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CHAPTER I 

INTRODUCTION 

 

1.1 Background 

 
Construction work consists of numerous complicated tasks involving 

various components and work processes. Structural steel bridge construction 

exemplifies this complexity and can refer to a variety of different types such as beam 

girder and box girder bridges. Structural steel and concrete box girder bridges have 

been widely used because of their advantages, including long span and design 

flexibility (Bishop, 2008). Most of these bridges are fabricated in the factory and then 

transported to construction sites for assembly, which is known as semi-conventional 

construction.  

The fabrication work is a continual process that includes feeding raw 

materials through the fabrication line and passing these elements along the work 

stations to produce sections of the bridge, called box girders, which are then 

transported to the construction site. This can be considered a materials management 

process, which is part of the whole construction operation. Throughout this thesis, the 

term “structural steel fabrication process of a box girder bridge project” is referred to 

as “steel box girder fabrication” or “SBGF.” 

As found in previous studies, many concepts and theories have been 

applied to construction project management, including “lean” concept. This concept 

was created for process improvement in the Toyota Motor Corporation, where it is 

referred to as Toyota Production System (TPS) lean production (Liker and Meier, 

2006). Since its creation this concept has been applied to many disciplines such as 

manufacturing, construction, and hospitals (Melles, 1997).         

One of the managerial project goals is project performance 

improvement, especially appropriate resource usage. According to lean concept, value 

stream mapping can be used to display the sequence of fabrication processes and 
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calculate the project overall performance percentage. This concept can also be applied 

to the fabrication process to eliminate time wastage (Rother and Shook, 1999). Most 

of structural steel fabrication project was subject to time wastage for working process 

therefore, lean concept can utilize to solve this problem. 

 

1.2 Research Objectives 

 
The objective of this research is to propose the improvement of SBGF 

by applying lean concept. The current process was analyzed and redesigned by using 

value stream mapping and discrete-event simulation through the case study of an 

actual steel bridge project.  

 

1.3 Scope of Research 

 
This research focuses on a case study of SBGF, which encompasses 

the assemblage of 20 girders, each of which embraces nine assemblies. The process is 

associated with 18 activities, namely, cut, taper, drill, butt joint, assemble t-shape, 

weld t-shape, assemble stiffener, weld stiffener, assemble block, weld block, 

dimension, finish, lift, trial assembly, blast, paint, pack, and transport. 

 

1.4 Research Steps 

 
This research consists of 11 steps. 

1) Conduct a literature review of textbooks, journals, and research 

reports regarding 

 Steel fabrication process 

 Waste of time 
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 Lean concept and lean production 

 Value stream mapping 

 Process improvement 

 Simulation model 

2) Survey preliminary SBGF data by: 

 Recording actual working time and taking photos of every 

important process involving raw materials, manpower, and machine management 

 Interviewing personnel in charge of the production planning, 

machinery performance, manpower, and assembly dimensions regarding process 

problems 

3) Analyze actual SBGF working time by grouping the working time 

of each station versus the assemblage of box girders in terms of average with uniform 

or PERT formulas distribution.  

4) Build a value stream mapping model of the current or existing 

process by using value stream mapping and analyzing the model by applying lean 

concept. 

5) Calculate percentage of utilization and coefficient of variation of 

the current process. 

6) Identify problems associated with the SBGF and wastes by 

applying lean concept for each SBGF activity. 

7) Map an improved process and recalculate the working time. 

8) Verify results by using a simulation model of the STROBOSCOPE 

computer program to compare the results from the improved process. 

9) Create different scenarios or trial cases for the improvement 

process directions. 
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10) Propose process improvements, which include adjustments to the 

scenario cases and the recommendations for the personnel in charge. 

11) Conclude the thesis. 

 

1.5 Research Outcomes 

 
The main outcome of this thesis is a comprehensive of methodology 

for data collection and analysis by using lean concept and value stream mapping. In 

addition, percentage of utilization for working activity and improvement process 

guideline are other outcomes. 

 

1.6 Contributions 

 
This research presents a methodology to analyze and improve the 

SBGF process by using lean concept and value stream mapping. The steps consist of 

data collections along with data analysis using value stream mapping, including lean 

concept application. This methodology can also be applied to similar fabrication 

processes in construction such as precast concrete production.  

 
 



 

 

CHAPTER II 

LITERATURE REVIEW 

 

2.1 Steel Bridge 

 
There are various types of bridges such as the steel box girder, 

concrete box girder, concrete arch and cable-stayed bridges (Bishop, 2008). The steel 

box girder bridge consists of many components and working activities which are 

fabricated in the factory, referred to as a semi-conventional construction. 

Most steel box girder construction is separated into two main phases, 

including the fabrication process at the factory and the installation at the construction 

site. Since steel box girder fabrication (SBGF) comprises many activities, they are 

usually performed with a variety of workers and machines, making them both 

complex and risky. To improve SBGF, it is necessary to reduce wasted working time 

and appropriately manage the fabrication process. 

 

2.2 Lean Construction 

 
Howell (1999) described the origin of lean construction as being 

created from lean production concept of the Toyota Motor Corporation by Taiichi 

Ohno who was dedicated to eliminating waste at the company. He also realized that 

machine operation with maximum production led to extensive inventories or “waste 

of over production.” The features of lean production concept can be summarized as 

follows. 

 Eliminate steps that do not add value for customers 

 Arrange the production process as a continual flow 

 Create proper and stable flow by instituting the non-stop line, 

reducing inventory with the pull system, and disseminating information 
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 Meet product requirements of customers with no inventory 

Cudney (2009) explained the benefits of lean concept such as focusing 

on waste elimination and prevention, and flow improvement. Also, he described 

implementation of the concept to improve quality, productivity, profitability, and 

market competitiveness. 

Lean construction can be defined as a continual process to eliminate 

waste by emphasizing value stream, and instructions or procedures of construction 

project (Salem and Zimmer, 2005). Howell (1999) suggested that different 

construction management and lean concept application consist of four elements, 

including clear intent of the delivery process, maximum performance at the project 

level, concurrent product and process, and production management.  

Forbes et al. (2002) presented lean construction implementation as 

being able to control processes and improve productivity performance in terms of cost 

control. Moreover, the advantage of lean construction is waste and non-value added 

activity reduction. It was explained that lean construction, can improve project 

performance in every project phase. Even though it might more time for designing 

and planning, lean construction can minimize time and budget required. Moreover, 

Lehman and Reiser (2002) supported this advantage stating that lean construction is 

an efficient tool for creating and providing the continuous flow of the process; also it 

emphasizes main schedules and reliable tasks. 

 

2.3 Lean Tools 

 
Cudney (2009) summarized lean tools such as Value Stream Mapping 

(VSM), Six Sigma (6σ), 5S, Single-Minute Exchange of Dies (SMED), Standard 

Work, and Mistake-Proofing (Poka-Yoke), which are explained below. 

1) Six Sigma (6σ) 

Six Sigma can reduce variation and improve quality and is a 

methodology based on standard deviation (SD). The benefits of Six Sigma include 
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reduction of defects, increasing customer satisfaction and improving communication 

amongst a team. This tool consists of five strategic phases as follows: define, 

measure, analyze, improve, and control.  

2) 5S 

5S is a tool which creates a work environment that focuses on 

quality and leads to a clean and manageable workplace. The benefits of 5S are 

reducing waste by eliminating unnecessary steps to search for tools or equipment, and 

also workplace cleanliness and organization. 5S is short for five Japanese words 

including: 

 Seiri (Simplify the workplace) means separating the necessary 

tools or equipment from unneeded materials. All items in the work area are sorted 

 Seiton (Straighten up the workplace) means arranging and 

identifying parts, materials, and tools to facilitate usage and return. Items should be 

placed in the best location for use and visually organized 

 Seiso (Scrub the workplace) means performing a cleanup in 

which all parts of the work areas are cleaned such as floors, furniture, and equipment 

 Seiketsu (Stabilize the workplace standards) means performing 

Seiri, Seiton, and Seiso by implementing necessary changes. A daily checklist of 

cleaning and organizing activities can be created 

 Shisuke (Sustain) is the habit of following the first four 5S 

3) Single-Minute Exchange of Dies (SMED) 

Single-Minute Exchange of Dies (SMED) was created to develop 

and improve machine tool setups and is a methodology to reduce setup time, the goal 

being zero setup time. Setup time is calculated from the time the last good product A 

item is completed until the first good product B item is completed. The main benefits 

are reducing inventory, improving flexibility, and increasing capacity. SMED 

increases capacity by reducing the amount of changeover and variation between 

setups including defects from setup errors. 
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4) Standard Work 

Standard Work is tool to determine maximum performance with 

minimum waste through a combination of operator and machine. It helps eliminate 

variability from the process, and also identifies waste and drives the process to use 

kaizen. 

5) Mistake-Proofing (Poka-Yoke) 

Poka-Yoke is a methodology that focuses on preventing defects 

from human error and improving quality by using inspection techniques. Poka-Yoke 

identifies an item by its characteristics such as weight, shape, or dimension, and 

determines defect deviation from the process. 

Figure 2.1 displays all lean tools mentioned.  

 

2.4 Definition of Terms 

  
2.4.1 Waste 

Toyota has identified seven major types of waste (Muda in Japanese) 

or non-value-added activities in businesses and manufacturing processes (Liker and 

Meier, 2006) including:  

1) Overproduction: Production of significant quantity over that 

which the customers require due to excessive work and stocking, which are also 

reasons for excess inventory. 

2) Waiting: Workers wait for work at the next process and 

automatically work when materials arrive. 

3) Unnecessary transportation or conveyance: Materials, parts, and 

finished products are moved unnecessarily during work processes. 

4) Overprocessing or incorrect processing: Poor processing design 

causes over processing as does inefficient use of tools and machines. 
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Figure 2.1 Lean tools chart 

5) Excess inventory: Excess quantity of raw material inventory 

effects lead time, as does the lateness of material supply, improper production or 

equipment break down. 

6) Unnecessary movement: Employee activities during their work 

that do not contribute to productivity of the assembly, for example, walking and 

looking around. 

7) Defects: Inspection, changing production or redoing work which 

results in wasted of time. 

Furthermore, a value-added activity is defined as an activity that 

adapts materials and information to meet customer requirements. 
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2.4.2 Lean concept 

Lean concept is well-known and used to improve the working 

process by reducing time wastage and improving process performance (Locher, 

2008). Koskela (1997) put forth a new production philosophy that combines three 

existing concepts (Koskela, 1992) in terms of 1) tools like “Kanban”, 2) 

manufacturing like “JIT” (Just-In-Time) and 3) general management like lean 

production. These include: 

1) Reducing non-value-adding activities. 

2) Increasing the system output value by adding customer 

requirements. 

3) Reducing variability. 

4) Reducing cycle time. 

5) Simplifying by minimizing the number of work stations, parts or 

assemblies, and links.  

6) Increasing output flexibility. 

7) Increasing processing. 

8) Focusing on complete process control. 

9) Creating continuous improvement of processes. 

10) Balancing flow improvement with conversion improvement. 

11) Benchmarking. 

Lean production is a philosophy for reducing the amount of waste in 

a company’s production and can also be applied in the construction field. This 

philosophy focuses on implementing a method like just-in-time delivery at the 

construction site and without simultaneous or multifunctional task groups (Melles, 

1997). Moreover, the application of lean production theory in a construction project 

incorporating the design and construction process can be beneficial because 

increasingly complex projects are the cause of great uncertainty. Importantly, a 
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construction project is similar to the product development phase in manufacturing, 

although the flow management in construction is more difficult because there are 

more uncertainties to be overcome and parts required (Howell and Ballard, 1997). 

Abdelhamid (2004) explained that lean production is a production 

philosophy which reduces the working time of an existing process and can eliminate 

waste while increasing customer demand. In addition, Maclnnes (2002) supported 

using this system which he described as saving time lost from over working and 

improper worker or material usage by including techniques and methods to reduce 

production costs and lead time. 

2.4.3 Value stream mapping 

Value Stream Mapping (VSM) encompasses three main meanings 

namely 1) Value, which is demonstrated in budgetary terms (Pryke, 2009), 2) Value 

Stream, which is the aim of lean construction in that it supports systematic waste 

elimination and the development of value creation (Arbulu and Tommelein, 2002); 

moreover, it implies overall global improvement as explained in the book “Learning 

to See”, and outlines a process that considers the flow from a requisition point to all 

processes after the product or service is done and provided (Rother and Shook, 1999), 

and 3) Value Stream Mapping, which is widely used, but in manufacturing, has been 

changed to focus on the lean practitioners, as well as improvement for better 

techniques concerning the system and output. Therefore, VSM is described as a 

process mapping tool which monitors both process flow and communication within 

that process or value stream (Nash and Poling, 2008). Furthermore, VSM includes 

improvements for both material flow of production and information flow from the 

customer through to the production process (Arbulu and Tommelein, 2002). Finally, 

VSM is a tool that can be used to illustrate the process flow by separating the process 

into steps and calculating their working times. 

