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Abstract

:

Pile installation has an environmental impact through its various processes ranging from raw material extraction to construction. In addition, the environmental performance, productivity, and cost of pile installation depend on the construction plan. Therefore, the chain of activities must be considered when analyzing the sustainability of pile installation. A rational construction plan must carefully examine the factors that affect the productivity and sustainability of pile installations. This study presents a method for evaluating eco-economic performance by analyzing the resource utilization and processes of PHC pile installation. First, a process modeling technique, wherein details are broken down to the work task level, based on energy consumption and resource cost, is proposed. Second, a simulation method that calculates the eco-economic performance of the PHC pile process and resources (e.g., equipment) is presented. Third, a quantitative comparison of durations, costs, and emissions resulting from simulation, estimation based on the CSPR (Construction Standard Production Rate) and IUC (Itemized Unit Cost), site contract, and actual construction is presented. The results reveal that the method effectively reflects the prediction of duration, cost, and carbon emissions generated in the real world during the construction planning stage.
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1. Introduction


1.1. Research Background


A pile foundation is a columnar structural element located in the lower part of a structure, such as a building or bridge, that transfers load from the structure to the ground [1]. It supports the structure and prevents subsidence or inclination by transmitting the load to the ground. The pile consists of cement, sand, aggregate, and chemicals, and the construction process consumes various materials. These production and construction processes generate waste and pollutants, which contaminate natural resources, such as land and water, and affect the functioning of the construction site and surrounding natural systems. This series of activities must be carefully considered to analyze the sustainability of pile installation, and it is necessary to establish a reasonable construction plan after closely examining the factors that affect the productivity of pile installation [2,3]. Reducing carbon emissions in pile construction is mainly related to minimizing fuel and material consumption and reducing waste generation during installation, which can be achieved by implementing sustainable construction practices and improving the quality of construction processes [4]. Fossil fuels used for heavy equipment in pile construction generate 2.62 kg of CO2 emissions from 1 L of diesel and 0.537 kg of CO2 per 1 kWh of electricity used [5]. The most carbon-emitting resource during pile construction is the construction equipment, and various studies on the carbon emission of construction equipment are being conducted because of this importance [5,6,7]. However, there is an absence of quantitatively predicting the amount of carbon emitted by the resources used for pile construction at a detailed level. Environmental performance, productivity, and cost depend on the construction plan. Therefore, a system that helps quantitatively evaluate these factors simultaneously and supports decision-making is essential.



This study presents a simulation modeling and analysis method for simultaneously estimating stochastic carbon emissions generated by the resources (i.e., equipment) and the amount of time and cost required for the completion of pile installation. The method evaluates productivity and environmental performance during the planning stage of the pile installation. Additionally, it helps establish a reasonable pretensioned spun high-strength concrete (PHC) pile construction plan considering the environmental and economic feasibility.




1.2. Research Aim and Scope


This study presents a method for stochastically estimating the duration, cost, and carbon emissions of the PHC pile installation process. The proposed method deals with tasks that have repetitive attributes, such as adjusting axis, drilling, removing auger and grouting, pile erection and placement, and moving to the next pile location, using discrete event simulation (DES). DES can be used to build and analyze a cyclical network model of the construction process. Additionally, analyzing the construction process in detail and improving the accuracy of estimating the duration, cost, and emissions is possible using DES [8,9,10,11,12,13]. DES is recognized as a useful tool that can effectively deal with the detailed analysis of energy consumption and carbon emissions of resources during the construction process. Therefore, in this study, after establishing a simulation model of PHC pile installation using DES, an eco-economic analysis method of the process is presented.



The detailed research procedure undertaken to achieve this research goal is detailed as follows. First, previous studies on pile construction and DES were investigated. Subsequently, processes and procedures were established to evaluate the productivity and environmental performance of the PHC pile installation process. Second, by conducting on-site surveys and expert interviews, information on the resources required for PHC pile installation (e.g., the hourly cost of resources, fuel consumption of equipment, etc.) was obtained. In addition, the task time data required for the pile installation and simulation modeling data (e.g., the relationship among tasks and the process of each resource) were collected through video recordings. Third, the PHC pile installation process was identified for simulation modeling based on the process information obtained from field surveys, expert interviews, and video recordings. Subsequently, the precedence relationship between the work tasks and the system input and output values were defined. Finally, an application for estimating the duration, cost, and carbon emissions to complete the PHC pile installation process was developed and used to create a simulation based on the collected and analyzed information. Furthermore, the validity of the model was verified by analyzing and comparing the results with an actual field case.





