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Abstract

:

In high-rise modular housing complex projects, tower crane layout planning is the key to ensuring the efficient lifting of components during construction. To improve the lifting efficiency of the cranes and control costs, the layout plan should minimize the distance the tower cranes must move the prefabricated units. The distance between the trailer holding the components, the tower crane, and the structure under construction should be kept to a minimum. However, most current studies consider the relative positions of the tower crane and the trailer without fully considering the movement efficiency of the trailer, and when multiple trailers and multiple tower cranes are involved, the optimization scheme is more complicated. In this study, a mathematical model based on mixed integer linear programming (MILP) is built to determine the type and location of tower cranes as well as the location of trailers to solve the problem of situating multiple tower cranes in a high-rise modular housing complex project. Finally, the validity and practicality of the model are demonstrated with case studies.
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1. Introduction


Currently, assembled housing is used in large numbers in high-rise, high-density cities [1,2]. The construction of high-rise modular housing includes the prefabrication of components in factories and the assembly of components at construction sites [3,4]. As large-scale lifting equipment to assist in the assembly of the components at construction sites [5,6], tower cranes should be positioned based on exact calculations of the height and operating radius of the cranes as well as on lifting capacity [7], installation, and disassembly methods. The lifting efficiency of the tower crane largely determines the speed of construction, thus affecting the construction period and overall cost of the project [8]. Therefore, it is crucial to choose the type and location of the tower crane carefully [3].



In modular projects, tower cranes are usually used for lifting the prefabricated components from a trailer onto the structure under construction, and the weight and volume of individual components cannot be changed and adjusted. Therefore, the lifting capacity and operating radius of tower cranes need to be carefully matched to the proposed project [9]. To reduce the cost of the cranes, their carrying capacity as well as the distances they must move when lifting components onto the structure should be minimized as much as possible [10].



Due to the high cost of land and the limited space for construction in urban areas, there is often no spare space to stack a large number of prefabricated components when constructing modular housing projects [9,11]. Instead, the components are transported to the construction site on trailers and lifted directly from the trailer to the building by the tower crane [12]. In this case, the positions of the trailers vary, while the lifting capacity of the tower crane is estimated based on a combination of the distance from the crane to the trailer and the distance from the crane to the structure [7,13]. Therefore, when selecting the location and type of crane, the impact of the changing locations of the trailers must be taken into account; otherwise, there is a risk that the lifting capacity of the tower crane will be overestimated, i.e., the weight of the components will be greater than the maximum lifting capacity of the crane, thus leading to safety hazards.



However, in tower crane layout planning (TCLP) for high-rise modular building projects, although the method of lifting materials directly from the trailer to the structure is considered [14], it does not take into account multiple trailer parking locations, a major variable in the layout planning for the tower crane. For the above reasons, this study takes dynamic trailer location, tower crane type, lifting capacity of the relevant jib length, and distance between the tower cranes as the constraints for location selection and optimization. Additionally, we introduce four 0–1 variables to determine the type and location of the tower crane and the location of the trailer and describe the demand information for the components at the demand point and the supply information for the components at the supply point, with the overall goal of minimizing the cost of the tower crane. Then, a mixed integer linear programming (MILP) mathematical model for crane location optimization and trailer location selection in a high-rise modular housing complex project is developed using these conditions and solved using branch-and-bound techniques based on available engineering information. We then select the optimal crane configuration and location and most appropriate trailer parking location to ensure the lowest crane cost. To achieve these objectives, this study analyzes the important factors that should be considered in the planning of tower crane locations in high-rise modular housing projects after an extensive review of the relevant literature. Finally, the validity of the optimization model is verified with examples.




2. Related Research Studies


2.1. Layout Planning of Tower Cranes in Traditional Buildings


In traditional construction, tower cranes are mainly used to lift construction materials such as steel bars, formwork, and concrete. The location of the tower crane is usually determined first according to the location of the building, and then various material yards and material-processing sheds are arranged around the tower crane. The location optimization of the tower crane is mainly based on its running time/cost. As early as 1983, Ramos developed a mathematical model to reduce the total cost of transporting the crane and thus determine the best location for the crane on the construction site [15]. With the continuous development of computer technology, Zhang et al. developed an optimization model for a single tower crane using computer technology based on the shortest crane transport time [16]. Subsequently, to improve the optimization results of single tower crane operation, Huang et al. used the stacking location of materials as a variable as well and proposed a mixed integer linear model based on Zhang’s model, which can be used to determine both the location of a single tower crane as well as the stacking location of materials [17]. Ji et al. optimized the stacking location of multiple tower cranes and materials simultaneously based on Huang and considered the collaboration capability of tower cranes within the overlapping range of tower cranes [10]. With the continuous development of Building Information Modeling (BIM) technology in the construction industry, many construction-related planning tasks are gradually shifting to BIM platforms, including the planning of tower cranes. Wang et al. developed an optimization model based on BIM + Firefly Algorithm (FA), which can automatically generate the layout of tower cranes and the location planning of materials [18]. Marzouk et al. further proposed a model framework involving the type, number, and location selection of tower cranes based on the previous work [19] and then performed a four-dimensional simulation based on an agent to prevent collisions during tower crane operation [20]. Han et al. proposed a 3D-based tower crane evaluation system, which designed, validated, and simulated a mobile tower crane. The 3D visualization of operations not only supports efficient tower crane operations but also allows for integrated consideration in tower crane planning based on safety and efficiency aspects [21]. Ji et al. proposed an architecture that integrates a 4D model with rule checking for reviewing tower crane work plans and developed a tower-crane-specific rule template based on current tower crane design standards. The automatic layout of tower cranes was implemented in a rule-checking platform using 4D models as input data, and additional tower crane alternatives could also be viewed [22]. Recently, Riga K et al. presented another mathematical model that considers the location of tower cranes and storage areas in relation to cost optimization [13].



Although there are many similarities between the tower crane layout planning of traditional buildings and the tower crane layout planning of modular buildings, the tower crane layout planning of traditional buildings cannot be directly applied to modular buildings because in the tower crane lifting process of traditional buildings, we can reduce the demand for tower crane lifting capacity by adjusting the weight of materials, thus weakening the influence of tower crane lifting capacity on tower crane layout planning. However, the weight and volume of the components in modular projects cannot be changed, so the lifting capacity of the tower crane must be considered as a key factor. In addition, although the material yards in traditional buildings can be considered as variables, the types of materials in each yard are unique, and the location of the yard is fixed. While the focus of this paper is to optimize the distance from the trailer to the demand point and the distance from the trailer to the tower crane, the trailer’s location is variable, and the types of components carried by the trailer are not unique.