Furthermore, Cudney (2009) explained the benefits of VSM which 

are: 

1) It increases understanding of an entire process more rather than 

a single process. 
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2) It utilizes a common display of a manufacturing process which 

can combine lean concepts and VSM techniques as well as being a tool to provide 

linkage between information flow and material flow. 

In addition, VSM provides a platform which is applied with various 

lean principles and tools and creates a plan to follow for implementation.  

Locher (2008) created the value stream mapping process below, and 

suggested steps to assess both current and improved processes. 

 Preparation - identify product or project to study, and how it will 

be mapped 

 Current process - agree on a well understood map of the current 

process 

 Improved process - agree on a shared vision for the lean 

improvement process 

 Implementation - develop a plan to achieve an improved process 

Steps of the current process: 

1) Identify current factors such as lead time, current production 

rate of process, and variability. 

2) Identify the main processes such as the level of detail and 

process the data boxes. 

3) Select process metrics for the data attributes of process time, 

number of worker, lead time, waiting time, and inventory. 

4) Perform the value stream and fill in the data boxes. 

5) Calculate the value stream using the lead time, waiting time, 

and cycle time of the current process. 

Steps to an improved process: 

1) Calculate the Takt time to determine the requirements. 



 

13 

   

2) Check performance. 

3) Identify processes which create values or wastes. 

4) Find interruptions in the work flow and control them by using 

the pull production system. 

5) Define the necessary improvement processes. 

Rother and Shook (1999) and Hopp (2003) provided several 

definitions of process capacity rate and other parameters as follows: 

1) Takt time is calculated by dividing working time available and 

customer demand. 

2) Capacity: A maximum rate of work which flows through the 

process.  

3) Utilization: A rational input rate for a process with capacity. 

4) Bottleneck: The highest utilization of the process. 

5) Process flow: Sequence of processes and inventory stock that 

pass through processing. 

Process time is categorized into various types and consists of 

components which Locher (2008) defined as the following 

1) Lead time: Time starts from entry until completed and out of the 

process. 

2) Process time: Actual working time from the beginning until the 

end of production, which gets measured by process monitoring or staff estimation. 

3) Process inventory: Excess lead time. 

Cycle time is the starting time from when raw materials are inputted 

into the process until the final product is shipped to the customer, including defect 

time or time wasted in production (Hopp, 2003).                         

Cycle Time = Process Time + Waiting Time (Koskela, 1992) 
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Maclnnes (2002) explained that under the push system, materials are 

automatically moved from one station to the next, but materials for the pull system are 

only shifted when the next station requests them. The pull system is a controlling 

method of post activities which depend on previous activities; however, this system 

has the capacity to eliminate overproduction (Locher, 2008). Maclnnes (2002) 

explained the difference between push and pull systems stating that the push system 

produces and hands the product downstream which will be stored there and causes 

excess inventory; on the other hand, the products in the pull system will only be 

produced when the processes downstream request them. The advantages of a pull 

system are as follows: 

 It reduces the working time in non-value-added activities such 

as waiting time and transporting time 

 It reduces downtime from equipment adjustments 

 It eliminates inspection requirements or material rework 

Nash and Poling (2008) described the pull system as using many 

tools and provided other definitions as well, such as: 

1) Kanban: A signal of work-in-progress (WIP) and the inventory 

requirements are provided to the employees who use them in value stream mapping. 

Moreover, Maclnnes (2002) said the Kanban system can prevent overproduction 

which is the largest source of waste in manufacturing and also outlined a general 

guidelines for using the Kanban system as: 

 Upstream processing never sends flawed parts to the 

downstream processing 

 Downstream processing takes only what it needs from the 

upstream processing 

 Upstream processing produces the exact amount of products 

that will be taken by the downstream processing 
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 Synchronization of production is achieved by maintaining 

machines 

 The Kanban system is a way of fine-tuning the amount of 

production 

 Work is designed for stability and the improvement of the 

production processes  

2) Supermarkets: An inventory controller which incorporates a 

maximum level of Kanban usage. Maclnnes (2002) defined steps of the supermarket 

system as follows:    

 The process of manufacturing parts which are stored at a 

marketplace and for which production will stop when the marketplace is full 

 Downstream processing requests materials from the upstream 

processing when it needs them 

 Material transportation responds to one process which flows 

downstream 

3) First-In-First-Out (FIFO): A lane ensures that products are 

completed before moving them to the next step, thus there is no need to wait. 

4) Waiting time: Amount of processing time that has no flow. 

5) Process: A series of activities that create results, products, and 

services. 

Moreover, Cudney (2009) explained that material requirements 

planning (MRP) is a system of material supply to determine quantities and times such 

as production schedules, bills of materials, or inventories.   

Production is material and information flow which starts at the raw 

material stage and continues to the end product. It involves feeding into the 

processing line by moving or waiting at the first station. When material comes to be 
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processed, it is subject to several activities including inspection, movement, and 

waiting for the next process (Koskela, 1992).  

Furthermore, Taghizadegan (2006) provided more definitions 

including: 

 Variation - the high level of reason to affect rejected of 

reworked activity. Wilson (2010) defined this as the differential output of the process 

 Velocity - the speed of product order to input into the process 

Finally, Alarcon (1997) defined performance elements such as 

effectiveness, efficiency, productivity, and variability as follows: 

 Effectiveness is a measurement of the correct quality, quantity, 

objective, and activity in terms of time 

 Efficiency is a measurement of utilization of resources by 

calculating the difference between expected consumed resources and actually 

consumed resources 

 Productivity is the ratio between output and input, mainly in 

terms of cost 

 Variability is deviation from the target such as schedule and 

performance 

    

2.5 Supply Chain Model 

 
Beamon (1998) defined a supply chain as a process of the 

manufacturing field composing of raw material transformed into the finished product. 

The supply chain model was created and categorized by O’Brien, et al. (2009) and is 

detailed as follows: 

1) Reduce product lead time (Eliminating or combining activities): 

 Identify the number of processes 
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 Identify the time usage of each process (Conversion and flow) 

 Classify each process performance (Value-added or non-value-

added) 

 Simplify processes (Eliminating non-value-added activities, 

relocating inventories, consolidating points for distribution) 

2) Evaluate the effect of capacity: 

 Inventory behavior 

 Lead time 

 Throughput (Amount of work done in a particular period of 

time) 

3) Model goal and metrics: 

 Lead time reduction 

Metrics: Processing time, engineering time, assembly time, 

delivery time 

 Reducing inventory buffers in a production factory 

Metrics: Number of items in stock, average waiting time, 

average inventory turnover, installation demand rate 

 

2.6 Application of Lean Concept 

 
According to previous studies, there are many applications of lean 

production principle that can be used to reduce waste in the construction field. For 

instance, studying the construction process flows is composed of examination, 

determination, and identification of waste in construction using lean principle (Leng, 

2004). 
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For the manufacturing field, lean concept is used to identify an 

opportunity in the cycle time, and decreased order processing or planning before the 

work begins. Also, supply chain metrics can be used as a case study, including 

analyses of order data in the pre-engineered metal market. Not only can it be used 

with supply chain of management practices but it also applies to lean production. As a 

result, a manufacturer realizes additional improvements in areas such as batching, 

transparency, synchronization, production balancing, alliance, horizontal integration, 

process maps, and the array of products produced (Akel et al., 2004). 

 

2.7 Application of Value Stream Mapping 

 
There have been numerous research studies conducted to solve or 

evaluate problems of wastage in construction by value stream mapping. For instance, 

identifying the amount of waste in the supply chain of pipe support starts from total 

lead time reduction along with design, procurement, fabrication, and engineering. 

Then, it would follow the supply chain configuration analysis. It is also used for 

performance improvement which is based on the flow attitude rather than the activity 

attitude. Therefore, the results of the pipe support study provide two conclusions. The 

first is that there is non-value-added work or time wastage of more than 96% in the 

supply chain of the pipe support, and the second is that there is a need for supply 

chain improvement. It is implied that early supplier identification is needed to provide 

raw materials for the engineering design, clear communication is needed to 

standardize processes, and merged supply chains to the site are needed for 

performance improvement (Arbulu and Tommelein, 2002). 

Abdelhamid (2004) identified VSM as consisting of value-added and 

non-value-added processing time and working duration which is recorded, as well as 

time delays with all stations requiring transformation of inputs to outputs. The steps of 

VSM are as follows: 

1) Create value mapping. 

2) Identify improvement opportunities. 
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3) Adjust process location. 

4) Develop a working process to implement. 

5) Define performance metrics. 

Areas of value stream mapping creation should focus on production 

activities, material flow, customer value, push system, pull system, takt time, and lead 

time (Maclnnes, 2002).   

 

2.8 Process Improvement 

 
Process improvement involves some parameters, concepts and methods 

explained by Maclnnes (2002) including: 

1) Improving quality starts with understanding customer 

requirements, then designing a process which conforms to the requirements. Steps of 

quality improvement are as follows: 

 Understand customer requirements 

 Review characteristics of product design 

 Review process metrics 

 Identify error areas that cause defects in products 

 Conduct activity problem-solving 

 Apply techniques to prevent defects re-occurring 

 Establish performance metrics to evaluate solutions 

2) Eliminating waste includes the following steps: 

 Identify the product or process that is inefficient 

 Identify existing processes which have poor performance or 

require improvement 
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 Create a process map from the value stream mapping for review 

 Review the value stream mapping and establish lean metrics to 

identify the working station and frequency of the waste of each station. “Lean 

metrics” are measurements of progressive monitoring which relate to data collection 

 Solve problems by using lean principle to reduce or eliminate 

waste and review the waste association of each station 

 Repeat this process with other inefficient working activities 

3) Reducing lead time is the most effective way for waste and cost 

reduction. Lead time is divided into three basic components such as the cycle time, 

batch delay (the time a service operation or product unit must wait while other 

activities are completed), and process delay (waiting time for one station to finish 

before the next station can begin). The steps of lead time reduction are similar to 

waste elimination which has been explained in a previous study. 

In a prior study of process improvement measurement, Yu, et al. 

(2009) developed the lean model for house construction by using value stream 

mapping and presented methods of data collection, current process mapping, existing 

analysis and lean metrics development, as well as formulation of a lean production 

model. Measurement results were calculated resulting in a total working construction 

day reduction of 27 days, percentage of waiting time decreasing from 76% to 65%, 

and value-added ratio increasing from 17% to 26%. As a result, it can be seen that 

VSM can offer process improvement and restructuring of the production system as 

well as support a practical approach to construction. 

 

2.9 Simulation Model 

 
Alves and Tommelein (2004) examined the interface detailing-

fabrication-installation of HVAC ductwork and ran a simulation model using the 

STROBOSCOPE program to improve understanding, as well as to investigate 

different scenarios including behavior and output of working processes, and the lead 
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time of the pull system. Results of this simulation showed improvement in lead time 

and an increase in the working process, but a decrease in throughput, thus 

implementation failed regarding the pull system. 

 



 

 

CHAPTER III 

RESEARCH METHODOLOGY 

 

This chapter presents the details of research methodology and modeling 

process. This research consists of five steps: conduct a literature review, collect data 

to create models, analyze the model to improve the process, verify the process 

improvement by simulation, and conclude the research. Last four steps of research 

methodology are formed into modeling process which consist of five sections: 

explore process waste, create data collection format, establish method of data 

collection, collect and transform data, and create model mapping and improvement. 

       

3.1 Research Steps 

 
1) Conduct a literature review 

 Review definitions, concepts, theories, and previous research 

results related to waste, lean concept, value stream mapping, and process 

improvement which support each work activity 

 Investigate model creation and data collection methods 

 Study general information of steel box girder fabrication 

(SBGF) such as resources, assemblies, activities, and working time 

2) Collect data to create models 

 Interview personnel in charge of data collection and waste in 

working activity 

 Create product metrics of box girder assembly for working 

activity 
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 List all data to be collected and create data collection format in 

the terms of table  

 Explore and record working data from an actual process 

 Classify all data for each assembly and working activity 

3) Analyze the model to improve the process 

 Summarize working time data by averaging terms of 

deterministic data with uniform distribution or PERT (Program Evaluation and 

Review Technique) formulas for subjective data 

 Input all data into current process maps by value stream 

mapping and calculate process times, waiting time for each activity and cycle time of 

the whole process 

 Calculate percentage of utilization and other variables such as 

coefficient of variation (CV) and capacity rate, and identify bottleneck activity 

 Select critical path of the process 

 Identify the time waste in working activities and then group it 

into seven types according to waste definitions 

 Apply lean concept to transform existing processes into an 

improved process by identification of process changes with kaizen burst. Calculate 

new process time and waiting time, and eliminate bottleneck 

 Map an improved process by value stream mapping and 

recalculate new overall cycle time 

 Calculate different percentages of process time, waiting time, 

and cycle time between the current process and the improved process and analyze 

results 
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4) Verify the process improvement by simulation 

 Define current and improved process case scenarios of various 

adjusted processes 

 Create a simulation model using STROBOSCOPE, discrete 

event program and trial different case scenarios 

 Summarize results of each case scenario and analyze 

 Select a suitable case from trial case scenarios 

 Create improvement process guidelines from selected simulation 

cases 

5) Conclude the research 

 Suggest an improved process to personnel in charge of the 

factory and offer some opinions and responses 

 Conclude all analysis results from calculations and simulations  

For last four steps of research methodology, they are established into 

process model for analysis which will be explained in the next section. 