2. Literature Review


Sustainable construction is reflected in applying sustainable development practices in the industry, and efficient implementation of the construction process is the most critical aspect of sustainable pile construction [14,15]. According to [16], construction and design encourage achieving three goals: Economic sustainability to stimulate economic growth, environmental sustainability to minimize environmental impact, and social sustainability approach, a sustainable construction practice for social well-being. Therefore, it contributes tremendous utility to economic, environmental, and social development and ultimately creates a sustainable construction environment [17]. Optimization of the construction process and reduced uncertainty are expected to improve sustainability and component performance [18]. However, this uncertainty poses challenges for underground infrastructure, such as foundations [19,20]. Additionally, [21] found that sustainable practices of pile construction played a crucial role in gaining a competitive advantage through cost effectiveness, performance efficiency, and sustainability. [22] showed that excavated piles account for higher greenhouse gas emissions than drilled piles, and the installation process of bored piles needed optimization. [23] pointed out that high-strength prestressed concrete piles can reduce greenhouse gas emissions and economic costs by almost half compared to steel H-piles. The authors in [24] compared actual field data with alternatives (Scenarios 1 and 2) for 341 precast concrete pile construction sites. They presented a method that searches for optimal alternatives by analyzing the variability and uncertainty related to the overall pile construction (i.e., design, manufacturing, and construction) based on data obtained from interviews with precast pile manufacturing and installation experts. A foundation constructed for an eight-story reinforced concrete structure residential building in San Francisco was analyzed based on the principles of lean construction, which pursues an efficient construction production system that minimizes waste. Ref. [3] presented a method that estimates the productivity and cost of bored pile construction using a deterministic technique. Data for the analysis were collected using questionnaires, interviews, and telephone calls with construction experts. The productivity, cycle time, and cost of the five models were analyzed while taking into consideration the pile size, depth, pouring method, soil type, and construction method. Ref. [25] developed a productivity index based on factors affecting the productivity and cost of continuous flight auger (CFA) pile installation. The productivity index quantifies the subjective factors that affect the productivity of the CFA pile installation. The study analyzed the productivity, cycle time, and cost of CFA pile construction for various models using a deterministic approach. The productivity index was calculated using the analytic hierarchy process (AHP) and fuzzy theory [26]. In addition, various approaches, such as discrete event simulation [27,28,29], regression analysis [30,31], and neural networks [32], were applied to analyze productivity and cost according to variables, such as pile size, pile length, soil type, and auger length. In addition, [33] presented a method called the rank reversal technique and compared the simulation results of pile installation obtained from various approaches, that is, deterministic, simulation, regression, and artificial neural networks. Refs. [2,34,35] presented a quantitative analysis method for evaluating the sustainability of drilled shafts and precast concrete (PC) pile installations. The authors analyzed the environmental impact and economic feasibility of the two methods using life cycle assessment (LCA) and cost-benefit analysis (CBA). In addition, multi-criteria analysis (MCA), which evaluates the environmental impact and economic feasibility, was used to select the optimal result for supporting decision-making. Ref. [21] demonstrated that cost-effectiveness, productivity improvement, and minimization of environmental impact (attaining sustainability) are possible through a comparison of the previously implemented and alternative methods of pile foundation construction. In the case study, the author postulated that a reduction 15% in cost and 18.61% in CO2 emissions is possible if alternative comparisons are conducted before starting pile construction.



Although numerous studies that recognize the importance of productivity and environmental performance evaluations at the construction stage have been conducted, these studies do not provide a method for the stochastic estimation of construction eco-economic performance at a detailed level. The method presented in this study provides a more accurate prediction and supports a rational decision-making process during the construction planning stage of PHC pile installation using simulation techniques.




3. Eco-Economic Performance Estimation System for PHC Pile Installation


3.1. System Structure and Components


This system consists of (1) a process simulation modeling and execution environment, (2) a graphic user interface of the simulation system, and (3) a datasheet. The graphic user interface and simulation environment of this system were built using MATLAB 2009b version. This system helps analyze the eco-economic performance using a simulation model that estimates the duration, cost, and energy consumption based on the attributes of equipment and labor deployed in the PHC pile installation process. The system consists of the following three stages.



	
Simulation modeling and system setting (input variables: Resources and tasks, system and datasheets)



	
Simulation execution (processing and calculation)



	
Results analysis (finding probabilities under limitations)







3.2. System Process


The system process for the eco-economic performance analysis of the pile installation process is presented in this section. The system process is illustrated in Figure 1.