2.2. Tower Crane Layout Planning in Modular Buildings


The lifting in modular buildings is more complicated compared to the lifting in traditional buildings. In addition to lifting heavy and bulky components, the lifting work also requires component rotation as well as positioning and even assistance in assembling. To improve the efficiency of tower cranes in modular projects, much research has also been conducted by previous authors. Lei et al. established the lifting paths of component units through an automated system and then performed lifting path checks of mobile tower cranes to prevent collisions [23]. Han et al. proposed a visualized 3D simulation model for collision prevention checks in crane operations [24]. In all these studies, the authors considered the tower crane boom length as an important factor in preventing tower crane collisions and assumed that the trailer location was within the boom length of the tower crane. Dutta et al. performed discrete and continuous collision detection and path planning at the construction site based on the CALP (Computer-Aided Lift Planning) system. This system is based on Building Information Modeling (BIM) and uses Single-level Depth Map (SLDM) representation to reduce the huge BIM model dataset [25]. Regarding the planning layout of tower cranes, Olearczyk et al. proposed a method for the tower crane selection process and considered relevant factors such as tower crane loads and capacity checks in the paper [6]. Zhang et al. developed a virtual reality (VR) tool for selecting the optimal tower crane layout for high-rise buildings; the tool includes three functional components, a real-time feasibility check, multi-criteria evaluation, and simulated lifting, which allows project managers to visualize the whole process of tower crane lifting in the VR world [26]. More recently, Zhang et al. proposed a new decision framework for tower crane layout planning for high-rise modular buildings. The framework is divided into two parts, including feasibility assessment and performance analysis using fuzzy integration techniques [3]. Lu et al. developed an integrated CSLP (construction site layout plan) model to optimize the facility layout problem at prefabricated construction sites, combining the lifting efficiency of prefabricated components with previous CSLP considering safety risks and transportation costs [8]. Hussein et al. analyzed the literature on tower crane hoisting in modular structures by reviewing previous studies, in which he pointed out that the number of papers related to tower crane hoisting in modular construction is increasing every year and that most of the research is focused on automation. In particular, unlike mobile tower cranes, attached tower cranes need to be operated until the end of the project after the installation is completed on-site, thus again emphasizing the importance of tower crane specification and location selection [27].



Furthermore, in addition to the abovementioned studies conducted for the lifting simulation of tower cranes and the optimization of the tower crane arrangement based on setting up a member yard at the construction site, Smith et al. [12] and Thomas [14] et al. also proposed lifting the members directly from the trailer to the member demand point, and Thomas proposed three lifting options for modular buildings of steel structures in their paper, namely, using the yard for transit, disassembling the steel structure for assembly, and lifting directly from the yard, and then demonstrated the advantages of lifting the members directly from the trailer by comparison [28]. However, they do not provide the specific method used for trailer location selection in the paper. Hyun et al. proposed a genetic-algorithm-based optimization model for optimizing tower crane and trailer locations [9], but Hyun et al. only considered a single tower crane and a single trailer location.



In this study, multiple cranes are considered as variables for multiple trailer docking points simultaneously. In this case, the maximum distance used to estimate the tower crane capacity can vary depending on the trailer parking location and the tower crane location. Then, we use the optimization process to reduce the distance of the trailer from the demand point and the distance of the trailer from the tower crane, i.e., to reduce the movement distance of the tower crane, which minimizes the cost of the tower crane.




2.3. Relevant Algorithms in Tower Crane Layout Planning


The site-selection problem in tower crane layout planning can be summarized as the Quadratic Assignment Problem (QAP) in operations research [29], while the tower crane lifting problem involved in tower crane layout planning belongs to the Traveling Salesman Problem (TSP) in operations research. The main role of QAP in the tower crane location problem is to ensure the transportation of materials to meet the requirements of construction, while TSP is to improve the lifting efficiency as much as possible based on QAP and to establish the component transportation network (supply point–tower crane–demand point) in the construction site at the minimum cost.



In general, there are three types of methods for solving combinatorial problems: exact algorithms, approximate algorithms, and heuristic algorithms. The exact algorithms include branch-and-bound and dynamic programming methods. Approximate algorithms include greedy algorithms, local search algorithms, relaxation algorithms, sequence algorithms, etc. Heuristic algorithms include simulated annealing algorithms, evolutionary algorithms (genetic algorithms, differential evolutionary algorithms, etc.), ant colony optimization algorithms, particle swarm algorithms, etc.



The genetic algorithm (GA) is a popular heuristic algorithm that applies probabilistic search logic that works well in various objective functions and even nonlinear solution spaces. Genetic algorithms have also been applied in the configuration of building facilities and in optimizing the layout of facilities [30]. However, in genetic algorithms, the optimization problem is solved by applying the evolutionary principle, which requires repetitive operations and tends to converge in advance. The ant colony optimization (ACO) algorithm also applies to the tower crane location optimization problem. However, the limitations of the ACO algorithm are the large number of parameter values, the over-sensitive response to parameters, and the increased deviation of the resultant values [31]. Particle Swarm Optimization (PSO) is a wide-area optimization method that iteratively computes and simultaneously improves the candidate solutions to finally optimize the objective function, but it is difficult to obtain search results that consider both the optimal distance and constraints of the tower crane [32]. In addition, new optimization research methods such as Collision Body Optimization (CBO) and Vibration Particle Systems (VPS) are also powerful, but these methods have a problem in that it is difficult to express the lifting conditions and trailer position of the tower crane in a relatively simple and easy way [33]. Others have tried to improve the algorithm themselves. Wang et al. developed an integrated method that combines BIM and the Firefly Algorithm (FA) to automatically generate an optimal tower layout scheme. The method first uses BIM to provide input to the mathematical model and then uses FA to determine the optimal location and supply points of the tower crane [18]. Inspired by sine and cosine mathematical functions, Kaveh et al. investigated an improved sine cosine algorithm (USCA), which is based on the operator of harmonious search to simultaneously improve the search and handle variable constraints and then use the improved algorithm to optimize the location for the optimal tower crane layout [34]. Briskorn et al. proposed an optimization method covering polygons on uniform and non-uniform radius planes and then used a construction site as an application scenario with a finite set of candidates as the optimal location of the tower crane [35]. Dasovi et al. proposed an active building for optimal positioning of work facilities and tower cranes at repetitive operations construction sites using an information model approach. Additionally, the transformation method of passive BIM to active BIM is described in the paper [36].