  

3.2 Modeling Process 

 
3.2.1 Explore process waste 

Regarding general SBGF considerations, the origin of problems and 

modified points are considered parameters for adjustments and improvements to 

increase efficiency. Hence, process details should be explored to comprehend 

mistakes. This should include the following variables. 

1) Work processes consist of various steps which these steps are 

called activities, and work areas are called stations, depending on the process 

designation. For example, to start, raw materials are fed into the fabrication line for 



 

25 

   

preparation and after that are shifted or moved to the next station. For this reason, 

every activity should be examined by inquiry or interview with the personnel in 

charge to gain more experience in the same field as it involves judgment about 

optimal or adjusted activity. Implied working activities are similar to waste 

identification and include unnecessary movement or incorrect processing according to 

the initial process design. The waste concept was theorized about by Liker and Meier 

(2006), the results of which are related to capacity of resource usage. 

2) Material flow is raw materials input into the system and 

transformed by the working activities to create part of the finished product assembly. 

Many kinds of raw materials are supplied to various stations. Therefore, over-feeding 

of raw material or excess inventory (Liker and Meier, 2006) of raw material and the 

assembly are factors to improve. 

The two major factors outlined above are effective influences which 

are recorded in terms of primary data, which will be explained in the next section. 

3.2.2 Create the format of data collection 

Data formulation consists four major information groups and the data 

collection format is summarized as follows: 

1) Product data relate to the type and quantity of commodities 

produced, including the number of parts and assemblies involved in SBGF. 

2) Working activity comprises many patterns and various product 

components of each activity, hence all data should be separated for convenient 

gathering. 

Furthermore, the relationship between product data and working 

activity displayed in terms of product metrics.   

3) Working duration is working time per activity, which is divided 

into two categories, namely actual working time and waiting time. 

 Actual working time comprises fabrication time of SBGF, 

called process time (Locher, 2008) or value-added time 
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 Waiting time is nonproductive time, for example, workers and 

machines available wait for raw materials or assemblies to be fed to stations, which is 

described in terms of time waste or being non-value-added (Nash and Poling, 2008)    

4) Workers and machinery performing to production rate depends 

on the quantity of workers and machines as earlier stated. Data collection involves 

recording process times and is separated into activity for part of the assembly to 

determine production rate of workers and machines.     

3.2.3 Establish method of data collection  

1) All documents should be prepared for actual data collection as 

earlier mentioned.  

2) Interviews with personnel in charge can be used to summarize 

preliminary production rate since they have more experience with the working 

process and are able to estimate working time in terms of maximum, minimum, and 

mode value. All data will then be accommodated in the next analysis and all outputs 

will be simplified as a deterministic function. 

3.2.4 Collect and transform data 

Data collection of working processes is used to analyze and improve 

the process, which begins with feeding raw materials into the production line and 

ending the finished output.  The significant characteristics of this procedure are 

explained below. 

1) Collect data 

 Data collection components consist of working steps involving 

product assemblies which pass through all activities. Initial time counting starts with 

raw materials being fed into the first station until they pass though the final station. 

Records are made in terms of dates and times   

 Volume and detail of the data collected do not correlate with 

productive quantity, but provide representative information of the group. As a result, 

it is only necessary to obtain data with sufficient detail to be considered appropriate 
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for analysis and relied upon for analysis of procedures. Furthermore, the level of 

detail depends upon the duration of various activities, which can be either long or 

short, and also using the appropriate scale. Data recording of ordinary SBGF 

comprises working time per activity, amount of product, manpower, and machinery. 

However, this research selected the fabrication process which fits steel plates together 

for SBGF production in a factory and collected a working time of box girder 

assemblies for the case study 

Actual data collected of the process, called primary data, is not 

possible for this study, therefore, secondary data is used for the analysis in the next 

section.   

2) Transform data 

Data collection of various identical outputs is necessary for 

precision analysis, therefore, primary data should be converted into averaged values 

and mean and standard deviation determined by calculation. Some data can be 

summarized or grouped as a single dataset for easy analysis. 

3.2.5 Create model mapping and improvement 

This section concludes with data summation of model analysis and 

improvement which consist of four subsections. 

1) Create model mapping 

After data transformation, the entire process is mapped and data 

is inputted into the model for monitoring or compiling, as mapping tools would 

provide reliable information. However, these tools, for example, Value Stream 

Mapping (VSM), Critical Path Method (CPM), Line of Balance (LOB), etc. have both 

advantages and disadvantages along with different constraints. Therefore, tool 

selection should suit the data collection and improvement methods. In addition, clear 

display and convenient calculations are considered. This research selects value stream 

mapping to illustrate the fabrication process and quantify process time and waiting 

time.         
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2) Analyze data  

Using model mapping, the counted cycle time of each activity is 

displayed as working performance. Afterwards, important parameters such as capacity 

and bottle neck are initially calculated. This research determines data into two 

processes - the first is the current process (existing process) and the second is the 

improved process. 

3) Improve system 

The process improvement method consists of determining 

percentage of utilization for working activities and adjusting process with lean 

concept by lean tools, for example Six Sigma, Standard Work, or Poka-Yoke. 

Concern parameters comprise of process time and waiting time which they will be 

reduced and also applied to create guidelines for process improvement. 

4) Verify results 

After improvement, the results such as process time and waiting 

time reduction are implemented in an actual process which followed process 

improvement guidelines for implementation in the factory. Nevertheless, this method 

requires more investment cost and time to verify the results, therefore, another method 

should be used instead. This research selects a simulated model using the 

STOBOSCOPE program to represent improvement in the factory.   

In this case study, for model mapping creation and process 

improvement, the above methods are applied to ordinary processes. 
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Figure 3.1 Research steps 
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Figure 3.2 Methods and modeling of process improvement 
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3.3 Summary 

 
This chapter describes research steps regarding how to collect, 

summarize, analyze, and verify data and draw conclusions as seen in the flow chart in 

Figure 3.1. Most steel box girder fabrication (SBGF) or general processes have 

compounded problems including raw material usage, manpower and machines, 

production performance and also time waste. Moreover, the conclusions include many 

process improvement steps such as problem indications, data collection for analysis, 

adjustment methods and developments as shown in Figure 3.2. The research 

procedures applied in the case study will be explained in the next chapter. 

 



 

 

CHAPTER IV 

ANALYSIS OF STRUCTURAL STEEL FABRICATION PROCESS 

FOR BRIDGE PROJECT 

 

This chapter explains the details of steel box girder fabrication (SBGF) 

including raw materials and components, activities, manpower and machines, work 

stations, as well as working time duration. Working activities and areas are divided 

into three zones: internal factory, external factory with roof covering, and outdoor 

space. It then examines a project in Thailand as the case study. The project comprises 

18 total work stations: 13 stations located inside the factory, two stations outside the 

factory with a roof covering, and the remaining in an open-air area. Figure 4.1 depicts 

these working locations. 

 

4.1 Dimension and Components of Steel Box Girder 

 
Steel box girders have various characteristics depending on the design 

function which conforms to stated methods of erection. This project was designed for 

10 box girders per side and jointed together for a total of 20 box girders. Each box 

girder is trapezoid-shaped and approximately similar in size with an average width of 

3.30 meters, maximum of length 30.00 meters, and height of 2.16 meters (see Figures 

4.2 and 4.3). Table 4.1 provides the name and all physical characteristics of all 20 box 

girders.  

Each steel box girder comprises nine parts (i.e., bottom, left-top flange, 

right-top flange, left-web flange, right-web flange, diaphragm, left stiffener, right 

stiffener, and bracing part). They are constructed from raw materials and with various 

thicknesses of steel plate. Only the bracing part is steel shape. The details of all 

components are as follows: 

1) The bottom is steel plate with thicknesses of 32, 40, and 50 

millimeters consisting of 3-7 pieces welded together, and the part under the box girder 
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is connected with web flanges at both side edges and a diaphragm at the middle or end 

of the bottom plate. 

2) The left and right top flanges are steel plate with thicknesses of 25 

and 32 millimeters consisting of 3-5 pieces welded together and connected to the web 

flange to form a t-shape at each side edge of the box girder. 

3) The left and right web flanges are steel plate with a thickness of 16 

millimeters consisting of 3-4 pieces welded together at both the left and right edge of 

a box girder and connected to the bottom and top flange at the bottom and top of the 

box girder positions, respectively. These are also perpendicularly jointed with a 

stiffener through the length.   

4) The diaphragm is a single trapezoid-shaped steel plate with 

thicknesses of 20 and 32 millimeters at center or end of the box girder, and is 

connected to the bottom and the web flange at the bottom and both sides of the box 

girder positions, respectively.   

5) The left and right stiffeners are small steel plates with a thickness 

of 16 millimeters consisting of 7-17 pieces perpendicularly welded to each web 

flange. 

6) The bracing is a square steel tube consisting of 16-26 pieces, 

located in a diagonal direction between the top and web flanges, and tightened by 

welding with the gusset plate. 

The assemblage of the box girder is depicted in Figure 4.3, and each 

component is defined by the following terms. 

 “Part” is a small component which is built from raw materials by 

the cutting and consists of nine types as earlier mentioned. The number of parts is 

shown in Table 4.2 

 “Assembly” is a combination of a few parts joined together by butt 

joint welding up to a total of five parts such as bottom, left-top, right-top, left-web, 

and right-web  
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 “Box girder” is combination of all assemblies together by butt joint 

welding. 

 

4.2 Structural Steel Fabrication Area 

 
The work area of SBGF can be divided into two main zones. 

1) The interior factory consists of particular and fixed location 

machines distributed throughout the factory which raw materials being fed to the 

processing line instead of machines moving. The interior spaces can further be split 

into two sub-factories: 

 The part-preparation factory organizes raw materials like steel 

plate into parts including bottom, top-flange, web-flange, diaphragm, and stiffener. In 

addition, steel shape is the bracing part. All raw materials are transferred into the 

manufacturing process such as cut, taper, and drill activities, which are illustrated in 

Figure 4.4. Furthermore, piece marks are both integer and alphabet sign indicating the 

direction of installation and part number which shows that it is a unique part of a 

small assembly SBGF, labeled at this location for transit to a nearby fabrication 

factory. 

 The fabrication factory fits all parts together at a preparation 

zone and separates each by their dimensions before feeding them into the process. 

Because the previous activities are not produced parts for individual box girders, 

although they are only made of optimum raw material usage for steel plate cutting. 

The fabrication factory’s activities include fixed work stations such as butt joint, 

assembly and weld t-shape, assembly and weld stiffener, assembly and weld block 

along with the finishing activity, as shown in Figure 4.5. All assemblies are input 

chronologically into fabrication lines, which conform to fabrication plans and 

allowing the box girder to be set up. After completion of the box girder block, it is 

taken to an outside factory for other activities. 

2) The exterior factory is an outside area which comprises both a roof 

covered area and an outdoor space. They are explained below. 
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 The roof covered area is an open space with a roof covering for 

blast and paint activities because these activities require rain protection and good air 

flow 

 The outdoor area is for two activities: trial assembly after 

finishing and packing of the finished product. Because of the considerable span length 

of the three box girders for the full scale trial assembly, a large space is required 

without height limitation (see Figure 4.6).     

 

4.3 Structural Steel Fabrication Process 

 
SBGF is executed both inside and outside fabrication factory and 

associated with product metrics, as shown in Table 4.3. Fabrication process comprises 

a number of activities such as cut, taper, drill, butt joint, assembly, weld, finish, trial 

assembly, blast, paint, pack, and transport as shown in Figure 4.7. 

1) The cut activity is an initial step of feeding in steel plates which 

will be shaped through a CNC (Computer Numerical Control) machine. It is 

specifically used for steel plate and conforms to early arrangement of material cutting 

orders. In addition, the cutting plan is set according to the steel plate thickness and 

joined with subordinate assemblies of raw materials sized 4x8 square feet. They are 

set to produce the least scrap and not grouped production as the same box girders, but 

also lined up with many identical parts of steel plate (see Figure 4.8a). In addition, the 

raw material of bracing assembly is cut using a band saw because the shape includes 

angles and square tubes. The cutting steps consist of: 

 Lifting the steel plate from the stock area to the CNC machine 

by internal gantry crane 

 Inputting the cutting plan data into the machine and operating it. 

