
  

 

 

 

 

 

OPTIMIZE COLD SECTOR MATERIAL FLOW OF A STEEL ROLLI NG MILL  

 

Alvaro Baudet 

 

 

 

Master Thesis in Production Engineering and Managem ent 

The School of Industrial Engineering and Management  

Royal Institute of Technology, Stockholm 

 
 
 

Supervisor at Industrial Engineering and Management: Jerzy Mikler 

Supervisor at ArcelorMittal: Laurent Meresse 

 

 

Examiner: Cornel Mihai Nicolescu 

 

 

 

Royal Institute of Technology 

School of Industrial Engineering and Management 

Department of Production 

 

 

KTH, Industrial Engineering and Management 

Department of Production Engineering 

S-100 44 Stockholm, Sweden  



 

ii 

 

To my parents and sister 



 

iii 

ABSTRACT 
 
 

The steel production is a highly capital and energy intensive industry that 

due to recent raw materials’ price increase and lowered demand, it has been 

squeezed and forced to look more deeply on how to add value to the customer at 

lower operative costs. The project was carried out on site at the ArcelorMittal’s mill 

in Esch-Belval, Luxembourg which comprises an integrated melt shop, continuous 

casting plant and the rolling mill with the objectives of proposing optimization rules 

for the cold sector of the rolling mill and to analyze the impact of the future truck 

bay shipment area.  

The course of action followed was to draw a Value Stream Map (VSM) in 

order to understand the plants’ current status and serve as a roadmap to build a 

discrete event simulation model that after its validation, served as a support tool to 

analyze what-if scenarios. Similarly, a current status analysis of the 

shipment/stock area was conducted collecting statistics about potential truck 

shipments and finally proposing a series of recommendations for its operation. 

The main proposed solutions to optimize the rolling mill’s cold sector were: 

(a) Integer programming model to globally optimize the scrap level when cutting 

the mother beams to customer size beams. (b) Updating pacemaker parameters 

and (c) Local process time improvements. 

Concerning the future truck loading, the simulation model was used as a 

support tool to dimension the transition area between the cranes’ and forklift 

operations resulting in a 6-9 bundles buffer capacity. Additionally, the current 

length-based storage policy was found to have competitive objectives so a 

turnover class-based storage policy is proposed with A, B, C classes which should 

provide an improved organization of the stock and travel distance of the cranes. 

The evaluation of the cranes’ performance remains an issue since there are 

currently no objective measures like, for instance, travelled distance. Optical 

measuring devices are suggested as one option to have a performance indicator 

that would help further investigate root cause problems in the shipping/stock area. 

 
 

Keywords: Value Stream Mapping, Discrete Event Simulation, Optimization, 
Storage Assignment Policy 
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Chapter 1. INTRODUCTION 

 

1.1. Background 

The steel production is a highly capital and energy intensive industry. Rising 

costs of energy and raw material, among others, urges for a constant seek of cost 

reduction strategies while creating more value to their customers and with faster 

response times. This scenario has been aggravated by the current financial crisis 

to which strong tactical decisions have been taken not only to survive the turmoil 

but also aiming at a better competitive position afterwards. 

The pressure for faster lead times and lower costs calls not only for efficient 

supply chains but they have to be effective as well. Hau lee (2004), for instance, 

discusses that they don’t have to be just fast and cost effective but they have to be 

agile, adaptable and aligned. 

At the production plant level, these strategies are translated into more 

efficient ways of managing resources in order to obtain their greatest output in a 

sustainable manner. Therefore, production, maintenance and other support teams 

must be aligned to embrace a continuous improvement mindset that looks at how 

to do things better every day. 

This project was carried out on site at the ArcelorMittal’s rolling mill in Esch-

Belval, Luxembourg. The site comprises the integrated melt shop, continuous 

casting plant and two rolling mills: one that rolls sheet piles and the second that 

rolls sections (beams and angles). The focus of this project is on the second mill 

(named TMB) which was inaugurated at the end of 2005 and has rapidly seen a 

growth of the product variety it offers. However, one particularity of this mill is that 

it only has the capability to ship by train so products that, for instance, are finally 

transported in trucks must be first shipped by train to a close distribution center 

where they are later unloaded from the train and loaded in trucks.  

 

1.2. Company Description 

ArcelorMittal is the world’s largest steel producer operating in more than 60 

countries with a workforce of around 281,000 employees (ArcelorMittal). In 2009 it 

had revenues of USD 65.1 billion and a crude steel production of 73.2 million tons 
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which represents about 8% of the total world’s production. Its main markets are 

the automotive (worldwide #1 supplier), construction and packaging. With regards 

to the production composition by geographic area, 35% of its steel is produced in 

the Americas, 47% in Europe and 18% in other countries like Kazakhstan, South 

Africa and Ukraine.  

The Esch-Belval site belongs to the Long Carbon Europe business unit. 

This business unit employs around 32,000 people and has more than 20 

production sites in 10 countries with around USD 11 billion in sales and 14.7 

million tons in 2007. 