In addition to the above algorithm, the QAP formulation can be transformed into a mixed integer linear programming formulation [17]. Usually, the linearization of QAP into MILP requires introducing a large number of variables and constraints to describe the problem [29]. In this study, however, it is necessary to consider multiple variables, such as the trailer location, supply point location, and crane-placeable location simultaneously in tower crane location selection, as well as constraints such as the supply of components, the number of supply points, the number of tower cranes, and the lifting capacity of tower cranes. Additionally, all the relational expressions in the constraints and optimization objectives of MILP are linear [13], and the relevant variables contain both 0–1 variables and continuous type variables. So for this study [37], we choose to build a mixed integer linear programming model to solve the problem and apply the branch-and-bound (BAB) technique to find the globally optimal solution.





3. Information and Mathematical Models


The model in this paper is divided into two parts: the information model and the mathematical model. The information model includes establishing the BIM model of the construction site and the discretization of the construction site with (x, y, z) coordinates. A unit of 1 m is chosen as the reference of (x, y, z) coordinates in this paper, and the boundary of the edge of the building, which is less than 1 m, is not counted in the site. The information related to the crane location (Variable 1), trailer location (Variable 2), and component installation location (Variable 3) can be identified after the site location is turned into data by coordinates. The construction of the mathematical model is described in detail in Section 3.1, Section 3.2, Section 3.3, Section 3.4, Section 3.5, Section 3.6, Section 3.7, Section 3.8, Section 3.9, Section 3.10, Section 3.11.



3.1. Problem Statement and Hypothesis


The purpose of this paper is to give guidance in the selection and placement of tower cranes for a high-rise modular housing complex project during pre-construction. The objective is to determine the type of tower crane, its location, and the parking location of the trailer to transport each component so that the total cost of the tower crane is minimized.



Tower cranes can generally be divided by type into mobile and fixed tower cranes. Mobile tower cranes mainly rely on tracks or tires to move around the project cluster to achieve the work task, which is obviously unsuitable for crowded construction sites. Stationary tower cranes, on the other hand, do not move, use the rotation of the tower boom and trolley luffing to complete the work, and do not occupy a large area. Fixed tower cranes can be divided into two types: attached and internal climbing. The attached tower crane is mainly used in high-rise buildings because it can be raised according to the building and does not use too many tower standard joints and attachment rods as well as corresponding anchorages. The internal climbing tower crane is mostly used in super high-rise buildings, using the internal climbing device inside the core to raise the tower, which is not in line with the main body of this study. Therefore, this study selects the attached tower crane as the focus. The tower crane type refers to the different jib lengths and lifting capacities. A sketch of the attached tower crane structure is shown in Figure 1.



To build the mathematical model, we used some information from the actual project, among which the available crane locations and crane configurations are limited and determined in advance; the height of the tower cranes is considered to meet the height requirements of the building as the number of tower sections increases; the trailer capacity is considered to meet the demand of the construction site because the trailers can continuously transport the components from the component factory to the construction site; the demand information of the components (location, component type, weight, and quantity), as well as the location of the demand points, are specific to the project itself. The operating cost of the tower crane is determined by the type of tower crane and the operating time of the tower crane. In addition to the above conditions, this paper also needs to set some assumptions:




	
For each lifting task, the tower crane operates at the same rate under full-load and no-load conditions;



	
The maximum lifting height of the tower crane meets the requirements of the building height;



	
There is no collision between tower cranes in operation;



	
The effect of component installation time on tower crane running time is excluded;



	
Multiple components can be provided for a particular trailer dock.








One workflow of the tower crane is to start from the supply point, lift the components to the demand point, and then return from the demand point to the supply point to facilitate the next operation in this cycle. That is, the tower crane runs the same two distances in a lifting task, the difference is that during the first half, the tower crane is running with a heavy load and during the second half the crane is running with no load. However, the specific running rate is not only limited by the running rate of the tower crane itself but also related to the proficiency of the tower crane operator. In the model, the operator’s proficiency is adjusted by a factor, so the model defaults to the same operating rate for the tower at full and empty load, i.e., the tower spends twice as much time per hoisting task as it does one-way.



Because the model in this study is based on the jib length, lifting capacity, working rate, and the corresponding cost of the tower crane to make the selection, it does not take the height of the tower crane as the evaluation criterion, and because the selected tower crane is attached, as long as the maximum lifting height meets the requirements, the tower height can be increased by increasing the standard section of the tower. At this time, if the lifting boom length and lifting capacity also meet the requirements. the tower crane can meet the requirements. However, without Assumption 2, the maximum lifting height of some tower cranes will not meet the height requirements of the building, which may lead to the wrong answer for the model selection. Therefore Assumption 2 is necessary.



The constraint of minimum safe distance between tower cranes is set in this model, but it is not a conflict-free area between tower cranes, and there will be certain delays between tower cranes due to avoidance or coordination work, and these delays are affected by many factors and cannot be accurately evaluated in this study. So, this study assumes that there will be no collision between tower cranes; thus it is not affected by the delay time.



Unlike cast-in-place projects, tower cranes in modular projects also need to assist in the assembly of components. The difference in the difficulty of assembly between the components and the different proficiency of the staff in assembly will lead to different delay times for the tower crane to assist in assembly, which will only affect the progress of the project and will not affect the time for the tower crane to lift the components, so the impact of the assembly time of the components on the running time of the tower crane is not considered in the model.



Because the trailer consignment has the characteristic of walking and stopping, the components do not stay after lifting, and as long as the location is optimal, the next vehicle consigning the components can stop at the location where the previous vehicle stopped, which will not cause vehicle congestion, so the model considers that the trailer parking can be used many times, i.e., multiple components can be provided.




3.2. Symbol Definition


The following parameters and symbols are involved in the mathematical model established in this paper, and their specific meanings are shown below:



i: Available trailer parking spots;



I: Total number of available trailer parking spots;



j: Demand points for components;



J: Total number of component demand points;



k: Available tower crane locations;



K: Total number of available tower crane positions;



l: Component type;



L: Total number of component types;



Kc: Tower crane type;



   V r k   : Speed of the radial movement of the hook along the boom;



   V ω k   : The tangential motion speed of the boom;



RK: Tower crane jib length.




3.3. Horizontal Motion Model of Tower Crane


The motion of the tower crane can be divided into horizontal and vertical. In the horizontal motion of the tower crane, the running trajectory can be decomposed into two parts: the tangential motion of the boom and the radial motion of the hook along the boom, as shown in Figure 2.



In the figure,    (  T  c k x  , T  c k y  , T  c k z   )    are the coordinates of the tower crane at position k,    (   S i x  ,  S i y  ,  S i z   )    are the coordinates of the trailer at position i, and    (   D j x  ,  D j y  ,  D j z   )    are the coordinates of the demand point at position j.



Zhang et al. originally developed an equation to represent these motions for estimating the running time of a tower crane in 1999 [16]. In this study, we decided to refer to this equation to represent the distance traveled by the tower crane to determine the running time of the tower crane, and a new equation, Equation (4), was added to assist in the calculation of Equation (6).