After, the finished parts are taken to a storage space 
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Figure 4.1 Fabrication area layout 
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2) The tapering activity is the secondary step, which trims the steel 

plate edge to increase the welding area. Then the butt joint is welded. The tapering 

steps consist of: 

 Setting the taper alignment throughout the trimming plate width 

(see Figure 4.8b) 

 Smooth rubbing the steel plate edge by hand buffering (see 

Figure 4.9) 

3) The drill activity encompasses a variety of parameters based on the 

hole diameter and plate thickness, and includes time spent on other activities as well. 

The station comprises both large and hand machines. The working steps include: 

 Using a drawing template with hole patterns to cover the 

assembly and mark the drilling positions (see Figure 4.10a) 

 Laying parts on the drilling machine or pallet to prepare for 

work and drilling with lubrication at all times (see Figure 4.10b)   

 

 

Figure 4.2 Box girder cross section and longitudinal dimension 
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Figure 4.3 Steel box girder 

  Table 4.1 Dimension, weight, volume, and name of all box girders 

No. Box Girder Name
Width Length Height Volume Weight 

(m) (m) (m) (m3) (Ton) 

1 S5A1 3.100 26.022 2.160 204 32.589 

2 S5A2 3.100 26.111 2.160 205 32.654 

3 P4A1 3.100 21.278 2.160 172 27.055 

4 P4A2 3.100 21.180 2.160 172 26.963 

5 S4A1 3.100 27.789 2.160 225 35.334 

6 S4A2 3.100 27.603 2.160 223 35.139 

7 P3A1 3.100 24.160 2.160 195 31.579 

8 P3A2 3.100 24.022 2.160 194 31.419 

9 S3A1 3.100 30.511 2.160 254 39.881 

10 S3A2 3.100 30.371 2.160 253 39.723 

11 S3B1 3.500 28.540 2.160 265 44.403 

12 S3B2 3.500 27.464 2.160 255 42.907 

13 P3B1 3.500 27.616 2.160 256 42.966 

14 P3B2 3.500 26.649 2.160 247 41.634 

15 S4B1 3.500 24.027 2.160 212 37.066 

16 S4B2 3.500 22.800 2.160 201 35.394 

17 P4B1 3.500 27.677 2.160 257 42.697 

18 P4B2 3.500 26.496 2.160 246 41.131 

19 S5B1 3.500 28.381 2.160 263 40.721 

20 S5B2 3.500 27.156 2.160 252 39.105 
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Table 4.2 Number of parts 

N
o.

 
Box 

Girder 

Name 

Number of Parts 

Total 

B
T

 

T
L

 

T
R

 

W
L

 

W
R

 

D
I 

S
L

 

SR
 

B
R

 

1 S5A1 3 3 3 3 3 6 11 11 21 64 

2 S5A2 3 3 3 3 3 6 11 11 21 64 

3 P4A1 4 3 3 3 3 5 12 12 16 61 

4 P4A2 4 3 3 3 3 5 12 12 16 61 

5 S4A1 4 3 3 3 3 - 10 10 26 62 

6 S4A2 4 3 3 3 3 - 10 10 26 62 

7 P3A1 4 3 3 3 3 5 13 13 21 68 

8 P3A2 4 3 3 3 3 5 13 13 21 68 

9 S3A1 4 3 3 3 3 8 12 12 24 72 

10 S3A2 4 3 3 3 3 8 12 12 23 71 

11 S3B1 5 3 3 3 3 7 8 8 22 62 

12 S3B2 5 3 3 3 3 7 8 8 22 62 

13 P3B1 7 5 5 4 4 5 17 17 25 89 

14 P3B2 7 5 5 4 4 5 17 17 26 90 

15 S4B1 4 3 3 3 3 - 7 7 20 50 

16 S4B2 4 3 3 3 3 - 7 7 20 50 

17 P4B1 7 5 5 4 4 5 16 16 23 85 

18 P4B2 6 5 5 4 4 5 16 16 23 84 

19 S5B1 5 4 4 3 3 7 9 9 23 67 

20 S5B2 5 4 4 3 3 7 9 9 22 66 

Total 93 70 70 64 64 96 230 230 441 1358

Max 7 5 5 4 4 8 17 17 26 

Min 3 3 3 3 3 5 7 7 16 

Mean 4.65 3.50 3.50 3.20 3.20 6.00 11.50 11.50 22.05 

SD 0.67 0.33 0.33 0.17 0.17 0.50 1.67 1.67 1.67 
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Figure 4.4 Assembly preparation factory plan 



 

41
 

 

Figure 4.5 Fabrication factory plan 
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Figure 4.6 Trial assembly of three span length box girders 

Table 4.3 Production metrics 

It
em

 

Pa
rt

 

Activity 

T
ot

al
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ct

iv
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A
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W
T

 

A
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S
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B

 
W
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D
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FN
 

L
F

 

T
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L

 

PA
 

PC
 

T
S

 

1 BT x x x x - - - - x x - - - - - - - - 6 

2 TL x x x X x - - - - - - - - - - - - - 5 

3 TR x x x x x - - - - - - - - - - - - - 5 

4 WL x x x x x x - - x x - - - - - - - - 8 

5 WR x x x x x x - - x x - - - - - - - - 8 

6 DI x - - - x x - - x x - - - - - - - - 5 

7 SL x x - - - - x x x x - - - - - - - - 6 

8 SR x x - - - - x x x x - - - - - - - - 6 

9 BR x - - - - - - - x x - - - - - - - - 3 

10 WH - - - - - - - - - - x x x x x x x x 8 

Total Parts 9 7 5 5 5 3 2 2 7 7 1 1 1 1 1 1 1 1 
 

Remark  x Have activity  - Not have activity 

4) The butt joint activity is merging small parts such as the bottom, 

top and web flange into a larger assembly. Because the maximum length of steel plate 

is approximately 10 meters and the average box girder length is 30 meters, it is 

essential to weld the raw materials into a longer steel plate. The welding time depends 

on the steel plate thickness and width. The steps of butt joint welding are:  

 Carrying parts from the same assembly line to the welding 

platform and welding following the manual as shown in Figure 4.11 
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 Polishing the welding line 

5) The assembly activity is the combination of parts for box girder 

manufacture which consists of four shapes for fitting. Each shape consists of: 

 T-shape (i.e., top and web flange) assembly (see Figure 4.12a) 

 Stiffener with web flange assembly (see Figure 4.12b) 

 Diaphragm assembly (see Figure 4.12c) 

 Trapezoid-shaped assembly (see Figure 4.12d) 

The steps of assembly are as follows: 

 Lay down assemblies on temporary support by an interior gantry 

crane. Then the alignment and levels of dimensions are set with a level-measuring 

instrument. After that, the parts are locked with a steel splice. 

 Weld a temporary pattern of assemblies. 

6) The weld activity will be performed after the entire assembly of the 

box girder has already been set up and all the connection joints are united. Regarding 

the welding procedure, the web and top flanges (see Figure 4.13a), stiffener and web 

flange (see Figure 4.13b) are combined to make a box girder (see Figure 4.13c) using 

an electrode device, then ground to be a smooth steel surface. 

7) The dimension and finish activities consider width, length, and 

height of the box girder including alignment and level of the completed box girder 

using a measuring camera. However, this activity can be completed by a 

representative owner checking before it is transferred to the next activity. Both 

activities are illustrated in Figures 4.14a and 4.14b. 

8) The lift out activity is the last activity in the factory. The box girder 

will be moved to this area by an overhead crane, and then transported to the outdoor 

area by a trailer truck (see Figure 4.15a). 

9) The trial assembly activity is a full scale mock-up of an actual 

erection in the outdoor space, and is also checked against the level and direction of the 
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bridge following the sequence and specifications. The trial assembly area is separated 

into two zones, including the stock area zone for finished box girders and the erection 

area zone. Because of the area limitation, the working steps cannot be trialed at the 

same time with all 20 box girders. Therefore, some box girders have to be lifted out to 

the erection area and released afterwards. The area is then available to set up the other 

box girders (see Figure 4.15b). All box girders will be erected at a maximum span 

length of three pairs (see Figure 4.15c). The erection method includes: 

 Setting temporary support complying with the mock-up 

direction 

 Lifting the box girder above the temporary support by an 

exterior overhead crane 

10) The blast activity is the steel surface of the box girder being 

burnished by fine aggregate such as sand as shown in Figure 4.16a. Because the space 

of the area is limited, this activity consists of one work point and can support one box 

girder per trailer truck transit trip. 

11) The paint activity consists of three layers of spray covering on the 

box girder surface. The painting area comprises the same four stations which can offer 

a maximum space of four box girders after blasting has finished. Because this activity 

requires a lot of drying time, it covers a large stock area. Figure 4.16b is an 

illustration of the activity.    

12) The pack activity is carried out after the last coat of paint on the 

box girder surface has dried, thus allowing all the box girders to be shifted to the 

packing zone, which is situated not far away from the painting area. Normally the 

pack activity consists of packing components into boxes, but for this product, this 

cannot be done. Therefore, all box girders are stored using a particular method which 

involves putting the box girders in a vertical direction and tying them with wood and 

steel rods for safe transportation (see Figure 4.16c).     
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Figure 4.7 Fabrication process flow 
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 Figure 4.8a Cut activity   Figure 4.8b Taper activity 

 

 

Figure 4.9 Smooth grinding 

 

                  

Figure 4.10a Drilling template preparations         Figure 4.10b Drilling with grease 
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Figure 4.11 Butt joint activity 

 

  

   Figure 4.12a T-shape assembling                Figure 4.12b Stiffener assembling 

 

        

       Figure 4.12c Diaphragm assembling        Figure 4.12d Box girder assembling 
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Figure 4.13a Web and top flange welding 

 

                      

Figure 4.13b Stiffener and web flange welding       Figure 4.13c Box girder welding 

13) The transport activity comprises of all 20 box girders being 

separated for two trips (10 box girders per trip) and each trip having only one transit 

which is done at night. Figure 4.16d is an illustration of transportation. 

 

4.4 Working Documents 

 
This fabrication process consists of additional work documents 

including cut plans, shop drawings, weld procedures, check lists, erection sequences, 

blast procedures, paint procedures, pack lists, and delivery orders which are defined 

below. 
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1) Cut plan is the schedule of cutting both plate and shape materials 

and depicts the shape of the plate steel on the cutting machine. 

2) Shop drawing is the details of the box girder components and 

installation method.  

3) Weld procedure is the work steps of welding. 

4) Check list is the table form for checking each part of the box girder 

for assembling activity or quality control.  

5) Erection sequence is the steps of full trial assembly of the box 

girder. 

6) Blast procedure is the working steps of blast activity. 

7) Paint procedure is the working steps of paint activity including 

surface preparation, and material or tool usage. 

8) Pack list is a set of packages to prepare before transportation. 

9) Delivery order is a request for transportation to the installation site. 

 

4.5 Working Stations 

 
Each work station involves a number of steps. The process starts with 

raw materials being input into the production line. Every station comprises additional 

and different activities and working times as shown in Table 4.4. In the case of SBGF, 

raw materials and assemblies are important variables, and manpower and machines 

are essential factors of concern. Worker quantity is related to machinery because 

every machine needs to be operated by a worker. As a result, the number of workers 

must be in proportion to the machinery. Furthermore, both workers and machines are 

located at the same work station at which raw material is fed into the production line. 

The number of workers and machines are summarized in Tables 4.5 and 4.6 

respectively. 
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Figure 4.14a Dimension activity 

 

 

Figure 4.14b Finish activity 

 

4.6 Working Duration 

 
Regarding the working time of SBGF, there is both regular time and 

overtime for every activity of the day shift except for the transportation activity, 

which is conducted only at night. The total time period for this project is around four 

months, with working times classified into two types as follows: 
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1) Ordinary working time: Monday-Saturday from 8AM-5PM with a 

lunch break from 12AM-1PM for 1 hour. 

2) Overtime: Monday-Saturday from 6-11PM and Sunday from 8AM-

5PM including a break of 1 hour and also a break at 5-6PM. Overtime for each 

activity consists of different periods as shown in Table 4.7. 

