. Taking the constraint at the junction of unit c and d as an example, the relationship between activity a and b is shown in Figure 3.



	
The relationships when both activities a and b are linear, or when one of them is linear, are shown in Equations (14) and (15).







   s  t  b , d   − s  t  a , d   ≥ m i n I n  t  a , b     



(14)






   s  t  b , d   − s  t  a , d   ≤ m a x I n  t  a , b     



(15)





	2.

	
When both activities a and b are strip or block activities, the relationships are shown in Equations (16) and (17).








   s  t  b , j   − f  t  a , j   ≥ m i n I n  t  a , b     



(16)






   s  t  b , j   − f  t  a , j   ≤ m a x I n  t  a , b     



(17)





The maximum end time for all activities is less than or equal to the expected project completion time, as shown in Equation (18).


  m a x  (  f  t  i , j    )  ≤  T  e n d    



(18)







	(4)

	
Spatial constraints







Spatial resources are a type of resource that is required for a series of activities and remain occupied during the activities. Activities will be subject to spatial constraints due to the construction techniques and operational requirements. For instance, during tunnel construction, the lining construction should not fall behind the excavation face by more than 80 m. Spatial constraints are related to the speed and time of the work, and they can be mutually translated while considering temporal constraints. Thus, the spatial constraints will not be explained too much here.



	(5)

	
Construction team constraints







If the additional working surface is selected to begin at unit j, there must be a construction team to carry out activities at j, as shown in Equation (19).


    ∑   j = 1  M    ∑   s = 1  S   e  j , s   =  y j   



(19)







The summary of the work carried out by the construction team on each working surface is equal to the total quantity of the project, as shown in Equation (20).


    ∑   j = 1  M    ∑   s = 1  S   x  j , s   d  t j   v j  = L  



(20)







In addition, the number of construction teams conducting activities at the same time should not exceed the total number of construction teams.






4. Algorithm Design and Model Verification


4.1. Exact Algorithm


An exact algorithm is an algorithm that solves the problem in an optimal way. For hard combinatorial optimization problems, the exact algorithm can find the optimal solution within an acceptable time frame when the problem is small. The exact algorithm solution slows down when the problem is large, but can provide a feasible solution to the problem. It can also provide initial solutions for heuristic algorithms in order to improve the search efficiency and find better solutions. The Gurobi solver was chosen to solve the above MIP formulation, and the relevant solution program was developed by Python 3.7.0. The main steps of the solution procedure are represented in Figure 4.



Considering the limitations on the number of construction teams and work continuity, the actual start time of the construction team needs to be compared with the end time of all the ongoing teams when adding a new working surface that meets the distance constraints. This cannot be directly represented in the mathematical model, so the cutting plane method is used for optimization.



	(1)

	
The optimization of the model with linear constraints leads to an initial solution.




	(2)

	
Add the cutting plane constraint for working surface switching and continue the solution. When the initial construction team completes a job task and moves on to work on an additional working surface, the start time of the new working surface must be greater than or equal to the completion time of the previous working surface.




	(3)

	
Repeat the above steps until an optimal solution is found.








4.2. Genetic Algorithm


The basic principle of GA is to simulate the process of natural selection and the evolution of organisms [41]. Random individuals are taken to form an initial population and then a new generation is generated through selection, crossover, and mutation. After multiple iterations, the optimal solution to the problem is found.



Currently, GA is widely applied to multi-objective optimization problems in engineering management because it has the following advantages: (1) it can be executed on multiple processing units or computing nodes at the same time, accelerating the search process, and is able to provide a feasible solution in an acceptable time; (2) it is capable of handling discrete, continuous, and mixed variables, and is applicable to various types of engineering management problems, including resource allocation, project scheduling, path planning, etc.; (3) it does not require information about the gradient of the objective function to be solved, and can cope with problems that are nonlinear, nonconvex, and have no explicit mathematical expression; (4) it generates new solutions through crossover and mutation operations, which can maintain diversity in the population and prevent the local optimal solutions from being used. The optimization model calculations are implemented via Python version 3.7.0 and the main execution steps are shown in Figure 5.



4.2.1. Initialize the Population


A binary code is used to indicate whether a new working surface is added at the optional additional working surface point, as shown in Figure 6.



Chromosomes are randomly generated, with values within a custom domain, and the initial population is formed after repeating the “pop” times. Here, “pop” is the population size. The quality of the initial population has a large impact on the solution results, so the validity of the initial population needs to be judged. If the initial population does not satisfy the duration constraints, the initial population is regenerated.