Equations (1)–(3) show the tower crane, trailer location, and the horizontal distance between the three components’ demand position:


  ρ  (   S i  , T  c k   )  =      (   S i x  − T  c k x   )   2  +    (   S i y  − T  c k y   )   2     



(1)






  ρ  (   D j  , T  c k   )  =      (   D j x  − T  c k x   )   2  +    (   D j y  − T  c k y   )   2     



(2)






  ρ  (   S i  ,  D j   )  =      (   S i x  −  D j x   )   2  +    (   S i y  −  D j y   )   2     



(3)




where the angle of the radial movement of the boom can be used to express the distance between the three; Equation (4) is:


  ρ    (   S i  ,  D j   )   2  = ρ    (   S i  , T  c k   )   2  + ρ    (   D j  , T  c k   )   2  − 2 ρ  (   S i  , T  c k   )  ρ  (   D j  , T  c k   )  cos ( θ )   ( 0 ⩽ θ ⩽ π )  



(4)







Defining    T  r ( i , j )  k    as the time of radial movement of the hook along the boom and    V r k    as the speed of radial movement of the hook along the boom, then    T  r ( i , j )  k    is expressed in Equation (5) as:


   T  r ( i , j )  k  =  |  ρ  (   S i  , T  c k   )  − ρ  (   D j  , T  c k   )   |  /  V r k   



(5)







Defining    T  ω ( i , j )  k    as the time of the tangential motion of the boom and    V ω k    as the velocity of the tangential motion of the boom,    T  ω ( i , j )  k    is expressed in Equation (6) as:


     T  ω ( i , j )  k  = arccos  {   [  ρ    (   S i  , T  c k   )   2  + ρ    (   D j  , T  c k   )   2  − ρ    (   S i  ,  D j   )   2   ]  / 2 ρ  (   S i  , T  c k   )  ρ  (   D j  , T  c k   )   }  /  V ω k      ( 0 ⩽ arccos ( θ ) ⩽ π )    



(6)







Regardless of the horizontal motion of the tower crane or the vertical motion mentioned below, the specific operation of the tower crane is controlled by a human, and the coherence of the tangential motion and radial motion in the horizontal motion of the tower crane will be influenced by the operator’s operation level, so a coefficient α is introduced to measure the degree of coherence of the tangential motion and radial motion, and its value ranges from 0.0 to 1.0 motion, and the more discrete the radial motion, the longer the horizontal running time    T  l ( i , j )  k   .    T  l ( i , j )  k    is finally expressed in Equation (7) as:


   T  l ( i , j )  k  = max  (   T  r ( i , j )  k  ,  T  ω ( i , j )  k   )  + α min  (   T  r ( i , j )  k  ,  T  ω ( i , j )  k   )   



(7)








3.4. Model of Vertical Motion of Tower Crane


The vertical movement of the tower crane can be simplified to the vertical movement of the hook; that is, the hook lifts the member from the trailer parking point (the height at which the member is on the trailer) to    D j z    plus h, and then descends to    D j z   . Note that a loss height h is introduced here because in the lifting process, the members of the assembled building have strict installation sequence requirements to avoid the lifting of the next piece of the member in the process of lifting the previous piece installed. The height difference is defined as h (h is taken as 1.5 m in this paper), as shown in Figure 3.



Defining    T  v ( i , j )  k    as the vertical motion time of the tower crane and    V v k    as the velocity of the hook in the vertical direction,    T  v ( i , j )  k    is expressed by Equation (8) as:


   T  v ( i , j )  k  =  (   |   D j z  −  S i z   |  + 2 h  )  /  V v k   



(8)







Additionally, considering the operation level of the tower crane operator, there is a certain degree of coherence between the horizontal and vertical movements of the tower crane, and the coefficient β is introduced to measure the degree of coherence between the horizontal and vertical movements of the tower crane, and its value range is also 0.0~1.0. When β is larger, the lower the operation level of the operator, the more discrete the horizontal and vertical movements of the tower crane, and the longer the single running time    T  ( i , j )  k    of the tower crane.    T  ( i , j )  k    is expressed in Equation (9) as:


   T  ( i , j )  k  = max  (   T  l ( i , j )  k  ,  T  v ( i , j )  k   )  + β min  (   T  l ( i , j )  k  ,  T  v ( i , j )  k   )   



(9)








3.5. Decision Variables


For better optimization and solution of the model, multiple binary decision variables are introduced, where:



The binary variable    € k    indicates whether the candidate position of a particular tower crane at the construction site is selected or not, and the value of    € k    is one when the tower crane is placed at position k, and zero otherwise. This is expressed in Equation (10) as


    € k   =  {     1   Placement   of   tower   crane   at   k     0   No   tower   crane   was   placed   at   k       



(10)







The binary variable    &  k , k c     denotes the type Kc of the tower crane at k. The value of    &  k , k c     is one when the type Kc of the tower crane at k is selected; otherwise, it is zero. It is expressed in Equation (11) as:


   & k  =  {     1   k   at   tower   crane   type   selection   K c     0   k   at   the   tower   crane   type   does   not   choose   K c       



(11)







The binary variable    X  i , l     represents the relationship between the member and the trailer parking point. The value of    X  i , l     is one when member l is consigned to the trailer parking point i and zero otherwise. It is expressed in Equation (12) as:


   X  i , l   =  {     1   Component   l   consignment   to   trailer   parking   point   i     0   Component   l   was   not   consigned   to   trailer   parking   point   i       



(12)







The binary variable    D  l , j     indicates whether there is a demand for component l at point j. When the demand exists, the value of    D  l , j     is one; otherwise, it is zero. This is expressed in Equation (13) as:


   D  l , j   =  {     1   The   existence   of   a   demand   for   l   at   point   j     0   There   is   no   demand   for   l   at   point   j       



(13)








3.6. Demand Identification and Supply of Components


The introduction of the parameter   D  N  l , j     indicates the number of components of type l demanded at point j (it can also be interpreted as the number of times j needs to be lifted); in most cases, a j point is at most one, and the number of components demanded is one. This is because this model is more customized to the site, and the general volume of the components is larger than the reference unit of the coordinates. To prevent some smaller components needing to be lifted more than once, as well as to further improve the applicability of this model, Formula (14) is proposed, at which time the relationship between   D  N  l , j     and    D  l , j     is expressed in Equation (14) as:


   ∑  l = 1  L  D  N  l , j   ⩾  ∑  l = 1  L   D  l , j   ,   ∀ j ∈ { 1 , … … . J }  



(14)