This system performs experiments based on a DES model and the system input variables. In addition, variability data on the entity flow generated by the work task or waiting time of each modeling component are collected in a vector format, and stochastic emission, duration, and cost information of the PHC pile installation process are provided.



3.2.1. Simulation Modeling and Input Variables for Modeling Component


This section presents the model development and input/output variables for the PHC pile process. The four key components needed to build a construction process model are (1) knowledge of the construction method related to the process, (2) knowledge of the process for breaking down a construction process into a basic work task level, (3) information to identify the resources required for the process, and (4) the ability to define relationships between the resources and work tasks [36]. To analyze the eco-economic performance of the PHC pile process, a simulation model must be established, and input variables for the model must be set. This system provides a simulation model and a graphical user environment in which a simulation model is built, and the input variables of the model of the PHC pile installation process are specified. The PHC pile installation process model integrates the individual processes of all resources (Figure 2).



The resources involved in performing the work tasks in this study follow the process presented below.



	
Cement and water mixture is used for grouting and additional grouting and is subsequently removed from the system.



	
The PHC pile is moved to the work spot by the payloader, connected to the crawler crane, and installed at the location. When a rebound check is performed, it is removed from the system.



	
The mixer, payloader, and excavator each perform a single task of mixing, moving piles, and removing slime, respectively. The pump injects cement paste during grouting and performs additional grouting tasks.



	
The crew performs axis adjustment, pile connection, and rebound check in a cyclical manner.



	
The crawler crane cyclically performs axis adjustment, drilling, removing the auger, pile connection, pile erection, removing casing, rebound check, and moving to another axis.






Combi and Normal components are used for modeling time-consuming tasks performed by the resources deployed in the process model. Queue is a component that initializes resources with a cyclic process (e.g., equipment and crew), a non-cyclic process (e.g., material), or an idle state. For example, crawler cranes, mixers, pumps, and crew are cyclic resources, whereas PHC piles, cement, and water are non-cyclic resources, as depicted in Figure 2. Resources deployed to the process model are initialized in the Queue, and the time variables (task time function (TTF)) that cause variability in the simulation are set using the Combi and Normal components. When TTFs are set for work tasks, the system runs a simulation and calculates the time taken during the simulation by each component as well as the entire system based on queuing theory. The counter component performs entity counting and stops the simulation when it receives the stopping conditions from the system.



The drilling task time is related to several conditions, such as the hole size, strata, and excavation time for each stratum. This study presents a method for estimating the drilling task time using a drill diagram. First, based on the section guide and drill logs, the system creates a 3D contour map according to the geological distribution of the site (Figure 3). By connecting each point of the drill log (e.g., BX-10, NX-9, etc.) according to the section guide and stratum level (e.g., Ground level, Soil level, Rock level, etc.), the system identifies a 3D map of the ground and stratum level of each PHC pile. The 3D geological modeling process can be found in other studies (e.g., [37,38,39]). Second, the system calculates the excavation time for each file (Equation (1)) by overlapping the pile location on the 3D map and saving it as a vector (   T D   ) for the TTF of the drilling task.


   T  D i   =    l  D i  1  ×  t  D i  1    +    l  D i  2  ×  t  D i  2    ⋯ +    l  D i  n  ×  t  D i  n     



(1)




where    T  D i     is the drilling task time for    i  t h     installation spot,    l  D i  n    is the length of each stratum for    i  t h     drilling task, and    T  D i  n    is the drilling time for each stratum for    i  t h     drilling task.



The system (1) imports the probability distribution function and parameters of the TTF except for the drilling task from the datasheet, (2) assigns it to each work task, (3) sets the time unit (i.e., second, minute, or hour), (4) initializes the maximum simulation iterations and sets the model’s stoppage condition (i.e., cycles or simulation time limit), and (5) sets the current simulation iteration (k) to 0 and executes the computation till iteration (k) reaches the maximum simulation iteration (j). In addition, the system (6) imports the hourly fuel consumption and cost information of the resources from the datasheet and (7) stores it in a matrix. When the modeling and system input are completed, the simulation is executed.




3.2.2. Simulation Execution and Result Analysis


The system runs simulations using the developed model and input variables. In addition, the variability data arising from the entity flow generated by waiting or working time for each element are saved as a vector in each simulation. Using the generated data, the (1) process completion duration, (2) process completion cost, and (3) carbon emissions of equipment are calculated and saved. The system imports the matrix of the stored datasheet before the simulation is executed and uses it to calculate the carbon emissions from each component during the simulation. The hourly fuel consumption and cost of the deployed equipment used in this study and the average drilling time for each stratum were collected from expert interviews, and the other work task times were analyzed using video recordings and a time-lapse study.