4.2.2. Fitness Function


In populations, individuals with higher fitness values are superior. The fitness function takes the inverse of the duration and makes the fitness value sufficiently small for individuals that violate the constraints.




4.2.3. Selection


The selection strategy is based on the roulette wheel selection method, where the probability of selection for each candidate is proportional to its fitness.




4.2.4. Crossover and Mutation


The selected crossover was a random selection of crossover points, achieved by crossing two of them, and the mutation that was used was a single point variation.





4.3. Model Verification


Combining the actual situation of a completed tunnel construction project with the above reasonable assumptions, the example data used in the paper are as follows.



The total length of both the main tunnel and the parallel adit is 7095 m, with a total of 14 cross-passages of approximately 40 m in length. The main tunnel and parallel adit start and end at the same horizontal position. The first cross-passage is 270 m from the starting point of the main tunnel, and thereafter cross-passages occur at intervals of 500 m. There were three construction teams, one for the construction of the parallel adit and two others for the main tunnel and the cross-passages in shifts. The work continuity distance constraint R between working surfaces is 1000 m. The original duration was 2028 days. The initial optimized program was to enter the main tunnel from cross-passages 4, 7, and 11 to carry out the working surface operations for working surface selection points 5, 8, and 12, respectively. The construction speeds of the main tunnel, the parallel adit, and the cross passages are shown in Table 4.



The above-mentioned MIP model was solved using the Gurobi solver and the GA was employed to solve the given instance, which ultimately results in an optimal or near-optimal solution, respectively. Comparing the optimization results from both sources reveals a perfect concordance, indicating that the solution process and outcome of the GA applied to the given issue are reliable and capable of providing a satisfactory solution. In addition, the average computation time for optimization by Python 3.7.0, using two methods 10 times, can be obtained: the exact algorithm took 379.5 milliseconds and the GA took 273.8 milliseconds. The average time taken to obtain the same result using the GA is 105.7 milliseconds shorter than the exact algorithm, suggesting that the GA has a clear advantage.



Although there is almost no significant difference between the distance constraints of 1000 and 999 m in practical construction, the computer would regard the 999 m as violating the constraints, which could lead to a part of the better-quality solution being lost. Furthermore, if an appropriate relaxation of the work continuity constraints is allowed, the effect of different distance constraints on the duration could be explored. Therefore, the optimization outcome is compared with the actual situation, and a sensitivity analysis of the distance constraints is performed. The optimization solution of the tunnel construction schedule was obtained, as illustrated in Table 5 and Figure 7.



Evidently, the construction team selected the additional working surface from the 7th and 13th points with a total duration of 1958 days, which is 70 days shorter in comparison with the original optimization schedule, subject to the strict requirement of fixed working continuity distance constraints of 1000 m. Additionally, it has been calculated that the practical construction program that selected additional working surfaces on selection points 5, 8, and 12 would not meet the 1000 m work continuity distance constraints.



With the appropriate relaxation of the work continuity distance constraint, such as a constraint of 800 m, the total duration of the construction project is 1872 days, which is a reduction of 156 days compared to the original duration. When the distance constraint is decreased to 600 m, the total duration of the project is 1826 days, with a saving of 202 days versus the original duration.





5. Practical Case Study


5.1. Case Description


Based on the data sources table provided by the tunnel construction site, the total length of the main tunnel and parallel adit of the study area is 7079 m, and the cross-passage is approximately 33.3 m. There are, in total, 14 cross-passages, the first of which is 54 m from the beginning of main tunnel, with subsequent cross-passages at intervals of 500 m. Three construction teams are involved, with Construction Team 3 responsible for the construction of the parallel adit, while two others were assigned to alternating shifts for the construction of the main tunnel and the cross-passage. The construction speeds for the main tunnel and parallel adit vary according to the tunnel rock mass rating, as displayed in Table 6 and Table A1. The original duration is 3033 days and the work continuity distance constraint is limited to 500 m.




5.2. Results and Analysis


As seen in Table 7, four optimization programs can be generated from the calculation, which are Optimization Program 1, with additional working surface switching points of 6-11-13-15, Optimization Program 2, with additional working surface switching points of 7-11-13-15, Optimization Program 3, with additional working surface switching points of 8-12-15, and Optimization Program 4, with additional working surface switching points of 8-13-15. The optimized durations of the programs are all 2387 days, which is a reduction of 646 days compared to the original duration. In the above-mentioned programs, the idle time of the construction teams was 741, 597, 502, and 459 days, respectively. It can be deduced that the construction team has the minimum waiting time in Optimization Program 4. However, the distance between the 13th and 15th additional working surface switching points is too short; therefore, Optimization Program 4 cannot fulfill the 500 m work continuity constraints. Thus, Optimization Program 3 can be regarded as the optimal tunnel construction schedule plan, in consideration of the duration, construction team idle time, and work continuity distance constraints.