  

         Figure 4.15a Lift out activity      Figure 4.15b Trial assembly activity 

 

 

Figure 4.15c Three pairs of box girders 
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Figure 4.16a Blast activity             Figure 4.16b Paint activity 

 

  

Figure 4.16c Pack activity                           Figure 4.16d Transport activity 
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Table 4.4 Station workload 

Remark (-) Number of station 
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Table 4.5 Number of workers 

Activity 

Q
ua

nt
ity

 Period 

Average 
Per Month 

A
ve

ra
ge

 
pe

r 
A

ct
iv

it
y 

O
ct

' 1
0 

N
ov

' 1
0 

D
ec

' 1
0 

Ja
n'

 1
1 

Cut 4 18 23 65 89 49 12 

Drill 3 - 7 18 14 13 4 

Finish (Part) 4 - 8 17 21 15 4 

Butt Joint 3 - - 28 - 28 9 

Assembly 8 - 63 171 - 117 15 

Welding 8 - 36 74 - 55 7 

Finish (Assembly) 2 - - 1 - 1 1 

Lift out 1 - - - - N/A N/A 

Trial Assembly 6 - - - - N/A N/A 

Blast 1 - - - - N/A N/A 

Paint 4 - - - 13 13 3 

Pack 5 - - - - N/A N/A 

Transport 1 2 30 - - 16 16 

Summary 20 167 374 137 307 56 

 
Remark Lift out, Trial Assembly, Blast, and Pack activities data are not available. 
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Table 4.6 Number of machines 

No. Activity 
Machine 

Type Quantity 

1 Cut Plate Pro Arc (CNC) 2 

2 Cut Shape Band Saw 2 

3 Taper Press Trimming 2 

4 Drill Electric Drilling 5 

5 Butt Joint Welding Set 6 

6 Assembly Block 

Welding Set 16 

Theodolite Camera 2 

Overhead Crane 9 

Gantry Crane 11 

7 Weld Block Welding Set 28 

8 Dimension Theodolite Camera 2 

9 Lift out 
Overhead Crane 2 

Trailer Truck 1 

10 Trial Assembly Overhead Crane 4 

11 Blast Blast Hose 1 

12 Paint Painting Set 5 

13 Transport Trailer Truck 10 
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Table 4.7 Total working time 

Activity Overtime hour 

Total working time  
per day 

(minutes) 

Cut 6 - 11 PM 780 

Taper 6 - 9 PM 660 

Drill 6 - 9 PM 660 

Butt Joint 6 - 10 PM 720 

Assembly 6 - 10 PM 720 

Weld 6 - 10 PM 720 

Dimension 6 - 8 PM 600 

Finish 6 - 8 PM 600 

Trial Assembly 6 - 8 PM 600 

Blast 6 - 8 PM 600 

Paint 6 - 8 PM 600 

Pack - 480 

Transport 6 - 12 PM 840 

 

4.7 Summary 

 
This chapter explains the elements of steel box girder fabrication 

(SBGF) which comprises assemblies, working activities, manpower, and machines. It 

can be summarized as: 

1) Box girder components being composed of steel plate and divided 

into eight parts including bottom, left-right top flanges, left-right web flanges, 

diaphragm, and left-right stiffeners. Furthermore, there is an additional part, bracing, 

which is a steel box shape. All assemblies consist of various characteristics. 

2) Work stations for box girders mainly consisting of thirteen steps. 

Work areas differ in each step, and the inside and outside factory have their own 

workers and machines. Moreover, the duration of the ordinary working time of all 

stations is the same; however, overtime differs for some activities. 



 

 

CHAPTER V 

DATA COLLECTION AND TRANSFORMATION 

 

This chapter explains data collection and transformation regarding steel box 

girder fabrication (SBGF), limitations of data recording and data transformation. It 

also discusses the process of data collection and the parameters involved.  

 

5.1 Data Collection 

 
1) Data volume 

The application of lean concept to SBGF is illustrated through an 

actual box girder fabrication. Relevant data were collected from the fabrication 

process of 20 similar steel box girders performed in Thailand, as discussed in Section 

4.1. The data included process time and waiting time. Raw materials were input into 

fabrication processes and were passed through all working stations in being 

transformed into parts and assemblies (see Figure 5.1). The assemblage of each box 

girder comprised nine parts of steel plate and steel shape, including bottom, left and 

right top-flanges, left and right web-flanges, left and right stiffeners, diaphragm, and 

bracing parts. The total process time was quite long, so it was recorded in a five-

minute period. 

2) Data recording 

Table 5.1 shows the data collection of box girder No.S5B2. It 

shows the fabrication date and time of each part for every activity from the beginning 

until the end. Next, process time was calculated from actual starting and ending work 

times, and waiting time which is non-working time covering the period of time among 

work being finished at one station and before the next station starts working. 

Moreover, this table presents work times of the dimension activity (DM) from part 

preparation process until all parts and assemblies were transformed into a box girder. 

The fabrication time recorded for box girder construction is at the top of the table or 
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bottom part (BT) row. The hyphen symbol (-) means no assembly carried out for an 

activity, and a blank box means data were not available. All the key data are presented 

in Table 5.2 (The complete box girder information is illustrated in Appendix A). 

Table 5.3 displays the complete data collection of this project. A percentage of data 

available for both date and time was simplified as being equal to 5% per data box but 

if there only the date or time is 2.5% per data box and zero representing no data. 

Some data regarding production rate and calculated process time of 

taper (TP), drill (DR), and cut for steel shape (CTS) activities were not available. The 

work time information is presented in Appendix A. Additionally, the process times of 

pack (PC) and transport (TS) activities were obtained from interviews with personnel 

in charge on the form of maximum, minimum, and most likely (mode) value. 

3) Working duration 

Recording the total duration of this project was estimated to take 3 

months or 90 days (see schedule plan in Table 5.4). Actually, it took 127 days for 20 

box girders to be finished as shown in Table 5.5 (The highlighted cells are initial 

working dates of each box girder). The actual time which was the base data used to 

calculate percentage of utilization is presented in section 6.2.       

It is essential to state that all the information collected as the primary 

data was not practical to be used for analysis. Consequently, the primary data were 

transferred, and became the secondary data, as will be explained in the next section.  

 

5.2 Data Transformation 

 
Since some data were incomplete, primary data regarding the 

fabrication process of 20 similar steel box girders were collected and averaged for 

increasing accuracy. Many patterns of transformation are available. In this research, 

data was transformed using the following steps: 
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Figure 5.1 Fabrication and assembly flowchart 

1) Arrange the independent assembly of 20 box girders for each 

activity as shown in Table 5.6 for the bottom part. 

2) Calculate the average data by using simplified uniform distribution. 

Some subjective data from interviews was averaged in terms of PERT (Program 

Evaluation and Review Technique) formulas. 

3) Table 5.7 illustrates the total average data of every part. 

In Table 5.7, the mean and standard deviation of cut (CT), assembly t-

shape (AT), and weld t-shape (WT) activities were divided into two groups depending 

on the work station. The cut activity consisted of two material types such as plate and 

shape, assembly and weld t-shape activities response for t-shape (top and web 

flanges), and diaphragm of box girder. The last one was the butt joint activity which 

was separated into three values - the first point for the bottom, left-right web flanges, 

the second point for left-right top flanges, and the final point supports all parts which 

include mean and standard deviation of implied activities located at the top and the 

bottom of the table. 
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All the data are input into a mapping procedure by using the value 

stream mapping tool which will be explained later. In addition, the complete of data 

transformation is presented in Appendix B. 

   

5.3 Constraints of Data Collection 

 
Because SBGF comprises many activities and components, it also 

located on a large area. Therefore, there are many data collection constraints and 

classified and explained separately, for example: 

1) Working area 

For a maximum steel box girder size of 45 meters in length, Table 

4.1 indicates the box girder dimensions and the activities performed in large areas 

both inside and outside the factory for the fabrication process. The working area was 

approximately 7,500 square meters, and it consisted of several workstations (see 

Figure 4.1). Unfortunately, data collection was not complete since there was only one 

researcher and some stations started and finished their operations at the same time. 

2) Patterns of data collection  

Most data were gathered from the actual fabrication process. 

Because of incomplete data recording, the researcher assigned operators, which were 

posted at their stations, to record work times instead. For this reason, some 

information contains errors. Moreover, some data such as working capacity, and pack 

and transport activities were subjectively assessed by the personnel in charge for 

maximum, minimum, and mode value. Thus, all values were calculated to determine 

the work times of these activities. In addition, some collective data such as taper and 

drill activities were counted using production rate to determine work times. 
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Table 5.1 Data collection of girder No.S5B2 



 

62 

 
 

Table 5.1 (Cont.) Data collection of girder No.S5B2 
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Table 5.1 (Cont.) Data collection of girder No.S5B2 
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3) Work time recording 

Work times were divided into two periods: ordinary time and 

overtime. Because of technical constraints, however, only the data of regular time 

were collected, whereas other times were recorded by workers. 

4) Manpower and machine 

Workers and machines of SBGF were located at fixed individual 

stations whereas raw material or assemblies are fed along the fabrication line. In case 

of excess workload, extra manpower requested at a station could not be recorded. 

Thus, the number of workers and machines was limited and simplified on ordinary 

work times as shown in Tables 4.5 and 4.6, respectively. It was also assumed that all 

work stations, workers, and machines were allocated to one working process only. 

5) Raw material supply 

Raw material supply was not concerned and analyzed for the time 

of material supply because work times start with material being fed into the 

production line. Moreover, the researcher assumed that there were always sufficient 

raw materials available for the process.     

Table 5.2 Summary data collection of girder No.S5B2 
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Table 5.2 (Cont.) Summary data collection of girder No.S5B2 
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Table 5.3 Data repletion 
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Table 5.4 Working schedule plan 
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Table 5.4 (Cont.) Working schedule plan 
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Table 5.5 Actual working day summary 
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Table 5.6 Data of bottom part 

Remark Waiting time (WTT) of Cut (CT), Taper (TP), and Drill (DR) activities are displayed in terms of maximum,   

             minimum, and mode values.  
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Table 5.7 Data of all girders  
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Table 5.7 (Cont.) Data of all girders 
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5.4 Summary 

 
This chapter explained steel box girder fabrication (SBGF) 

components including work processes, box girder assemblies, and number of workers 

and machines. Moreover, it summarized data collection steps which consisted of 

creating a data collection format, recording work times of the actual process, and 

transforming all data by averaging with uniform distribution or PERT formulas. Also, 

it defined limitations of the data collection. Lastly, all collected and transformed data 

will be put through process mapping with value stream mapping and be presented in 

the next chapter. 

 



 

 

CHAPTER VI 

VALUE STREAM MAPPING MODELING AND ANALYSIS 

 

This research illustrates overall process by using a value stream mapping 

tool. The analysis phase considers two processes: current and improved processes. 

The existing process was improved by incorporating lean concept, to reduce time 

wastage. 

 

6.1 Mapping Current Process 

 
The original steel box girder fabrication (SBGF) components consist of 

numerous combinations of assemblies and involve basic activities carried out along a 

single line. For this reason, value stream mapping was selected to map the entire 

process. Typical of value stream mapping components comprises of data box, number 

of operator, arrow, and summary of work times for both process time and waiting 

time at bottom lines. Table 6.1 displays an illustration of value stream mapping 

components of current and improved processes. Every data box contains the activity 

name, process time and waiting time which they are recorded from actual work. Work 

times of individual data box are calculated and inserted into bottom lines and will be 

summarized as total process time and waiting time. 

The mapping of current process consists of three steps. 

1) Conduct value stream mapping of the current process in 

accordance with the fabrication flow including process time, waiting time, and the 

number of workers needed and input into the data box 

2) Input transformed data into each data box 

3) Summarize process time and waiting time for each activity, the 

total of process time and waiting time combination is the cycle time 
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Afterwards, process time, waiting time, and cycle time (the total of 

process time and waiting time) were summarized. Figure 6.1 shows the entire work 

process included total process time of 15,772 minutes, total waiting time of 34,792 

minutes, and total cycle time of 50,564 minutes. These results were used as reference 

points for process improvement by consideration for percentage of utilization which 

will be explained in the next section. 

Table 6.1 Value stream mapping icons (Rother and Shook, 1999 and Nash and Poling, 

2008)
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Figure 6.1 Current process mapping 
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6.2 Calculate Percentage of Utilization 

 
SBGF can be improved using lean concept by focusing on production 

performance and resource usage, which can be measured through utilization ratio, 

rational number of input rate of process, and capacity (Hopp, 2003). Table 6.2 

displays the results, the details of which are as follows. 

1) Coefficient of variation calculation 

 The coefficient of variation is the ratio of the standard deviation to 

mean value of each activity (in Table 6.2, column 6 divided by column 5 or column 9 

divided by column 8). It represents production time deviation. If its value is low, the 

work time of each box girder production is steady. 

2) Input and capacity rate calculation 

The input rate of the current process is equal to the output rate of 

the previous activity except for the cut for steel plate and cut for steel shape activities 

because these activities are initial activities of the process. The capacity rate of every 

activity is the working capability regarding the workload which is equal to the 

maximum production rate of each activity. 

3) Percentage of utilization calculation and bottleneck exploration 

Utilization ratio is calculated by dividing the input and capacity 

rate of the same activity (in Table 6.2, column 13 divided by column 14) and it was 

converted to percentage. Obviously, utilization ratio cannot be more than 100% 

because work load is always less than the capacity. 