The system calculates the total carbon dioxide emissions of the process by summing carbon dioxide emissions from each piece of equipment. The fuel consumption (   F i   ) of the individual piece of equipment is calculated by applying Equation (2) using the average service time of the work task (  S  T t   ), where the equipment i is involved, and the average fuel consumption per hour (  H  F i   ) of the equipment i.


   F i  = H  F i  ×   ∑   t = 1   C o u n t   T a s k   S  T t   



(2)







The system calculates the carbon dioxide emissions (   E i   ) using the total fuel consumption (   F i   ) of each individual piece of equipment and the emission calculation formula of the Intergovernmental Panel on Climate Change (IPCC) [40] (Equation (3)).


   E i  = 0.000845 × 0.837 ×   44   12   × 1000 ×  F i   



(3)




where 0.000845 is the ton of oil equivalent (TOE) of diesel, 0.837 is the carbon emission factor of diesel, 44/12 is the ratio of carbon dioxide molecular weight to carbon atomic weight, and the constant 1000 is used to convert tons to kg.



The total carbon dioxide emission ( E ) of the PHC pile installation process is calculated using the total carbon dioxide emission amount of the individual piece of equipment (   E i   ) and the number of pieces of equipment (   N i   ), using Equation (4).


  E =   ∑   i = 1   C o u n t   E q u i p m e n t    E i  ×  N i   



(4)







Subsequently, the total cost of the PHC pile installation process ( C ) is computed using the equipment’s hourly costs (  H  C i   ), number of deployed equipment (   N i   ), and elapsed simulation time ( D , total duration of pile installation process), using Equation (5).


  C =   ∑   i = 1   C o u n t   E q u i p m e n t   H  C i  ×  N i  × D  



(5)







The performance results are saved during each simulation, and the optimal probability distribution function and parameters of each performance indicator (i.e., duration, cost, and emission) are estimated and presented using the best-fit PDF algorithm by the construction operation and project scheduling (COPS) system [8]. Subsequently, a user can query the probability of completing the process within a specified duration, cost, and emission. This helps practitioners in decision-making.






4. Test Case


4.1. Simulation Modeling of the PHC Pile Installation Process


A total of 299 PHC piles (400 mm) were installed (Figure 4). The pile specifications (length, diameter, etc.) and quantity were designed based on ground investigation results.



The work tasks performed by the deployed resources and the process of each resource were identified by site investigation and video recordings. The resources deployed in the PHC pile installation model used in the case study were material (i.e., cement paste, water, and PHC pile), labor (i.e., crew), and equipment (i.e., crawler crane, excavator, payloader, pump, and mixer). Table 1 presents the attributes of the equipment used.



The attribute values of the resources used to perform the PHC installation process are listed in Table 1 and Table 2. The average hourly fuel consumption and hourly cost of the equipment were obtained through expert interviews. To measure the work task time of the PHC pile process, a video recording and time-lapse study were conducted. Time measurements for each work task were performed at least 30 times to ensure sampling reliability.



Table 3 lists the drilling task times used in this study. These task times are the result of the calculation using the location of the PHC pile (Figure 5), drill log (Figure 3), 3D contour map (Figure 4), and Equation (1).




4.2. Simulation Experiment Results and Discussion


Figure 5 shows the results of the simulation based on the information presented above. The system executes iterative simulations to calculate and present the optimal probability distribution function and parameters of the process completion duration, cost, carbon dioxide emissions, and interval values (minimum and maximum) for each performance. Additionally, the probability of delivering the process within the specified value for each simulation result was calculated and presented by querying the value specified for each output. The simulation results for each output are presented in Figure 5 and Table 4. An eco-economic construction plan for the PHC pile was established using these simulation experiments. For example, if the probabilities of performance are low, a project manager can secure a margin on deadline, budget, or carbon emissions.



The simulation results of this study showed that Duration and Cost are the Normal probability distribution functions, and Emission is the Gamma probability distribution function. The system presents PDF (Probability Distribution Functions) and values of parameters (e.g., ‘mu’ and ‘sigma’ of Normal distribution and ‘a’ and ‘b’ of Gamma distribution) after the simulation experiment is finished. The system calculates the minimum and maximum of Duration, Cost, and Emission as [5593:5724], [45,286,330:46,348,105], and [12,107:12,366], respectively. In this simulation results, the constraint conditions of the construction site are set as duration [5700 min], Cost [46,000,000 KRW], and Emission [12,200 kgCO2], and the system calculates and presents 95.91%, 84.36%, and 30.97%, respectively (Table 4).