The auxiliary variable    Ω  k , k c , i , l , j    , which represents the single supply of components, is introduced to simulate the motion flow of the tower crane, indicating that the value of    Ω  k , k c , i , l , j     is one when the tower crane is located at k, and type kc delivers the component l located at the trailer parking point i to the demand point j. The relationship between demand and supply at this point is expressed by Equation (15) as:


   ∑  k = 1  K   ∑  k c = 1   K C    ∑  i = 1  I   ∑  l = 1  L   Ω  k , k c , i , l , j   = D  N  l , j   ,   ∀ l ∈ { 1 , … … L } , ∀ j ∈ { 1 , … … . J }  



(15)








3.7. Constraints on Trailer Stopping Points


The difference between a trailer transporting components to the construction site and a conventional yard is the stop-and-go characteristic, and because of the sequential characteristic of component installation and the existence of component installation time, it is considered that a certain trailer stopping point can supply multiple components without conflict (i.e., Assumption 5). To ensure that the required components are delivered by trailers to the trailer parking point, the binary parameters    D  l , j     and    X  i , l     need to satisfy Equation (16):


   ∑  i = 1  I   X  i , l   ⩾  ∑  j = 1  J   D  l , j   ,   ∀ l ∈ { 1 , … L }  



(16)







Then, the relationship between   D  N  l , j     and    D  l , j     at this point again needs to satisfy Equation (17) expressed as:


   ∑  j = 1  J  D  N  l , j   ⩾  ∑  j = 1  J   D  l , j   ,   ∀ l ∈ { 1 , … L }  



(17)







Of course, we can also have a separate constraint on a trailer stop to limit the types of components supplied by a certain supply point, i.e., Equation (18). The constant is a custom constant (how much is defined according to the actual engineering information for human control).


   ∑  l = 1  L   X  i , l   ⩽    constant ,    ∀ i ∈ { 1 , … I }  



(18)








3.8. Constraints on Tower Crane Position


Constrained by the candidate locations of the tower cranes and the total number of tower cranes, Equation (19) restricts the lifting of the members to occur only on one of the tower crane candidate locations:


     Ω  k , k c , i , l , j   ⩽  € k  ,   ∀ i ∈ { 1 , … . I } ,   ∀ j ∈ { 1 , … J } ,   ∀ k ∈ { 1 , … . K } ,     ∀ k c ∈ { 1 , … … K c } ,   ∀ l ∈ { 1 , … … L }    



(19)







In the example of this paper, the number of tower cranes is fixed, and Equation (20) requires that the total number of selected tower cranes is equal to a constant    K  numble    . However, Equation (20) can also be an inequality constraint to accommodate situations where the number of tower cranes is uncertain. This is because, for generally assembled residential cluster projects, a single tower crane is sufficient to cover a single building. For some large residential projects where multiple tower cranes are required to cooperate, it is sufficient to change Equation (20) into an inequality, where    K  numble     indicates the maximum number of tower cranes.


   ∑  k = 1  K   € k  =  K  numble    



(20)







In this study, although Assumption 3 exists, it is still necessary to ensure the minimum safety distance (msd) between tower cranes. In general, msd is taken as 2 m, which can also be adjusted according to the actual demand and site conditions but cannot be smaller than the minimum safety distance required by the codes around the world. The distance between arbitrary tower cranes is expressed by Equation (21) as:


  ρ  (  T  c k  , T  c  k ′    )  =      (  T  c k x  − T  c  k ′  x   )   2  +    (  T  c k y  − T  c  k ′  y   )   2     



(21)







Then, the safety distance between the tower cranes is expressed by Equation (22) as:


  ρ  (  T  c k  , T  c  k ′    )  − max  (   R k  ,  R  k ′    )  ⩾ msd  



(22)








3.9. Constraints on the Type of Tower Crane


The model and configuration specifications of the tower crane are predetermined by the person in charge of the project. For each tower crane k, Equation (23) constrains all component lifting movements made at k to use the same type of tower crane kc,


     Ω  k , k c , i , l , j   ⩽  &  k , k c   ,   ∀ i ∈ { 1 , … I } ,   ∀ j ∈ { 1 , … J } ,   ∀ k ∈ { 1 , … K } ,     ∀ k c ∈ { 1 , … K c } , ∀ l ∈ { 1 , … L }    



(23)








3.10. Capacity Constraints on the Selected Tower Crane Configuration


The lifting capacity of a tower crane is limited, and its performance varies with distance and structure. The specific relationships are described in the project examples. The weight of the rigging and pulleys has been considered in the calculation of the tower crane lifting capacity. To ensure that the lifting capacity of the selected tower crane meets the lifting requirements, the parameter   A  M  k , k c , i , j     is introduced, which indicates the maximum lifting capacity of the kc model at k at the relevant boom length, when it transports the component l at the supply point i to the demand point j. The value of parameter   A  M  k , k c , i , j     depends on the distance between i and j at time   ρ  (   S i  , T  c k   )    and the size of   ρ  (   D j  , T  c k   )    as well as the load of the relevant boom length of the tower crane.   D  W  l , j     indicates the weight of Type l member (single member) at j. Equation (24) ensures that the lifting capacity of the tower crane meets the lifting requirements.


    A  M  k , k c , i , j   − D  W  l , j   ⩾ 0 ,   ∀ i ∈ { 1 , … I } ,   ∀ j ∈ { 1 , … J } ,     ∀ k ∈ { 1 , … . K } ,   ∀ k c ∈ { 1 , … K c }    



(24)








3.11. Objective Function


The objective function defined in Equation (25) represents the total operating cost (TC) of lifting the components from the supply point to the demand point using a tower crane in a feasible configuration (i.e.,    Ω  k , k c , i , l , j    ).



   T  ( i , j )  k    expresses the total time of one tower crane operation (i.e., lifting of the component from the supply point to the demand point), and due to Assumption 1, the time for the tower crane to return to the supply point to facilitate the next lifting operation is also    T  ( i , j )  k   .    C  k c     is the operating cost of the tower crane kc, determined by the type of tower crane.


  TC =  ∑ k K   ∑  k c   K C    ∑ i I   ∑ l L   ∑ j J   Ω  k , k c , i , l , j    (  2 ∗  T  ( i , j )  k   )  D  N  l , j    C  k c    



(25)









4. Case Study


4.1. Project Overview


The project is located in Wuhan City, Hubei Province. The project covers an area of about 114,000 square meters, with a total construction area of about 524,000 square meters, (including 264,000 square meters of general commercial housing, 95,000 square meters of price-restricted resettlement housing, 13,100 square meters of public rental housing, 18,000 square meters of commercial buildings, and about 0.87 million square meters of supporting buildings and kindergartens). The project has 15 high-rise buildings (including 1 college student rental apartment and 3 returned houses), 3 super high-rise residential buildings, 1 sales office, and 1 supporting kindergarten.