After percentages of utilization were calculated, it was found that 

the trial assembly activity (TA) (highlighted cells in Table 6.2) had the highest 

percentage of utilization or “bottleneck.” Furthermore, there were errors results from 

data collection of the assembly t-shape for diaphragm (ATD) and pack (PC) activities. 

The ATD activity had insufficient process time and waiting time, and the PC activity 

had insufficient process time. Both activities affected percentage of utilization. 

 



 

81
 

              
 

 

Table 6.2 Summary of utilization percentage  
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4) Critical path of current process exploration 

The value stream mapping of the current process depicts several 

paths of process flow which go in parallel directions such as cut activity and butt joint 

activity along with assembly and weld t-shape activity. The highest working time is 

selected as the critical path, which is the path of the cut for steel plate activity (CTP) 

through butt joint station C (BJC) connecting to assembly t-shape for box girder 

activity (ATB) until the end at transport activity (TS). This is shown by the value 

stream mapping in bold data boxes and arrows in Figure 6.1. This critical path 

identifies the important activities, which have the top priority for eliminating or 

reducing time waste. 

 

6.3 Explore Waste of Current Process  

 
Value stream mapping of the current process was concluded to explore 

wastes or problems at each activity. These wastes conform to the seven types of 

waste, which is summarized in Table 6.3. Waste categorization is described below: 

1) Waiting 

The drill activity had significant waiting time. That is, material 

flow was inefficient. Or workers and machines had to wait for parts to arrive. Waiting 

time at the drill activity occurred from the next activity, namely the butt joint activity. 

As a result, the butt joint activity should be improved to reduce the waiting time of the 

drill activity. The first three activities were operated as part of the fabrication process 

such as cut plate, taper, and drill and were a continual process; therefore, 

improvements should be made at all these activities.  

The cut steel shape and weld t-shape for diaphragm activities were 

parallel production lines of the main line and result in too much waiting time at the 

assembly block activity. This explained why these activities had to wait for the main 

box girder production to put bracing and diaphragm assemblies together. Furthermore, 

the finishing activity had greater waiting time because it had to wait for the overhead 

crane to be available to lift the box girder out of the factory. Also, the paint activity 
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experienced excessive waiting time because the next activity (the pack activity) did 

not have enough workers.           

2) Overproduction 

There were many activities that must be process inventory in terms 

of number of parts, assemblies, or box girders before that activity began, including 

drill, butt joint station C, weld t-shape, assembly block, finish, trial assembly, blast, 

and pack. All inventories were shown in Figure 6.1. These activities produced more 

output than next activity’s capacity, therefore some outputs needed to be stored before 

being fed into that activity. 

3) Unnecessary transportation 

The first three activities located in part of the preparation area and 

the continual workplace located in a different area from the fabrication zone that was 

the butt joint activity, therefore it toke more time to move parts from the drill activity 

to the butt joint activity which affected waiting time. In addition, transportation for 

the trial assembly activity, because trailer trucks were not always available, box 

girders had to wait at the trial assembly activity before being moved to the blast 

activity. 

4) Overprocessing 

The finish activity is separated from the previous activity (the 

dimension activity); therefore, it resulted in more waiting time. Moreover, due to trial 

assembly and pack areas being adjacent areas although the blast activity being farther 

away, transportation time was required to transfer the box girder from the trial 

assembly area to the blast activity and return to the existing place. For these reasons, 

these work areas should be improved to eliminate inappropriate steps.   

5) Unnecessary movement 

These movements may also involve workers walking, taking a rest 

during work periods, or going to the toilet, which may be unnecessary. Unfortunately, 

data collection of this project did not cover these actions.  
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Table 6.3 Exploration for waste of current process 
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Table 6.3 (Cont.) Exploration for waste of current process 

 

6) Defects 

Defects regarding the output quality of each work activity such as 

size, straightness, or smoothness are factors affecting product quality. As this 

research, it focused on analyzing quantity of work time, these defects were not a 

parameter of concern.      

7) Excess inventory 

This type of waste related to excess raw material and process 

inventory. This research did not monitor raw material storage and process inventory, 

which was similar to overproduction, because it depended on the work performance 

of each activity. 

 

6.4 Improve The Process 

 
Before improving the current process, it was necessary to identify the 

specific parameters to improve of each activity through kaizen burst. This outlined the 
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improvements to the current process and explained the details of the changes (Nash 

and Poling, 2008). Table 6.1 illustrates as changes through value stream mapping in 

Figure 6.2. Furthermore, the improvement points of the current process using lean 

concept can be described as follows: 

1) Reduce variation 

The data collection involved production of 20 box girders in terms 

of work time for each activity. The data were the averaged. For this reason, for the 

same activity, some data had a high or low value which meant this activity had a work 

performance deviation which was calculated as a coefficient of variation (CV) as 

shown in Table 6.2. The coefficients are rational numbers between standard deviation 

(SD) and the mean of both process time and waiting time which were less than 1. To 

demonstrate improvement, researcher defined CV as not being over 0.3 to represent 

steady work performance for each activity. Based on this, the activities to be 

improved were butt joint station A and B, weld t-shape for box girder, dimension, 

finish, trial assembly, blast, and pack (see changes in process time in the highlighted 

cells in Table 6.4). 

Regarding implementation, reduced CV can conform to actual 

work performance by training workers to maintain stable performance. Nevertheless, 

in terms of analysis, CV can be adjusted but not be over 0.3 by recalculating only the 

mean and SD of process time. Afterward, all adjusted process times were input into 

the improved process of value stream mapping and recalculated to determine total 

process time and cycle time.       

2) Reduce waiting time 

For value stream analysis, one method of waste reduction would be 

activity combination by the merging of some activities together to become a single 

activity. These activities would be located in the same areas and consist of: 

 Assembly t-shape for diaphragm (ATD) combined with weld t- 

shape for diaphragm (WTD) 



 

87 

 Assembly t-shape for box girder (ATB) combined with weld t- 

shape for box girder (WTB) 

 Assembly stiffener (AS) combined with weld stiffener (WS) 

 Assembly block (AB), weld block (WB), dimension (DM), 

finish (FN) and lift out (LF) combined  

 Paint (PA) combined with pack (PC) 

For mean and SD combination, SD was calculated in terms of 

variance (SD2) but mean was normally included. Next, all data was input into value 

stream mapping and recalculated. 

3) Eliminate bottleneck 

The bottleneck forms at the busiest activity in the process. As 

previously mentioned, a bottleneck formed at the trial assembly activity, affecting the 

prior activities (the finishing and lift out activities) which resulted in more waiting 

time. For this reason, the trial assembly activity should double capacity to eliminate 

the bottleneck, and should be made to conform to the erection or trial assembly 

sequence to reduce the inventory of box girders.  

4) Reduce variability 

In SBGF production, parts or assemblies had unique characteristics 

and can be separated into nine types (as explained in Section 4.1). For this reason, all 

outputs were not replaceable, which implied that parts or assemblies of box girders 

had less variability regardless of parameters.   

5) Increase productivity 

Productivity is the ratio between output and input of activity, which 

can be considered resource utilization. The utilization of each activity can be 

calculated as explained earlier (see Table 6.2). As a result, some activities had a high 

or low percentage of utilization; therefore, process improvement could be adjusted by 

increasing capacity. However, increasing productivity in this regard was not part of 

the research objective.    
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6) Improve quality 

Production quality can be represented by qualitative function by 

including such factors as defects or production errors which were caused by workers, 

machines, or other factors. This research emphasized quantitative function in regards 

to work times, therefore this parameter was not in the scope of study.   

 

6.5 Analyze Improved Process 

 
The parameters of process improvement were calculated and remapped 

through value stream mapping which were process time and waiting time, and 

combine to be cycle time. Process time can be reduced through coefficients of 

variation by adjusting process time and waiting time, combining some work activities, 

and applying the pull technique. Furthermore, the process bottleneck can be 

eliminated although this must be illustrated in terms of simulation because there was 

not enough improvement data to input into value stream mapping. This improvement 

will be explained in the next chapter. Afterwards, the current process mapping will be 

adapted to incorporate lean concept and the entirety of improvements categorized into 

three types which can be summarized as follows: 

1) Process time reduction 

After recalculating process times using the reduced coefficient of 

variation, data were input into value stream mapping of the current process to 

determine total process time, total waiting time, and total cycle time. 

2) Waiting time reduction 

Value stream mapping of the current process was modified for 

process improvement using lean concept and pull technique adjustment, including 

merging activities, FIFO (First-In-First-Out), and supermarkets. The detailed changes 

for each activity are as follows.  
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Merge activity 

The process times of the activities to be merged were added 

together, for example, process time of assembly t-shape for box girder and weld t-

shape for box girder are 399 and 655 minutes, respectively. The summation is 1,054 

minutes. As a result, waiting time between the combined activities would be reduced. 

Furthermore, merging activities can eliminate the inventory of parts, assemblies, or 

box girders which were stored at the activities including the drill activity which had 

86 parts, the butt joint station C which had three assemblies, or the trial assembly 

activity had four box girders.    

Use FIFO and supermarket 

FIFO is an immediate work step. As a result, the waiting time 

between two connected activities was zero. For example, raw material was fed into 

the cut activity and quickly sent to the taper activity piece by piece. Supermarkets 

similarly allow for a small inventory but the work process must still flow. Considering 

the cut for steel shape activity, this activity produced a bracing part which will be 

combined with a box girder at the assembly block activity, thus this activity would 

incur waiting time. The supermarket time of the cut steel shape activity was calculated 

by totality the process time of all post activities from the cut steel shape to assembly 

block activities, which equals to 7,167 minutes. Moreover, the trial assembly activity 

was located in a limited work area which can handle three box girders per an erection 

set, therefore the supermarket time of this activity is approximately two times the 

process time. It means that a box girder must wait for other two box girders to trial.      

3) Process time and waiting time reduction 

This improvement is a combination of process time and waiting 

time reduction. It indicated that the process will reduce process time by reducing 

variation and waiting time due to the merging of some activities and applying the 

FIFO and supermarket concepts. 

Worker quantity calculations displayed in the data box of value stream 

mapping for the improved processes are not adjusted. They will be fixed as the 

current process, but will be modified to eliminate the bottleneck in the simulation 
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model in the next chapter as they have already been demonstrated through value 

stream mapping.   

Table 6.4 Coefficient of variation adjustment 
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Figure 6.2 Kaizen identification of current process 
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Figure 6.2 (Cont.) Kaizen identification of current process 
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6.6 Results from Process Improvement 

 
After process improvement, total process time, waiting time, and cycle 

time can be computed as shown in value stream mapping (see Figure 6.1 and 6.3) and 

it separated into three improvement directions including variation reduction, waiting 

time reduction, and a combination of both. 

Firstly, reduced variation by revising total process time, waiting time, 

and cycle time, which were reduced to 14,959 minutes, 34,792 minutes, and 49,157 

minutes, respectively (i.e. 5.15%, 0.00%, and 1.61% reduction). Secondly, waiting 

time reduction could reduce total waiting time and cycle time to 20,073 minutes and 

35,845 minutes, respectively (i.e. 42.31%, and 29.11% reduction). Lastly, a 

combination of reduced variation and waiting time reduction reduced total process 

time, waiting time, and cycle times, which were reduced to 14,959 minutes, 19,089 

minutes, and 34,048 minutes, respectively (i.e. 5.15%, 45.13%, and 32.66% 

reduction). A comparison of all results is shown in Table 6.5. For actual production 

rates, production of one box girder toke 91.20 days (see work day summary in Table 

5.5), although value stream mapping revealed a work day total equal to 80.34 days 

(see column 12 in Table 6.2). These two values differ around 19%, which implied that 

this value stream model was correct. 

Improvement of variation showed a slight decrease in process time due 

to an adjusted coefficient of variation which represents steady worker performance. 

Otherwise, waiting time reduction was only due to merging activities as the same 

value of the current process. Finally, work processes were reduced from 18 steps to 11 

steps under the improved process as shown in Figure 6.3. 

The value stream mapping model had a limitation regarding work time 

which was that it was simplified and did not calculate idle time of workers such as 

taking a rest or going to the toilet because data was not available. Unfortunately, due 

to limitations regarding work areas and investment costs, it was hard to implement 

this in an actual process. As a result, a computer-programmed simulated model was 

used as explained in the next chapter. 
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Table 6.5 Comparing results of value stream mapping improvement 

 

 

6.7 Summary 

 
This chapter described the method of creating an analytical model and 

calculating the work performances of current and improved processes by value stream 

mapping applied with lean concept. The process improvement was divided into three 

areas including variation reduction, waiting time reduction, and bottleneck 

elimination, and the results consisted of improvement in percentage of process time, 

waiting time, and cycle time reduction (5%, 45%, and 33%, respectively). Due to the 

work area and cost limitations, this verification cannot be done in the factory and had 

been done using a simulated model.  