The simulation results, estimation based on the CSPR (Construction Standard Production Rate) and IUC (Itemized Unit Cost), site contract, and actual construction results are presented to compare and validate the presented method in this study (Table 5). The CSPR and IUC are used to estimate the duration and cost of construction projects in Korea. The estimation process using CSPR and IUC of Korea is similar to the process of using RS Means of the U.S. and Rawlinsons Construction Cost Guide of Australia. Based on the CSPR, the construction quantity and duration of tasks are calculated, and the costs of the works are calculated using the ICU. The detailed calculation process of estimating duration, cost, and carbon emission based on the CSPR and IUC is presented in Appendix A.



All four results of the duration appear to be different. First, the number of actual working days of the construction site was 17. However, if we substituted the six days when less than seven piles per day were erected per day, the number of average working days becomes 12. This result differs from the CSPR and contractual working days and is similar to the simulation result. Second, the cost of the on-site contract was considered the actual construction cost. As a result, the cost was significantly different from the result calculated using CSPR. On the other hand, the cost also appears to be similar to the simulation results. Lastly, the results calculated by the CSPR were higher than the simulation results. This result is because, in the case of carbon dioxide emissions calculated by simulation, the variability of the emissions is effectively reflected by capturing the work tasks in which only the equipment is operated rather than using the entire construction period. Therefore, this result shows that even though the calculated number of working days in simulation is higher, the carbon emission is lower than the CSPR result. This test case reveals that the estimation accuracy of the emissions is improved, and the method effectively reflects the prediction of duration, cost, and carbon dioxide emissions in real-world construction.





5. Conclusions


In this study, the duration, cost, and carbon dioxide emissions generated by the resources (e.g., equipment) used for PHC pile installation were estimated using a discrete event simulation. A comparison between actual construction and simulation results shows that the accuracy was 98.3% for the duration and 98.7% for the cost. On the other hand, a comparison between actual construction and CSPR shows that the accuracy was 70.8% for the duration and 59.4% for the cost. Therefore, the simulation results are more accurate in predicting the duration and cost of the PHC pile installation process. In addition, since the presented method calculates the total amount of emission by calculating only the time when the equipment is working in the simulation, it reflects reality more effectively. In addition, a stochastic analysis method was presented to estimate the eco-economic performance. This study provides the following benefits. (1) This study presented a method that simultaneously evaluates the productivity and environmental performance of pile construction, whereas, in previous studies, pile construction productivity and environmental performance evaluations were conducted individually. (2) This study presented a model for measuring the carbon dioxide emissions of the PHC pile installation at a detailed level of the construction process. This provides a basis for quantifying the productivity and environmental impact of PHC pile processes in the construction field. (3) By performing iterative simulations of the PHC pile installation, stochastic estimation of the duration, cost, and carbon dioxide emissions were enabled. This enables more accurate management of these outcomes during the planning stage of PHC pile construction.



However, this study has several limitations, described as follows. (1) The eco-economic performance of only a single method (i.e., a PHC pile) was evaluated in this study. In future studies, the modeling, simulation, analysis, and comparison of various pile methods are recommended. (2) Carbon dioxide emissions were calculated using the average fuel consumption of the equipment, assuming that all the conditions of the work tasks performed by the equipment are identical. However, all work tasks have different work intensities, and the fuel consumption of the equipment is not the same. In future studies, it is necessary to improve the accuracy of the emission estimation by classifying and calculating the fuel consumption of the resources according to the conditions of the work tasks. (3) Various factors affecting the productivity and environmental performance of pile construction, such as soil type, site weather conditions, and working conditions, need to be analyzed and applied to the simulation models.
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Appendix A


The total drilling depth is 3345 m, and the total number of drilling holes is 299 in this case study. Crane (DHP-80: 50 ton), Auger (100P), Drop hammer (3 ton), Excavator (ec55c: 0.2 m3), Payloader (FR 15), Electricity generator (350 kw), Compressor (Ingersoll-Rand 825), Plant (2000 × 4800 × 3200) and Bulk silo (40 ton) were utilized.