Through the optimization program presented above, it can be seen that the final additional working surface switching points are all found at position 15, and the last construction activities are located on the working surface that opened in that position; hence, it can be concluded that the position of the final additional working surface switching point is critical to determine the duration. Furthermore, the gap between the construction speeds of the parallel adits and the main tunnel is not sufficiently large, leading to a long idle time for the construction team, which also seriously affects the duration. Therefore, the duration of the project can be shortened by speeding up the parallel adits in a way that creates more additional working surfaces.



By utilizing the TSMOM model and its corresponding algorithms, the tunnel construction schedule can be optimized, leading to the formulation of practical strategies to effectively shorten the duration. Through the methods mentioned above, we can effectively address the limitations of various conditions, such as logical, work continuity, temporal, and spatial constraints, ensuring that the construction meets all relevant requirements. It can also better coordinate the allocation of labor, materials, and machinery resources to reduce idleness and construction stoppages, thereby improving efficiency. In addition, by formulating appropriate strategies tailored to the specific conditions of tunnel construction, it is possible to maximize the utilization of existing resources and mitigate resource wastage and redundant investment. Finally, optimizing tunnel construction scheduling through the above-mentioned methods can enhance the construction’s resilience to uncertainties and improve its risk management capabilities, thereby reducing the likelihood of delays.





6. Conclusions


In summary, the focus of the study is on the optimization of the tunnel construction schedule under soft logic relationships, and the following contributions are presented:




	(1)

	
In tunnel construction management, combining soft logic relationships with LSM allows for scenarios where the construction sequence can be changed. In this situation, with work continuity and other conditions as constraints, the duration can be optimized by the creation of additional working surfaces. This could offer a new means of optimizing the tunnel construction schedule.




	(2)

	
An MIP model that is applicable to tunnel construction is constructed, which intuitively represents the linear and nonlinear relationships between various construction activities. This provides a reference for the application of the mathematical planning in the optimization of tunnel construction schedules.




	(3)

	
Both the exact algorithm and GA are utilized to solve the above-mentioned MIP model using Python 3.7.0, and the obtained results are subsequently analyzed. With the same degree of accuracy, optimization results can be obtained more quickly via GA, which sufficiently demonstrates the superiority of using GA for the optimization of tunnel construction schedules.




	(4)

	
The paper carries on the analysis of the actual construction project case, and puts forward improvement strategies with significant practical value. Through the implementation of the TSMOM model and related algorithms, managers can not only optimize resource utilization and enhance construction efficiency, but they also reduce the risk of delays while meeting project requirements. This is conducive to the development of tunnel construction management.









Nevertheless, this study is still characterized by certain limitations. It only focuses on the construction schedule of tunnel projects and does not deal with the optimization of other objectives, such as the cost, the construction quality, and the resource balancing. However, considering the limitations of mathematical planning, the model may not be implemented if more sophisticated constraints and a large number of activities are involved. Therefore, this study is mainly concerned with the optimization of the duration. Moreover, it does not consider factors such as construction modes and the construction directions of activities, and there is still a certain gap with the actual situation in the field. Upcoming research will continue to address the above-mentioned issues, thereby advancing the development of tunnel construction management.
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Appendix A




 





Table A1. The construction speeds of the parallel adit.






Table A1. The construction speeds of the parallel adit.





	Distance (Meter)
	Construction Speed

(Meter/Month)
	Duration (Day)





	0
	—
	—



	94
	70
	37



	294
	130
	46



	379
	70
	36



	1124
	130
	172



	1371
	70
	106



	1471
	30
	100



	1509
	70
	17



	1689
	130
	42



	1964
	190
	44



	2124
	130
	37



	2354
	190
	36



	3004
	130
	150



	3064
	30
	60



	3244
	70
	78



	3434
	130
	44



	3524
	65
	42



	3654
	30
	130



	3714
	70
	26



	4704
	130
	229



	5169
	70
	199



	5969
	130
	185



	6069
	70
	43



	6169
	30
	100



	6284
	70
	49



	6949
	130
	184



	7079
	30
	130
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Figure 1. Tunnel construction schedule optimization. 
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Figure 2. Relationships between working surfaces and construction units. 
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Figure 3. The time constraint relationships between activities: (a)  a  and  b  are both linear activities; (b)  a  is a strip or block activity and  b  is a linear activity; (c)  a  is a linear activity and  b  is a strip or block activity; (d)  a  and  b  are both strip or block activities. 
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Figure 4. TSMOM optimization process using an exact algorithm. 
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Figure 5. TSMOM solution flow using GA. 
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Figure 6. Coding method. 
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Figure 7. Tunnel construction schedule optimization schematic. 
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Table 1. Index of TSMOM.