The overall building volume of the project is too large for all of them to be substituted in the study. Therefore, in this paper, three high-rise modular residential buildings in Area 2, #6, #7, and #8, are selected as examples to substitute, as shown in Figure 4.



The building height of #6 and #7 is 34 stories, and the total height of the building is 95.54 m. The building height of #8 is 22 stories, and the total height of the building is 63.75 m. The width of the building is 46.8 m, and the depth is 18.2 m. The horizontal spacing between #8, #6, and #7 is about 17 m, the vertical spacing is about 18 m and 13 m, and the vertical spacing between #6 and #7 is about 48.5 m. The main prefabricated components are prefabricated facades, prefabricated windows, and prefabricated staircases, with a total of 60 types of components. (The information on demand points below is mainly based on building #8, and the information on supply points and tower cranes will be given).




4.2. Data Information


The floor plans of buildings #6, #7, and #8 are shown in Figure 5 and Figure 6.



Building #8 is an assembly floor from the 5th floor onwards. The number of requirements for each type of component and the weight of each component in building #8 are shown in Table 1.



The tower cranes in this project are mainly used for vertical and horizontal transportation of various PC components. After technical and economic selection, a total of 17 tower cranes are required. Among them, 3 cranes are required for buildings #6, #7, and #8. The project provides four kinds of optional tower cranes: JP6513, ZTT6513, TC6513, and TC7030 (see Table 2).



There is no restriction on the number of tower cranes of a certain type that can be used. The jib length of each type of tower crane is fixed in this study, and since it is assumed that the lifting height of the tower crane satisfies the building’s needs. The cost of the tower crane is only related to the model of the crane and its operating time. Based on the determined jib length in advance, information on the lifting capacity of the tower crane at the relevant distance (see Table 3) and the tower crane operating rate (see Table 4) can be obtained from the tower crane information provided by the tower crane rental company.



A total of 13 candidate tower crane locations were identified in the project example, of which 5 candidate locations were identified for buildings #6 and #7, and 3 candidate locations were identified for building #8. The candidate locations of the tower cranes were input into the computer as model data in the form of coordinate points, and the specific coordinates of the candidate locations of the tower cranes are shown in Table 5.



According to the project plan, there are 3 roads designed for the 3 high-rise assembly buildings #6, #7, and #8, 2 of which are used as the entrance and 1 as the exit for the trailers. All the trailer stops are along the left side of the road so that the road will not be blocked due to the trailer stops. Trailer stops are spaced to ensure sufficient space for trailers to enter and exit. To ensure enough parking points for trailers, 21 available trailer parking points were set up in the project, and the coordinates of the trailer parking points are shown in Table 6.




4.3. Optimization Results


As the project is completed, in this project, the construction unit chose to arrange the component yard at the construction site, and the arrangement is shown in Figure 7a.



To meet the requirements of the three buildings, a total of three yards were arranged to stack the components, one yard for each building. Among them, the yard of building #6 is located at the top left of the building, the yard of building #7 is located in an unusable plot, and the components need to be dismantled immediately after the completion of lifting. The yard of building #8 is located at the left side of the building. To meet the construction demand, the tower crane of building #6 is located at K5, and the selected model is TC7030; the tower crane of building #7 is located at K11, and the selected model is ZTT6513; the tower crane of building #8 is located at K2, and the selected model is TC6513.



Based on the known data information, the solution is programmed based on Python to produce the solution results. The optimized tower crane arrangement is shown in Figure 7b.



The optimized crane locations, crane types, docking point locations for each type of component, and crane run times and final costs are depicted in Table 7.



Compared with the results before optimization, the tower crane of building #6 is adjusted from K6 to K5 with the same tower crane model, the tower crane location and tower crane model of building #7 are unchanged, and the tower crane location of building #8 is unchanged, but the tower crane model is adjusted to JP6513. Lifting components from trailers reduces crane work time by 8.68% and total cost by 12.47% compared to lifting from the yard and reduces the yard footprint. In some central cities where land is expensive, the cost of yard space is not negligible, and some building sites simply do not have extra space for a component yard. In addition, the overlapping area between the tower cranes in building #8 has been reduced by 28.1% due to the shortening of the tower crane jib length, and the overlapping area between the tower cranes in building #8 and building #7 has completely disappeared, which means the operation of the tower crane in building #8 will not be affected by the tower crane in building #7.





5. Discussion


For conventional buildings, the layout planning of tower cranes has been well studied, and new research is growing every year, while relatively little research has been conducted on TCLP compared to TCLP for high-rise modular buildings, especially when trailer supply components are incorporated into TCLP. Previous authors have only solved the calculation of single tower cranes and individual component supply points using genetic algorithms. Therefore, this study focuses on the selection of trailer locations, considers multiple trailer locations as variables to consider the location of the tower crane, builds a mixed integer linear programming model, and substitutes it into the project example to prove the validity of the model.



From the results of the above example, it can be observed that in the tower crane layout planning for the high-rise modular housing complex project, building a mixed integer linear programming model and solving it with Python is possible and can determine the type of tower crane, the tower crane location, and the trailer parking location based on the lowest cost objective. Based on the results of the model, we can also obtain some suggestions for this example, such as the tower crane TC7030 for building #6 in the example. In fact, the jib length of the ZTT6513 model fully meets the needs of construction, but the lifting capacity cannot meet the needs of the relevant location of the component YWQ16, and the lifting capacity of the TC7030 model is too powerful, which will also cause waste of tower crane resources at this time. Thus, we suggest that the construction unit communicates with the tower crane leasing party to provide a more suitable tower crane. In addition, even for a simple site shape and building design, the crane layout diagrams for the two cases of setting up a yard and lifting from a trailer are different. For example, for building #8, to have the tower crane cover the component yard, a TC6513 crane with a 40 m jib has to be used, but if the crane is lifted from a trailer parked on the road, a JP6513 crane with a 30 m jib is perfectly adequate.



For modular building projects with complex sites and building shapes, even though it becomes more difficult to choose the location of the cranes and trailers, it only increases the time for the computer to calculate the results and does not affect the validity of the model. However, at the same time, we also note that there are more limitations due to the presence of linear features of the algorithm. In the follow-up research plan, we are considering: feature screening in different dimensions, optimization algorithms for multiple objectives, and exploration of the applicability of machine learning in large sample low latency scenarios. In addition, we can also set other constraints in the model or add multiple objectives when we only need to change the model slightly by adding weights between multiple objectives. It is worth noting that the premise of using trailers as the variable does not take into account the delay in the supply of components from the factory or other possible delays in the supply of components, which will result in the loss of costs for the tower crane if the components are delayed and the corresponding tower crane has no components to hoist. At this point, if these lost costs are added, the comparison between lifting from the yard and lifting directly from the trailers will need to be re-examined, and a more suitable solution will be chosen for projects where there is sufficient space to stack the components.