Appendix A.1. Duration Calculation



   S S = 3345    m       T o t a l     d r i l l i n g     l e n g t h      










   A L = S S ÷ 299 = 11.2    m       A v e r a g e     d r i l l i n g     l e n g t h      










    T E  = 0.12 × A L = 1.34    m i n  /  E A       D r i l l i n g     t i m e     f o r     o n e     p i l e    ,    w h e r e    ∅ = 400    m m    










    T B  = 1    m i n  /  E A       H a m m e r i n g     t i m e     f o r     o n e     p i l e      










    T G  = 2    m i n  /  E A       G r o u t i n g     t i m e     f o r     o n e     p i l e      










    T S  = 10    m i n  /  E A       P r e p a r a t i o n     t i m e     f o r     o n e     p i l e      










    T C  =  T E  +  T B  +  T G  +  T S  = 14.34    m i n       C o n s t r u c t i o n     t i m e     p e r     o n e     p i l e     u n i t      










   Q = 60 ÷  T C  × A L = 46.86    m  /  h       W o r k     c a p a b i l i t y      










    D u r a t i o n  =  T C  × 299 = 4287.7    m i n  ÷ 60 = 71.5    h  ÷ 8 = 8.9    d a y    










Appendix A.2. Emission Calculation




   E m i s s i o n  =  D u r a t i o n  × 72    L  /  h  × 0.000845 × 0.837 ×   44   12   = 13.35      t o n C O   2   








where 72 kg/h is the sum of the average hourly fuel consumption of equipment, 0.000845 is the combustion rate of diesel, 0.837 is the carbon emission coefficient of diesel, and 44/12 is the ratio of carbon dioxide molecular weight to carbon atomic weight.




Appendix A.3. Cost Calculation


Cost calculation is divided into six sub-categories (1) Drilling, (2) Inserting piles, (3) Hammering piles, (4) Transporting piles, (5) Grouting, and (6) Desliming. The standard unit price was referred to the IUC, and all cost unit is South Korean Won (₩).



	
Drilling



	1.1

	
Machine Cost



	1.1.1

	
Crane


  L a b o r   C o s t = ₩   23,389 ÷ Q = ₩   499.13  










  M a t e r i a l   C o s t = ₩   22,276 ÷ Q = ₩   499.13  










  E x p e n s e s = ₩   63,037 ÷ Q = ₩   1345.22  












	1.1.2

	
Auger


  L a b o r   C o s t = ₩   0  










  M a t e r i a l   C o s t = ₩   0  










  E x p e n s e s = ₩   30,135 ÷ Q = ₩   643.09  












	1.1.3

	
Electricity Generator


  L a b o r   C o s t = ₩   18,982 ÷ Q = ₩   405.08  










  M a t e r i a l   C o s t = ₩   102,819 ÷     60 ÷  T E    × A L   = ₩   205.03  










  E x p e n s e s = ₩   11,927 ÷ Q = ₩   254.52  
















	1.2

	
Crew Cost


  F o r e m a n = ₩   105,826 × 1.0 = ₩   105,826  










  S c a f f o l d   l a b o r = ₩   149,852 × 1.2 = ₩   179,822.4  










  C r e w   s u b   t o t a l = ₩   285,684.4 ÷ 8 ÷ Q = ₩   761.97  















	
Inserting Piles


  L a b o r   C o s t = ₩   23,389 ÷   60 ÷   0.3 ×  T C    × A L   = ₩   149.73  










  M a t e r i a l   C o s t = ₩   22,276 ÷   60 ÷   0.3 ×  T C    × A L   = ₩   142.61  










  E x p e n s e s = ₩   63,037 ÷   60 ÷   0.3 ×  T C    × A L   = ₩   403.55  











	
Hammering Piles


  L a b o r   C o s t = ₩   0  










  M a t e r i a l   C o s t = ₩   35,231 ÷     60 ÷  T B    × A L   = ₩   52.43  










  E x p e n s e s = ₩   33,792 ÷     60 ÷  T B    × A L   = ₩   50.29  











	
Transporting Piles


  L a b o r   C o s t = ₩   23,389 ÷   60 ÷   0.2 ×  T C    × A L   = ₩   99.82  










  M a t e r i a l   C o s t = ₩   12,080 ÷   60 ÷   0.2 ×  T C    × A L   = ₩   51.56  