 

 



 

 

CHAPTER VII 

SIMULATION MODELING AND ANALYSIS 

 

The previous chapter discussed the process improvement of steel box girder 

fabrication (SBGF) to determine work times reduction by applying lean concept. The 

improvements consisted of reducing variation of process time, merging activities, and 

eliminating the bottleneck activity which all results were calculated in term of maps 

by value stream mapping. For implementation, this research selected complete 

fabrication project as case study, including investment cost and work area constraints, 

therefore, process improvement was not carried out with actual work. For this reason, 

simulation model was utilized to represent the actual implementation on factory. 

 This chapter describes about the simulation model such as model creation, 

model components, and scenario execution as well as trial case results and suitable 

case selection. Also, the suitable case was established process improvement guideline 

which was in term of work policy and conformed to research objective.   

 

7.1 Simulation Model 

 
After analyzing the process by value stream mapping, which it issued 

the results as total process time and waiting time reduction. Thus, actual work should 

be implemented by adjusting followed the improvements such as reducing variation, 

merging activities, and eliminating bottleneck activity. Unfortunately, due to 

investment cost and work area constraints, fabrication processes cannot be impossible 

to adjust overall processes, therefore, simulation model was selected as the 

representation method to adjust instead of actual work process.   

Because the improvements consist of several directions, simulation 

model was utilized in many trial cases of improvement directions. It can trial and 

error number of worker and machine along with working stations. This SBGF was 

single-line processes that combine various assemblies and the data was collected in 
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term of uniform and PERT distributions which they were a deterministic format. The 

STROBOSCOPE program, discrete event program was selected to imitate this system 

(Martinez, 1996).   

7.1.1 Model creation 

The creation of the model consisted of the following steps: 

1) Model components consist of the Queue, Combi, Normal, and 

Link which are described in Table 7.1. 

2) The parameters of SBGF inputting into the model consist of 

process time of current process, number of workers, machines, and work stations, and 

raw material throughout the work time per day of each activity which all parameters 

are shown in Table 7.2. Obviously, process time of simulation model was in term of 

maximum, minimum, and most likely values which differed to value stream mapping 

as average values because simulation program can calculate values of distribution 

functions.     

3) Assign program command and run. 

7.1.2 Scenarios execution 

After specifying the simulation model components, next trial runs of 

the model scenarios covering various situations of the SBGF were conducted. The 

model created of existing conditions or the current process by using value stream 

mapping was explained in Chapter 6 which they were single model. Simulation model 

was separated into three parts including 1) the preparation process (from CTP to WT 

activity), 2) part combination to be assembled (from CTS to WB activity), and 3) 

combination of all assemblies to form a box girder (from DM to TS activity). All 

models are depicted in Figure 7.1. The simulated model calculated overall work time 

for producing 20 box girders which differs under the value stream mapping model 

which calculated work time per box girder. The input and output of simulation source 

codes of the current process are shown in Appendix C. 

Some trial and error was needed to help improve the process and 

create better efficiency. The main trial case categorizations conformed to the three 
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improvement directions including variation reduction, waiting time reduction, and 

bottleneck elimination. The trial cases was described as follows: 

1) Base case of current or existing process (case no.1 in Table 7.3). 

2) Trial case of improved process to reduce variation. The process 

times of stations with a coefficient of variation over 0.3 were adjusted and the 

description is shown in Table 7.3 (case no.2). 

3) For waiting time reduction, trial cases specifically adjusted by 

merging activities and maximum and minimum of process times were recalculated 

(see case no.3 in Table 7.3).  

4) The bottleneck can be eliminated by doubling the work station or 

number of workers and was separated into two cases: case no.4A (for increasing 

working station) and case no.4B (for increasing number of workers). See Table 7.3. 

5) The last trial case group was a combination of cases no.2 and 3, 

cases no.2 and 4A/4B, cases no.3 and 4A/4B, and cases no.2, 3 and 4A/4B together 

(see case no.5-8B in Table 7.3).     

Finally, all simulated cases were run three times and their results were averaged. 

Table 7.1 Simulation symbols (Martinez, 1996) 
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Table 7.2 Input data for simulation model 

Item
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Table 7.2 (Cont.) Input data for simulation model 
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Figure 7.1 Simulation model flow 
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Figure 7.1 (Cont.) Simulation model flow 
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7.2 Simulation Results, Verification, and Comparison 

 
The simulated model was designed to verify process improvements 

that comprised process time and waiting time variables (especially waiting time 

divided in terms of materials, machines, and workers). The simulation (SIM) results, 

verifications, and comparison with value stream mapping (VSM) can be categorized 

as follows: 

1) Current process base case (case no.1) 

This case calculates work time of the current process for complete 

box girder production by inputting the same data of VSM into the model. The results 

of SIM cannot directly compare with VSM because SIM computed entire work time 

and VSM computed work time for production of one box girder. For this reason, SIM 

work time should be compared with actual work time equal to 127 days and SIM 

work time equal 132 days with a different percentage of work time comparison 

around 4%, which is insufficient. Therefore, this SIM model was considered reliable 

and can be the base model for comparison with other trial cases for improvement.    

2) Improved process of variation reduction (case no.2) 

The results of this case consisted of increasing process time around 

2% and reducing waiting time around 5%. The increased process time was because 

the maximum or minimum input data was changed which effected the process time 

calculation. Nevertheless, this increase in process time was insufficient and can be 

simplified as being “no change”. Compared to VSM (process time reduction of 5%), 

it is not different in value. VSM cannot reduce waiting time but SIM reduces it around 

5%. Actual process time of variation reduction could not be reduced, therefore this 

SIM result is acceptable. 

3) Improved process of waiting time reduction (case no.3) 

Waiting time of the simulated model was divided into three parts 

including materials, machines, and workers which were reduced by 26%, 69%, and 

64%, respectively. VSM results decreased around 42%, which is not very different 

from the SIM results which averaged equal to 52%. Obviously, the greater reduction 
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of process time of SIM was influenced by merging stations and the changing process 

time which affected the simulation program. On the other hand, VSM process time 

was calculated by ordinary summation which did not affect the total process time.       

4) Improved process of bottleneck elimination (case no.4A/4B) 

The bottleneck of the VSM model is the busiest activity or highest 

utilization percentage (see Table 6.2). The SIM model used an activity under which 

the bottleneck of the previous activity has the most waiting time – the weld t-shape 

for box girder activity. The SIM model combined the weld stiffener and weld t-shape 

for diaphragm activities. As a result, the next activity is assembly block which formed 

a bottleneck. On the other side, the bottleneck of VSM was at the trial assembly 

because this activity had the highest utilization percentage which it rather different 

from SIM. Therefore, SIM analysis follows the bottleneck of the VSM model because 

the SIM model was created to verify the VSM results. 

Due to the elimination of the bottleneck under the VSM model, 

process time and waiting time reduction cannot be determined. Thus SIM was used 

instead for this action. Obviously, both total process time and waiting time of SIM 

results increased because the trial assembly activity was adjusted by increasing the 

work area or number of workers. Doubling the work area reduced process time by 

half. Therefore, it increased total process time output around 48% because this 

process required more work time to complete the entire project. Moreover, increasing 

the number of workers decreases total process time by around 25%, which is less than 

increasing the work area. 

Total waiting time increased by around 20% meaning that doubling 

the size of the work station or number of workers was not an advantage for 

eliminating the bottleneck. It did however increase waiting time as both machines and 

workers have to wait for approaching materials. 

5) Combination of improved process (case no.5-8B) 

In case no.5, the process time and waiting time were reduced more 

than in case no.3. This implies that variation reduction is an effective improvement 

when combined with waiting time reduction. Also, VSM waiting time was greatly 
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reduced when improvements combine both variation and waiting time reduction. 

Furthermore, combination of bottleneck elimination and waiting time reduction (case 

no.7A or 7B) is more effective than variation reduction (case no.6A or 6B) because 

materials have more flow ability which can reduce machine and worker waiting time. 

Comparison between doubling the station size and number of workers at the trial 

assembly activity reveals little difference as shown in cases 7A and 7B. This indicated 

that increasing the work area or number of workers of the trial assembly activity was 

equally effective depending on suitable application and concerned parameters of 

operation cost, work area, and number of workers.  

Cases no.8A and 8B are an all improvement combination. If 

compared to cases no. 7A and 7B, the difference is insignificant. Obviously, material 

waiting time of case no.8A or 8B is reduced two times more than 7A and 7B because 

material has a good flow as a result of the merging activity.   

6) Suitable case selection 

Based on the simulation results comparison above, the most 

suitable case for improvement is case no.8A because it can reduce process time by 

around 80% and waiting time of materials, machines, and workers by around 70% (on 

average). This case involves adjustment of variation, waiting time, and also work area 

of the trial assembly activity. As this activity had a limited work area, increasing the 

work area can increase workflow and reduce waiting time which is easily 

implemented.   

All results were estimated working times to develop improvement 

guidelines in each case scenario which will be explained in the next section.  

 

7.3 Improvement Process Guideline 

 
The results of both the value stream mapping model and simulation 

model presented guidelines for implementation in terms of actual work application 

which should be summarized as proper working policy of improvement. The policy 

was described as having both quantitative and qualitative functions which result in 
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work time reduction, material, machine and worker management, and quality control 

as follows: 

7.3.1 Working time reduction 

The SBGF project consists of three types of work time including 

process time, waiting time, and cycle time (a combination of process time and waiting 

time) which will be reduced by applying lean concept. Actual work time can be 

adjusted by following these methods:  

1) Process time 

Reducing the variation of each activity by maintaining was 

steady work time. The control is implemented in the actual work process by training 

workers to improve performance and always fulfill their potential. 

2) Waiting time 

 Merging activities which were located in the same area such as 

assembly and weld t-shape for diaphragm (ATD-WTD), assembly and weld t-shape 

for box girder (ATB-WTB), assembly and weld stiffener (AS-WS), assembly and 

weld block, dimension, finish, and lift out (AB-WB-DM-FN-LF), and paint and pack 

(PA-PC). This merging can reduce material transportation time during the process.     

 Using a FIFO (First-In-First-Out) lane of fabrication process 

to reduce waiting time of flowing material. This application arranges some activities 

to continually start after the previous activity has finished. These activities are taper, 

drill, butt joint, assembly and weld stiffener, assembly and weld t-shape for 

diaphragm, assembly block, blast, and pack (see Figure 6.3).   

 Allowing process inventory of some activities such as cut 

shape, taper, assembly and weld t-shape for diaphragm, and butt joint by using the 

supermarket tool because these activities must wait for other box girder assemblies 

although the main process is still going on (see Figure 6.3).      
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Table 7.3 Simulation results and comparisons 

Remark (-) is % reduced value, (+) is % increased value 
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Table 7.3 (Cont.) Simulation results and comparisons 

Remark (-) is % reduced value, (+) is % increased value 
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3) Working process 

 Eliminating the bottleneck in the trial assembly activity by 

dividing the erection area into two areas. Importantly, this bottleneck elimination 

cannot independently adjust to the process because it results in excessive machine and 

worker waiting time. Therefore, process adjustment should be combined with the 

merging activity.   

 Re-laying out the blast activity which was located too far away 

from trial assembly (previous activity) and paint activity (post activity) to reduce 

transportation time and prevent excessive transportation. 

7.3.2 Material, machine and worker management 

This section explains material, machine, and worker usage which 

should increase efficiency by monitoring utilization percentage and includes the 

following components:  

1) Material control 

 Production control should comply with the erection sequence 

of the trial assembly activity because this activity had a bottleneck. For this reason, 

the first activity begins with the first box girder of the erection sequence because 

whole process can flow without waiting for the box girder to arrive. 

 The blast and pack activities were limited due to the work 

area. The means that the blast activity can produce one box girder and pack activity 

can produce four box girders per work period. For this reason, if the previous activity 

feeds more box girders than its capacity, these box girders would have to wait which 

is overproduction waste.     

2) Machine performance 

Machine efficiency should be measured by percentage of 

utilization calculation to meet optimum performance and prevent overprocessing 

waste. However, if percentage of utilization was increased, station capacity would 
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increase; therefore, it would increase machine quantity and not conform to lean 

concept.    

3) Worker performance 

Human error is simple problem of production which can be 

eliminated by inspection of output characteristics such as dimension, shape, and 

thickness. 

7.3.3 Quality control 

The last section provides a qualitative description which cannot be 

verified in terms of calculation. However, it does provide an explanation of quality 

improvement of output which consists of the following parameters: 

1) Prevent defects 

As mentioned earlier, training workers can reduce work variation 

and prevent defects or errors which occur during work resulting in wasted time and 

money. 

2) Workplace environment 

 Cleaning or organizing the workplace will make it easier to 

work in and provide a better environment in which workers can produce a quality 

product. 