Table 1. Index of TSMOM.





	
Index






	
  N  

	
Set of activities, i ∈N




	
  M  

	
Set of construction units,    j i s   ,    j i f    represents the construction unit where the activity starts and ends, j ∈M




	
  S  

	
Optional additional working surface points, s   ∈ S  











 





Table 2. Variables of the TSMOM.
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	Variables





	   D e c i s i o n   v a r i a b l e s   



	    x  j , s   =  {      1 ,     Working surface   s   enters construction from unit   j       0 ,                                                                                                                                           Otherwise         



	Indicator variable



	    e  j , s   =  {      1 ,      w  j , s   <  w  j , s + 1   , j ∈  y j        0 ,                               Otherwise         



	    y j  =  {      1 ,     Working surface switching at unit   j       0 ,                                                                                           Otherwise         










 





Table 3. Constants of the TSMOM.






Table 3. Constants of the TSMOM.





	
Constant






	
Q

	
Work quantity




	
    T  e n d     

	
Expected project completion time




	
W

	
Number of construction teams




	
  R  

	
Distance constraints between the original working surface and the additional working surface




	
   d  p r    

	
Distance of optional additional working surface point  r  from the starting point, r  ∈ j  




	
    w s    

	
Duration of working surface  s 




	
   s  t j    

	
The start time of the working surface opened from unit  j 




	
   f  t j    

	
The end time of the working surface opened from unit  j 




	
   d  t j    

	
The duration of the working surface opened from unit j




	
   s  t  i , j     

	
Start time of activity i in each unit  j 




	
   f  t  i , j     

	
End time of activity i in each unit  j ,   f  t  i , j   = s  t  i , j   + d  t  i , j    




	
   d  t  i , j     

	
Duration of activity i in each unit  j ,   d  t  i , j   =    Q  i , j      v  i , j      




	
    v  i , j     

	
Speed of activity i in unit  j 




	
   m i n I n  t  a , b     

	
Minimum interval between activities  a  and  b 




	
   m a x I n  t  a , b     

	
Maximum interval between activities  a  and  b 




	
   m i n D i  s  a b     

	
Minimum separation distance between activities  a  and  b 




	
   m a x D i  s  a b     

	
Maximum separation distance between activities  a  and  b 




	
A

	
A sufficiently large positive number











 





Table 4. Average construction speeds for each part of the tunnel project.
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	Name
	Average Construction Speed (Meter/Day)





	Main tunnel
	2.3



	Parallel adit
	4.3



	Cross passage
	4.3










 





Table 5. Optimization of tunnel construction schedule.
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Distance Constraint   R  

(Meter)

	
Selection Point for Additional Working Surface

	
Total Duration (Day)






	
1000

	
7, 13

	
1958




	
800

	
5, 10, 14

	
1872




	
6, 10, 14

	
1872




	
600

	
5, 8, 11, 14

	
1826











 





Table 6. Speed of tunnel construction.
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Name

	
Tunnel Rock Mass Rating

	
Average Construction Speed

(Meter/Month)






	
Main tunnel

	
III

	
180




	
IV

	
90




	
V

	
50




	
Parallel adit

	
III

	
190




	
IV

	
130




	
V

	
70




	
Cross passage

	
-

	
33.3











 





Table 7. Optimization of tunnel construction schedule.
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Name

	
Selection Point for Additional Working Surface

	
Total Duration (Day)

	
Idle Time for Construction Team (Day)

	
Total Working Time of the Construction Team (Day)






	
Optimization Program 1

	
6, 11, 13, 15

	
2387

	
Team 1: 741

	
Team 1: 1646




	
Team 2: 0

	
Team 2: 1687




	
Total: 741

	
Team 3: 2287




	
Optimization Program 2

	
7, 11, 13, 15

	
2387

	
Team 1: 597

	
Team 1: 1790




	
Team 2: 0

	
Team 2: 1543




	
Total: 597

	
Team 3: 2287




	
Optimization Program 3

	
8, 12, 15

	
2387

	
Team 1: 343

	
Team 1: 1996




	
Team 2: 159

	
Team 2: 1262




	
Total: 502

	
Team 3: 2287




	
Optimization Program 4

	
8, 13, 15

	
2387

	
Team 1: 459

	
Team 1: 1829




	
Team 2: 0

	
Team 2: 1428




	
Total: 459

	
Team 3: 2287
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