  E x p e n s e s = ₩   6262 ÷   60 ÷   0.2 ×  T C    × A L   = ₩   26.73  











	
Grouting




	5.1

	
Pump


  L a b o r   C o s t = ₩   0  










  M a t e r i a l   C o s t = ₩   0  










  E x p e n s e s = ₩   1554 ÷ Q = ₩   33.16  












	5.2

	
Mixer


  L a b o r   C o s t = ₩   0  










  M a t e r i a l   C o s t = ₩   0  










  E x p e n s e s = ₩   687 ÷ Q = ₩   14.66  












	5.3

	
Electricity Generator


  L a b o r   C o s t = ₩   18,982 ÷ Q = ₩   405.08  










  M a t e r i a l   C o s t = ₩   33,378 ÷ Q = ₩   712.29  










  E x p e n s e s = ₩   4533 ÷ Q = ₩   96.73  

















	
Desliming


  L a b o r   C o s t = ₩   23,389 ÷ Q = ₩   499.13  










  M a t e r i a l   C o s t = ₩   9359 ÷   60 ÷   0.4 ×  T C    × A L   = ₩   79.89  










  E x p e n s e s = ₩   10,597 ÷ Q = ₩   226.14  











	
Subtotal


  L a b o r   C o s t = ₩   3431.26 / m  










  M a t e r i a l   C o s t = ₩   1719.17 / m  










  E x p e n s e s = ₩   3094.09 / m  










   Cos t  =   3431.26 + 1719.17 + 3094.09   ₩ / m × 3345 m = ₩   27,577,938  
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Figure 1. System flowchart. 






Figure 1. System flowchart.



[image: Sustainability 14 11990 g001]







[image: Sustainability 14 11990 g002 550] 





Figure 2. PHC pile installation process simulation model. 






Figure 2. PHC pile installation process simulation model.
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Figure 3. Section guide of the construction site and example of a drill log. 
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Figure 4. PHC pile location. 
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Figure 5. Simulation results. 






Figure 5. Simulation results.
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Table 1. Attributes of deployed equipment.






Table 1. Attributes of deployed equipment.





	Type
	Model
	Fuel (L/h)
	Cost (KRW */h)





	Crawler crane
	Pile driver (DHP-80), auger (100 P), drop hammer (3 ton)
	28
	341,588



	Excavator
	02 (ec55c)
	8
	43,345



	Payloader
	FR 15
	11
	41,731



	Pump
	Electricity generator (350 kw) and compressor (Ingersoll-Rand 825)
	10
	29,133



	Mixer
	Plant (2000 × 4800 × 3200) and bulk silo (40 ton)
	15
	30,000







* South Korean Won (₩).
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Table 2. Input variables and attributes for modeling components.






Table 2. Input variables and attributes for modeling components.





	
Components

	
Predecessor

	
Successor

	
Time Delay Function * or Entity Initialization

	
Involved

Resource(s)




	
ID

	
Name

	
Type






	
1

	
Crawler crane

	
Cyclic resource queue

	
31

	
3

	
1

	
Crawler crane




	
2

	
Crew

	
Cyclic resource queue

	
29, 22

	
3, 29

	
1

	
Crew




	
3

	
Axis adjustment

	
Combi

	
1, 2

	
14, 20

	
Normal (0.88, 0.18)

	
Crawler crane

Crew




	
4

	
PHC pile

	
Noncyclic resource queue

	
-

	
6

	
299

	
PHC pile




	
5

	
Payloader

	
Cyclic resource queue

	
6

	
6

	
1

	
Payloader




	
6

	
Moving pile

	
Combi

	
4, 5

	
5, 21

	
Normal (1.06, 0.05)

	
Payloader

PHC pile




	
7

	
Cement

	
Noncyclic resource queue

	
-

	
10

	
299

	
Cement




	
8

	
Water

	
Noncyclic resource queue

	
-

	
10

	
299

	
Water




	
9

	
Mixer

	
Cyclic resource queue

	
10

	
10

	
1

	
Mixer




	
10

	
Mixing

	
Combi

	
7, 8, 9

	
9, 11, 12

	
Normal (4.18, 0.48)

	
Mixer

Cement

Water




	
11

	
Grouting ready

	
Idle queue

	
10

	
16

	
-

	
Grout




	
12

	
Additional grouting ready

	
Idle queue

	
10

	
27

	
-

	
Add. Grout




	
13

	
Pump

	
Cyclic resource queue

	
16, 27

	
16, 27

	
1

	
Pump




	
14

	
Drilling

	
Normal

	
3

	
15

	
According to ground

Level and types

	
Crawler crane




	
15

	
Ready for grouting

	
Idle queue

	
14

	
16

	
-

	
Crawler crane




	
16

	
Removing auger and grouting

	
Combi

	
11, 13, 15

	
13, 24

	
Normal (1.11, 0.15)