6. Conclusions


High-rise modular houses are usually located in cities with dense or small construction sites. Construction sites often do not have enough space to store a large number of prefabricated components, and even if a demountable component yard is established at some spare sites, it will waste resources, increase the cost of storing the components on-site, and cause the double-handling of components. In addition, due to site constraints, even if a component yard is set up, it is often not in the best location, resulting in the layout of the tower crane also being affected, which further increases the workload and cost of the tower crane. Lifting the components directly from trailers to the construction site will not only save the area of the construction site but also greatly reduce the workload of the tower crane, thus reducing the cost. Based on this, this study builds a mixed integer linear programming model for pre-construction tower crane planning in high-rise residential construction, reflecting the type of tower crane, tower crane location, and trailer location with minimum cost.



In the TCLP of a high-rise modular housing complex project, the main factors affecting tower crane cost are the type of the tower crane and the running time of the tower crane. The type of tower crane mainly meets the lifting capacity of the members at the relevant jib length, and the running time of the tower crane depends on its distance from the members and the distance from the member demand point. Therefore, with the member demand point unchanged, this study constructs an optimization model for minimizing the running distance of the tower crane by taking both the location of the crane and the trailer as variables, which can give suggestions for crane location and, type and the stopping position of each trailer at the site. Then, the conclusions drawn from this study model were compared with the original proposal of a completed project, and it was found that lifting the components directly from trailers would reduce the working time of the tower crane by 8.68% and the cost by 12.47% compared with setting up a component yard on site, thus verifying the validity of the model.



This study presents a new approach to TCLP for high-rise modular housing complex projects with some academic value. The problem of optimizing multiple tower cranes and multiple docking points simultaneously is solved with the trailer docking point as the variable. In addition to the variables listed above, we can also take more variables into account when deriving optimization results and transform the single-objective problem into a multi-objective one, such as weighting the running time of the tower crane, the capacity of the tower crane, etc.



This study also has some limitations. The trailer delivery of components has very strict time requirements, is affected when the delivery of components happens to be delayed, the wrong components are sent from the factory, or there is a public channel to deliver the components, etc. These situations will lead to no component lifting at the site, thus to wasted resources and delays in construction. In addition, when planning the layout of tower cranes, the land cost in urban areas and the grid towers around the construction sites can also influence the optimal results of tower cranes. In future studies, we could consider the production shipment of the component plant, traffic conditions, limitations of the construction site for the tower crane, etc., as factors affecting tower crane layout planning.
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Figure 1. Structure diagram of attached tower crane (part). 






Figure 1. Structure diagram of attached tower crane (part).



[image: Buildings 13 00115 g001]







[image: Buildings 13 00115 g002 550] 





Figure 2. Horizontal motion of a tower crane. 
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Figure 3. Vertical movement of the hook. 
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Figure 4. High-rise modular housing in Area 2. 
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Figure 5. Plan of vertical prefabricated components of buildings #6 and #7. 
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Figure 6. Plan of vertical prefabricated components of building #8. 
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Figure 7. (a) Tower crane arrangement before optimization; (b) optimized tower crane arrangement diagram. 
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Table 1. Information table of prefabricated components demand for building #8 (13 floors, for example).
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	Demand Point Serial Number
	Required Component Number
	Number of Components (Pcs)
	Weight of Individual Components (T)
	Demand Point

Coordinates (x, y, z)





	D81
	YWQ1
	1
	4.348
	(27.9, 53.5, 34.8)



	D82
	YWQ1F
	1
	4.348
	(68.7, 53.5, 34.8)



	D83
	YWQ2
	1
	2.403
	(30.9, 53.5, 34.8)



	D84
	YWQ3
	1
	2.461
	(48.9, 52, 34.8)



	D85
	YWQ3a
	1
	2.461
	(51.6, 52, 34.8)



	D86
	YWQ4
	1
	2.304
	(45.3, 66, 34.8)



	D87
	YWQ4F
	1
	2.304
	(54.3, 66, 34.8)



	D88
	YWQ4a
	1
	2.248
	(27.6, 55.2, 34.8)



	D89
	YWQ4b
	1
	2.304
	(43.5, 68.1, 34.8)



	D90
	YWQ4bF
	1
	2.304
	(55.5, 68.1, 34.8)



	D91
	YWQ5
	1
	2.736
	(39.9, 66, 34.8)



	D92
	YWQ5F
	1
	2.736
	(59.7, 66, 34.8)



	D93
	YWQ5a
	1
	2.736
	(27.6, 60, 34.8)



	D94
	YWQ5aF
	1
	2.736
	(69.9, 60, 34.8)



	D95
	YWQ5b
	1
	2.67
	(27.6, 55.8, 34.8)



	D96
	YWQ5ba
	1
	2.67
	(69.9, 57, 34.8)



	D97
	YWQ5bb
	1
	2.67
	(69.9, 54, 34.8)



	D98
	YWQ6
	1
	1.347
	(38.1, 61.2, 34.8)



	D99
	YWQ7
	1
	0.98
	(39, 63, 34.8)



	D100
	YWQ7a
	1
	0.958
	(39.9, 51.6, 34.8)



	D101
	YWQ7aF
	1
	0.958
	(59.7, 52.5, 34.8)



	D102
	YWQ9
	1
	2.11
	(63.9, 61.8, 34.8)



	D103
	YWQ10c
	1
	4.961
	(30, 60.6, 34.8)



	D104
	YWQ11a
	1
	1.82
	(37.5, 61, 34.8)



	D105
	YWQ12b
	1
	2.046
	(40.5, 68.1, 34.8)



	D106
	YWQ12c
	1
	2.046
	(58.5, 68.1, 34.8)



	D107
	YWQ13a
	1
	2.445
	(45.3, 63, 34.8)



	D108
	YWQ14a
	1
	1.71
	(54, 63, 34.8)



	D109
	YWQ15a
	1
	4.257
	(63, 63, 34.8)



	D110
	YWQ16a
	1
	5.254
	(66.6, 60.6, 34.8)



	D111
	YWQ17
	1
	1.82
	(54.9, 51.6, 34.8)



	D112
	YWQ17a
	1
	1.82
	(65.4, 52.8, 34.8)



	D113
	YWQ17F
	1
	1.82
	(44.7, 51.6, 34.8)



	D114
	YWQ18
	1
	1.52
	(61.5, 52.8, 34.8)



	D115
	YWQ19
	1
	1.59
	(58.8, 51.6, 34.8)



	D116
	YWQ19b
	1
	1.59
	(41.1, 51.6, 34.8)



	D117
	YWQ20
	1
	3.61
	(36, 53.1, 34.8)



	D118
	YWQ21
	1
	3.118
	(45, 57.5, 34.8)



	D119
	YWQ21F
	1
	3.118
	(57, 57.5, 34.8)



	D120
	YWQ22
	1
	3.83
	(51, 57.5, 34.8)
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Table 2. Optional tower crane types.