 Reducing or eliminating unnecessary tools or equipment in the 

process. 

3) Documentation 

Each work step should be detailed in a document to instruct or 

support work methods to reduce work errors. 

Suitable implementation of process improvement combines training 

workers to reduce variation, merging activities to reduce waiting time, and increasing 

trial assembly areas to eliminate bottleneck. 
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7.4 Recommendations for Process Improvement  

 
This section contains the results of interviews with personnel in charge 

of this project which were conducted proposing improvements and requesting 

opinions regarding implementation in the factory. Four summarized interviewee 

opinions are as follows: 

1) In terms of increasing performance, increasing the number of 

workers was more important than the number of machines because the adding of 

machines was a direct cost, therefore increasing the number of workers was more 

suitable. Also excess manpower can be allocated to other work stations, which was 

one advantage of this arrangement (Somsak Nualyai, interview, April 10, 2012). See 

Figure 7.2.  

2) Witit Sinthong (interview, March 28, 2012) and Sansuk 

Phengphaeng (interview, March 29, 2012) mentioned that the quality control of parts 

during the preparation process, including the cut and taper activities, should be fine to 

control the output quality before the parts were transferred to the next activity. They 

added that the checkers should put more emphasis on the quality assurance of parts. 

Moreover, they suggested that the process should have more flow ability and a well-

prepared machine to support material serving. Also, when the factory requested more 

productivity, the work load should be shared with a sub-contractor. In addition, Witit 

Sinthong advised that training workers can improve their work performance. See 

Figure 7.2. 

3) Montri Sarai (interview, April 17, 2012) suggested adding workers 

to parts preparation such as the cut activity would be more effective as this activity 

was a bottleneck in the process because it consisted of multiple work steps. Due to 

cutting plan orders and for economic reasons, some parts that were already cut cannot 

be used for fabrication since they were not comprised of other assemblies like box 

girders. Furthermore, manpower relocation affects some work processes because of a 

lack of workers, leaving machines unused and the station temporary halted. The 

controlling of materials being inputted can be adjusted, but should be well 

coordinated between the departments. 
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4) Jarin Phinyoying (interview, April 17, 2012) stated that shop 

drawing performance did not have problems. Moreover, he advised that welding 

improvements should comply with procedures to protect distortion of materials by 

setting the welding points from the middle to the end of the assembly. In addition, the 

calibration of machines should be standard to reduce material output errors. See 

Figure 7.2. 

 

Figure 7.2 Interview with personnel in charge (a) 

 

 

Figure 7.2 Interview with personnel in charge (b) 
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Figure 7.2 Interview with personnel in charge (c) 

 

7.5 Simulation Model Limitation  

 
1) The butt joint activity under value stream mapping consists of three 

activities, but for simulation these were grouped into a single and simplified average 

process time for the three activities to be equal. 

2) The welding time of two or three jointed assemblies are equal and 

share the process time for each assembly. For example, welding time of the left-top 

flange and left-web flange was calculated by dividing the two to have equal time for 

each assembly. 

3) Work time per day was calculated by averaging all work times for 

each activity as shown in Table 4.7. 

4) The equipment of each activity was grouped and counted as a set 

unit. 

5) Raw material was independent of each part and cannot be 

combined with other parts as they are just one raw material. 
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7.6 Summary 

 
This chapter explained the creation of a simulation model including 

model components and input data along with scenarios or trial cases which cover 

many improvement directions. Also, it included a proper selected case which 

illustrated a process improved by reducing both process time and waiting time, and 

eliminating the bottleneck activity. For this, the selected case was explained in regards 

to improved process guidelines as well as simulation limitations and 

recommendations of personnel in charge.  

 



 

 

CHAPTER VIII 

CONCLUSIONS 

 

The last chapter provides overall research conclusions, research limitations, 

and suggestions for future research. In addition, it explains the research details which 

consist of improvement results for both value stream mapping and simulation model 

and improvement process guidelines along with interviews with personnel in charge 

to regarding recommendations for process improvement.  

 

8.1 Conclusions 

 
This research examines the steel fabrication process in the factory. As 

it involves numerous parts and activities, the work times of each activity are the 

parameters of concern. The research began by studying steel box girder fabrication 

(SBGF) including setting the data collection format, and recording the data of the 

actual processes at the factory. Afterwards, all data was transformed in terms of 

uniform and PERT distribution into “current process data”. 

Next, the current process data was input into value stream mapping to 

explore process waste and determine work times such as process time, waiting time, 

and cycle time, including percentage of utilization calculation and bottleneck activity 

identification. Subsequently, lean concept was used to reduce work times and improve 

work processes. All work times and processes were adjusted in various analysis 

directions such as reducing variation, merging activities, and eliminating bottleneck 

activity. As the results, all values were remapped through value stream mapping of 

the improved process and process time, waiting time, and cycle time were 

recalculated. 

After analysis the improved process by value stream mapping, it 

summarized that process time can be reduced by reducing variation, waiting time was 

reduced by merging work activities, and bottleneck activity can be eliminated by 
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increasing work area. The improvement results of value stream mapping displayed 

total process time, total waiting time, and total cycle time reduction as equal 5%, 

45%, and 33%, respectively.   

It was determined that the improved process can be implemented with 

actual processes at the factory by creating improvement process guidelines and 

applying them for process improvement. Unfortunately, this implementation could not 

be done on an actual process because it involves the limitation of investment cost 

constraints. Therefore, a simulated model was created to solve this problem by 

STROBOSCOPE, a discrete event program. Also, trial cases of simulation models 

were executed and conformed to improvement directions such as variation and 

waiting time reduction, bottleneck elimination, including trial case combinations. 

Simulation results were used to verify and compare the differential improvement 

results of the value stream mapping model and served as the basis for improvement 

guidelines for actual process application. 

Improvement process guidelines were separated into working time 

reduction, materials, machines, worker management, and quality control. Process time 

reduction involved reducing variation within each activity by training workers to 

conserve work performance as steady. Furthermore, waiting time reduction is 

achieved by merging work activities together and using lean tools such as the FIFO 

(First-In-First-Out) lane and supermarket. In addition, bottleneck activity can be 

eliminated by doubling the stations where the bottleneck occurs or doubling the 

number of workers.  

Another improvement guideline relates to quality; for example, defect 

prevention or workplace environment adjustment which can be improved by using 

lean tools. However, this research focused exclusively on quantitative analysis of 

work time, thus only a brief explanation of qualitative function is provided. The study 

used interviewing to obtain recommendations of experts regarding the suggestions for 

process improvement 
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8.2 Research Limitations 

 
SBGF located in large area and divided into several work zones which 

all areas are operated at the same time. Also, there was only one researcher collecting 

data, therefore, data collection was not complete and contained errors. Moreover, 

some data were subjectively assessed by the personnel in charge for maximum, 

minimum, and mode value, and were counted using production rate to determine work 

times which were affected some information errors. In addition, number of workers 

and machines were simplified only for ordinary work times. Regarding work times 

was simplified and did not calculate idle time of workers such as taking a rest or 

going to the toilet because data was not available. For process analysis, some input 

data of both value stream mapping model and simulation model were simplified to 

accommodate calculation.     

 

8.3 Suggestions for Future Research 

 
This research applied lean concept to SBGF to improve the fabrication 

process by reducing time wastage. SBGF comprises numerous work steps and 

components which are similar to construction projects, consisting of work activities 

and raw materials. For this reason, lean concept can be applied to SBGF projects 

utilizing the same methodology such as data collection, analysis and implementation. 

For example, precast concrete work is complex because it consists of both production 

in the factory and installation at the construction site. The precast concrete production 

process similarly involves raw materials, assembly, machines, workers and activities. 

For this reason, lean concept can be applied to explore ways to reduce waste in the 

process. 

Furthermore, a construction project can be categorized as work activity 

that involves using raw materials like the fabrication process. In terms of operation 

cost, research can monitor the increase or decrease of work time under each case 

scenario because various cases require different work times which affect daily 

machine and worker costs. 
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Table A.1 Taper and drill working time 
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Table A.1 (Cont.) Taper and drill working time 
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       Table A.1 (Cont.) Taper and drill working time 
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       Table A.1 (Cont.) Taper and drill working time 
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    Table A.2 Cut working time for bracing part 
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    Table A.2 (Cont.) Cut working time for bracing part 
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Table B.21 Summary data of bottom part 

 

Remark (xx-xxxx, xxxx) represent minimum, maximum, and average values from 

interview. 

 

Table B.22 Summary data of left top-flange part 

 

Remark (xx-xxxx, xxxx) represent minimum, maximum, and average values from 

interview. 

 



 
166 

Table B.23 Summary data of right top-flange part 

 

Remark (xx-xxxx, xxxx) represent minimum, maximum, and average values from 

interview. 

 

Table B.24 Summary data of left web-flange part 

 

Remark (xx-xxxx, xxxx) represent minimum, maximum, and average values from 

interview. 
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Table B.25 Summary data of right web-flange part 

 

Remark (xx-xxxx, xxxx) represent minimum, maximum, and average values from 

interview. 

 

Table B.26 Summary data of diaphragm part 
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Table B.27 Summary data of left stiffener part 

 

Remark (xx-xxx, xx) represent minimum, maximum, and average values from 

interview. 

 

Table B.28 Summary data of right stiffener part 

 

Remark (xxx-xxxx, xxxx) represent minimum, maximum, and average values 

from interview. 
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Table B.29 Summary data of bracing part 

 

Remark (xxx-xxxx, xxxx) represent minimum, maximum, and average values 

from interview. 

 

Table B.30 Summary data of whole part 

 

Remark (xxx-xxxx, xxx) represent minimum, maximum, and average values from 

interview. 
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APPENDIX C 

Simulation source code 
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Figure C.1 Simulation input source code (CTP-WT case no.1) 

 

 
Figure C.1 (Cont.) Simulation input source code (CTP-WT case no.1) 
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Figure C.1 (Cont.) Simulation input source code (CTP-WT case no.1) 

 

 
Figure C.1 (Cont.) Simulation input source code (CTP-WT case no.1) 
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Figure C.1 (Cont.) Simulation input source code (CTP-WT case no.1) 

 

 
Figure C.1 (Cont.) Simulation input source code (CTP-WT case no.1) 
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Figure C.1 (Cont.) Simulation input source code (CTP-WT case no.1) 

 

 
Figure C.1 (Cont.) Simulation input source code (CTP-WT case no.1) 
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Figure C.1 (Cont.) Simulation input source code (CTP-WT case no.1) 

 

 

Figure C.1 (Cont.) Simulation input source code (CTP-WT case no.1) 
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Figure C.1 (Cont.) Simulation input source code (CTP-WT case no.1) 

 

 

Figure C.1 (Cont.) Simulation input source code (CTP-WT case no.1) 
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Figure C.1 (Cont.) Simulation input source code (CTP-WT case no.1) 

 

 

Figure C.1 (Cont.) Simulation input source code (CTP-WT case no.1) 
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Figure C.2 Simulation output source code (CTP-WT case no.1) 

 

 

Figure C.2 (Cont.) Simulation output source code (CTP-WT case no.1) 
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Figure C.2 (Cont.) Simulation output source code (CTP-WT case no.1) 

 

 

Figure C.2 (Cont.) Simulation output source code (CTP-WT case no.1) 
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Figure C.3 Simulation input source code (AB-WB case no.1) 

 

 

Figure C.3 (Cont.) Simulation input source code (AB-WB case no.1) 
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Figure C.3 (Cont.) Simulation input source code (AB-WB case no.1) 

 

 

Figure C.3 (Cont.) Simulation input source code (AB-WB case no.1) 



 
182 

 

Figure C.3 (Cont.) Simulation input source code (AB-WB case no.1) 

 

 

Figure C.3 (Cont.) Simulation input source code (AB-WB case no.1) 
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Figure C.3 (Cont.) Simulation input source code (AB-WB case no.1) 

 

 
Figure C.4 Simulation output source code (AB-WB case no.1) 
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Figure C.4 (Cont.) Simulation output source code (AB-WB case no.1) 

 

 

Figure C.5 Simulation input source code (DM-TS case no.1) 
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Figure C.5 (Cont.) Simulation input source code (DM-TS case no.1) 

 

 

Figure C.5 (Cont.) Simulation input source code (DM-TS case no.1) 
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Figure C.5 (Cont.) Simulation input source code (DM-TS case no.1) 

 

 

Figure C.5 (Cont.) Simulation input source code (DM-TS case no.1) 
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Figure C.5 (Cont.) Simulation input source code (DM-TS case no.1) 

 

 

Figure C.5 (Cont.) Simulation input source code (DM-TS case no.1) 
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Figure C.6 Simulation output source code (DM-TS case no.1) 

 

 

Figure C.6 (Cont.) Simulation output source code (DM-TS case no.1) 
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