	
Crawler crane

Pump

Grout




	
17

	
Ready for desliming

	
Idle queue

	
29

	
19

	
-

	
Soil




	
18

	
Excavator

	
Cyclic resource queue

	
30

	
19

	
1

	
Excavator




	
19

	
Desliming

	
Combi

	
17, 18

	
30

	
Normal (11.5, 1.23)

	
Excavator

Soil




	
20

	
Ready for pile

Connection

	
Idle queue

	
3

	
22

	
-

	
Crew

Crawler crane

PHC pile




	
21

	
Pile available

	
Idle queue

	
6

	
22

	
-

	
PHC pile




	
22

	
Pile connection

	
Combi

	
20, 21

	
2, 23

	
Normal (0.52, 0.01)

	
Crew

Crawler crane

PHC pile




	
23

	
Pile ready

	
Idle queue

	
22

	
25

	
-

	
Crawler crane

PHC pile




	
24

	
Crane ready

	
Idle queue

	
16

	
25

	
-

	
Crawler crane




	
25

	
Pile erection and

Placement

	
Combi

	
23, 24

	
26

	
Normal (1.04, 0.10)

	
Crawler crane




	
PHC pile




	
26

	
Ready for

Additional grouting

	
Idle queue

	
25

	
27

	
-

	
Crawler crane




	
27

	
Removing casing &

Additional grouting

	
Combi

	
12, 13, 26

	
13, 28

	
Normal (1.63, 0.22)

	
Crawler crane

Pump

Add. Grout




	
28

	
Ready for

Rebound check

	
Idle queue

	
27

	
29

	
-

	
Crawler crane




	
29

	
Rebound check

	
Combi

	
2

	
28

	
Normal (1.36, 0.12)

	
Crawler crane

Crew




	
30

	
Counter

	
Counter

	
19

	
18

	
-

	
-




	
31

	
Move to another axis

	
Normal

	
29

	
1

	
Normal (3.62, 0.95)

	
Crawler crane








* The Time delay function in this study used Normal distribution, and the parameter values of ‘mu’ and ‘sigma’ are specified in the parenthesis.
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Table 3. Drilling task time by ground attributes.






Table 3. Drilling task time by ground attributes.





	Pile Number
	Ground (meter)
	Soil (meter)
	Drilling (meter)
	Drilling Task Time (minutes)





	1
	0.6522
	11.0952
	11.7475
	11.13



	2
	0.6559
	10.9824
	11.6383
	11.03



	3
	0.6567
	10.8516
	11.5083
	10.90



	4
	0.6575
	10.7303
	11.3877
	10.79



	5
	0.6582
	10.6080
	11.2662
	10.67



	…
	…
	…
	…
	…



	295
	1.8542
	8.5922
	10.4464
	9.62



	296
	1.9883
	8.5647
	10.5530
	9.69



	297
	2.1272
	8.5362
	10.6634
	9.77



	298
	2.2189
	8.5063
	10.7252
	9.81



	299
	2.2613
	8.5087
	10.7700
	9.84
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Table 4. Simulation results.






Table 4. Simulation results.





	Performance
	PDF & Parameters
	Minimum
	Maximum
	Limitation
	Probability





	Duration (min)
	Normal

(mu = 5653.37

sigma = 29.26)
	5593
	5724
	5700
	95.91%



	Cost

(KRW)
	Normal

(mu = 45,792,009.78

sigma = 206,076.23)
	45,286,330
	46,348,105
	46,000,000
	84.36%



	Emission (kgCO2)
	Gamma

(a = 58,984.36

b = 0.21)
	12,107
	12,366
	12,200
	30.97%
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Table 5. Simulation result comparison.






Table 5. Simulation result comparison.





	Category
	Duration (day)
	Cost (KRW)
	Emissions (ton)





	Simulation (average)
	11.8 *
	45,792,009
	12.23 **



	CSPR and IUC
	8.5
	27,577,938
	13.35 ***



	Contract
	15
	46,412,076
	-



	Site results
	17 (12)
	46,412,076
	-







* Working duration is calculated using the simulation result of average duration as 5655.7 min in Figure 5. The working day is calculated based on the eight working hours per day, ** Simulation result of average emission is replaced by tonnage, *** The total emission is calculated by Equation (3) using the working hour calculated by the CSPR and IUC and the equipment’s average fuel consumption (L/h) shown in Table 1.
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