Table 2. Optional tower crane types.





	Type
	Model
	Arm Length (m)
	Lifting Weight at the

End of the Jib (t)
	Maximum

Lifting Weight (t)
	Operating Cost (Yuan/min)





	KC1
	JP6513
	30
	5.1
	6
	1.48



	KC2
	ZTT6513
	40
	3.21
	6
	1.87



	KC3
	TC6513
	50
	2.14
	6
	2.16



	KC4
	TC7030
	45
	6
	12
	2.23
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Table 3. Lifting capacity of optional tower cranes.






Table 3. Lifting capacity of optional tower cranes.





	Type
	Model
	10 m
	20 m
	30 m
	40 m
	50 m





	KC1
	JP6513
	6.0
	6.0
	5.1
	—
	—



	KC2
	ZTT6513
	6.0
	6.0
	4.8
	3.21
	—



	KC3
	TC6513
	6.0
	6.0
	3.77
	2.86
	2.14



	KC4
	TC7030
	12.0
	12.0
	9.76
	6.93
	—










[image: Table] 





Table 4. Operating rates of optional tower cranes.






Table 4. Operating rates of optional tower cranes.





	
Type

	
Model

	
Hook Lifting Speed (m/min)

	
Rotation Speed of the Boom (r/min)

	
Radial Velocity of the Trolley (m/min)

	
Difficulty of Operation




	
α

	
β






	
KC1

	
JP6513

	
36

	
0.7

	
30

	
0.2

	
0.7




	
KC2

	
ZTT6513

	
45

	
0.7

	
35

	
0.2

	
0.7




	
KC3

	
TC6513

	
40

	
0.7

	
50

	
0.2

	
0.7




	
KC4

	
TC7030

	
50

	
0.6

	
60

	
0.2

	
0.7
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Table 5. Coordinates of the candidate location of the tower crane.






Table 5. Coordinates of the candidate location of the tower crane.















	Location
	x
	y
	z
	Location
	x
	y
	z





	K1
	33
	51
	0
	K8
	138
	13.5
	0



	K2
	49.5
	49.5
	0
	K9
	93
	79.5
	0



	K3
	66
	51
	0
	K10
	105
	78
	0



	K4
	95
	13.5
	0
	K11
	114
	78
	0



	K5
	111
	12
	0
	K12
	123
	78
	0



	K6
	120
	12
	0
	K13
	132
	79.5
	0



	K7
	129
	12
	0
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Table 6. Coordinates of trailer parking points.






Table 6. Coordinates of trailer parking points.















	Location
	x
	y
	z
	Location
	x
	y
	z





	S1
	27
	43.5
	2
	S12
	129.9
	43.5
	2



	S2
	37.5
	43.5
	2
	S13
	141.6
	43.5
	2



	S3
	48
	43.5
	2
	S14
	138
	70.5
	2



	S4
	57.6
	43.5
	2
	S15
	126.9
	70.5
	2



	S5
	67.2
	43.5
	2
	S16
	120.6
	70.5
	2



	S6
	78.9
	31.5
	2
	S17
	111
	70.5
	2



	S7
	78.9
	19.5
	2
	S18
	102
	70.5
	2



	S8
	91.5
	43.5
	2
	S19
	91.5
	70.5
	2



	S9
	102
	43.5
	2
	S20
	72.6
	78.6
	2



	S10
	111
	43.5
	2
	S21
	72.6
	87.6
	2



	S11
	120.9
	43.5
	2
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Table 7. Optimization result information.






Table 7. Optimization result information.





	Selected Tower Crane

Location
	Selected

Tower Crane

Model
	Selected Trailer Stopping Points and Supply

Components
	Tower Crane Operation Time (min)
	Tower Crane

Operation Cost (Yuan)





	KC2
	JP6513
	S1(YWQ1, YWQ2, YWQ4, YWQ4a

YWQ4b, YWQ5, YWQ5a, YWQ5b

YWQ7, YWQ10c, YWQ12b)

S2(YWQ3, YWQ6, YWQ7a, YWQ11a

YWQ13a, YWQ17F, YWQ19b, YWQ20

YWQ21)

S4(YWQ3a, YWQ7aF, YWQ17, YWQ18

YWQ19, YWQ21F, YWQ22)

S5(YWQ1F, YWQ4F, YWQ4bF, YWQ5F

YWQ5aF, YWQ5ba, YWQ5bb, YWQ9

YWQ12c, YWQ14a, YWQ15a, YWQ16a

YWQ17a)
	1699.74
	2515.68



	KC6
	TC7030
	S7(YWQ1, YWQ2, YWQ20a, YWQ7a

YWQ10b, YWQ5a, YWQ5b, YWQ4a)

S10(YWQ19aF, YWQ17F, YWQ21aF, YWQ22a, YWQ13, YWQ4, YWQ4b, YWQ12, YWQ5, YWQ7, YWQ6, YWQ11)

S11(YWQ3, YWQ3a, YWQ4bF, YWQ4F

YWQ14, YWQ21a)

S12(YWQ17, YWQ19a, YWQ7aF, YWQ18a

YWQ17c, YWQ1F, YWQ5bb, YWQ5ba

YWQ5aF, YWQ16, YWQ9, YWQ15

YWQ5F, YWQ12a)
	2854.98
	6366.6



	KC11
	ZTT6513
	S14(YWQ17c, YWQ5bb, YWQ5ba,

YWQ5aF, YWQ16, YWQ9, YWQ15, YWQ5F, YWQ12a, YWQ4bF

YWQ4F, YWQ14)

S15(YWQ3a, YWQ17, YWQ19a, YWQ7aF

YWQ18a, YWQ1F, YWQ21a)

S18(YWQ20a, YWQ7a, YWQ19aF,

YWQ17F, YWQ3, YWQ21aF)

S19(YWQ1, YWQ2, YWQ22a, YWQ13

YWQ4, YWQ4b, YWQ12, YWQ5

YWQ7, YWQ6, YWQ11, YWQ10b

YWQ5a, YWQ5b, YWQ4a)
	3129.63
	5852.4
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