The TMB mill receives the semi-products (blooms and beam blanks) 

coming from the continuous caster and process them into the following sections: 

• Beams HE 100 to HE 280 

• Beams IPE 200 to IPE 550 

• Beams W 6x4 to W 21x8 

• Angles 120 to 200, 150x100, 150x90 and 200x100 

Each of those profiles have their equivalent size according to ASTM and BS 

standards. Moreover, the grade of the profile introduces even one more product 

variety. The greater the variety, the better one can address customers needs but 

at the expense of increasing production complexity. After rolling, the finished 

products are shipped by the current single means of transportation: trains. 

Products rolled at the TMB plant are shipped all around the globe serving 

mainly other European countries and North America. 

 

 

1.3. Description of the Assignment 

The project is divided in two sections: The first one regards the current state 

analysis of the rolling mill and the possible optimization rules for the cold sector of 

the mill while the second one regards the future truck loading area and its impact 

to the system. 

Based on the current operating conditions and the recent technical 

upgrades in the mill, the objective for the first section of the project is to identify the 
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areas of opportunity in the cold sector of the mill and propose/implement solutions 

that lead to the maximization of the yield. 

While currently the single mean of shipment is done by railroad, the future 

introduction of a truck shipping bay adds a new variable to the system. 

Accordingly, the objective of the second section of the project is to analyze the 

impact of this upgrade in terms of material handling and interaction with the 

current operations.  

This industry is characterized by running on a very tight production 

schedule of twenty-four hours a day for the whole year (aside of maintenance 

stops) and with very high average cost for any plant upgrade. Moreover, 

performance indicators like tons per year give little room for “testing” new ideas 

and could even foster a mindset of status quo fearing that change might actually 

hurt badly their figures. The vision, therefore, is to count with a set of virtual tools 

and models that effectively support the evaluation/implementation of new projects 

in order to save time and costs  

 

 

1.4. Scope and Limitations 

Due to the possible difficulties and timeframe to implement any proposed 

solution, the project aims at proposing improvement solutions and might be limited 

to not carry out their implementation. The whole project has twenty weeks 

duration. 

 

 

1.5. Thesis’ Outline 

This thesis report is comprised by the following sections. The first section is 

the introduction where a brief description of the company, background of the 

project and its objectives are defined. The second section regards theoretical 

description of the scientific method followed. The following chapter describes the 

theoretical framework of the project so the reader can gain the knowledge needed 

to understand the proposed solutions. 
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Later, the results are presented followed by their respective analysis and 

finally, the last two sections describe the conclusions reached and final 

recommendations. 

  



 

5 

Chapter 2. SCIENTIFIC METHOD 

 

2.1. Research Approach 

The two main scientific thinking approaches are positivism and 

hermeneutics. Positivism argues that knowledge should be only considered if it 

can be verified and therefore science should only deal with things that can be 

observed. Theories should be logically derived from empirical knowledge 

(Hansson, 2007). Hence, this perspective is normally followed by quantitative 

methods. 

Hermeneutic, on the other hand, takes a subjective stance where the 

researcher plays a central role to interpret the phenomenon studied. Thus, 

hermeneutic supporters never perceive knowledge as complete but rather as a 

spiral that continuously develops along with the researcher’s experiences. 

For this project, the main scientific approach is the positivist due to the core 

quantitative nature of the problem. 

 

2.2. Logical Reasoning 

The logical reasoning addresses the procedure by which one relates 

hypothesis to experience in order to create new knowledge. Depending on the 

direction that one goes from one to the other, a particular way of reasoning is 

defined. All the following types of reasoning have both advantages and 

disadvantages so its suitability will depend on the nature of the problem to be 

studied. The three different approaches, namely, deduction, induction and 

abduction are described below. 

  

2.2.1. Deduction 

The deduction procedure consists on evaluating or drawing a conclusion 

from a set of true statement or axioms (Holyoak & Morrison, 2005). In this manner, 

the deductive procedure goes from theory to empirical data in order to test the 

statements.  
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2.2.2. Induction 

Opposed to deduction, one finds the inductive reasoning. Here, one starts 

from a set of observations (empiric) and tries to draw some conclusion (theory) 

(Holyoak & Morrison, 2005). One disadvantage of this type of reasoning is that 

one has to observe a large set of data in order to have greater validity and yet 

there is always the chance that with just one more observation (not included in the 

original set of observations) that contradicts the hypothesis is enough to falsify the 

hypothesis. 

 

2.2.3. Abduction 

In between induction and deduction, one finds abduction. This procedure is 

a blend of the previous two because the researcher goes from empirical data to 

theories back and forth rather than following a strict line of reasoning. 

Considering the nature of this project, the abduction reasoning was the one 

followed. The need to use theoretical statements and apply them in practice while 

using empirical data to formulate statements about the behavior of the system 

makes this type of reasoning the most appropriate. 

 

2.3. Scientific Method 

According to Patton (2002), “qualitative methods facilitate the study of 

issues in depth and detail. Approaching fieldwork without being constrained by 

predetermined categories of analysis contributes to the depth, openness, and 

detail of qualitative inquiry”. On the other hand, qualitative methods “require the 

use of standardized measures so that the varying perspectives and experiences of 

people can be fit into a limited number of predetermined response categories to 

which numbers are assigned”. 

In this project, a mixed method is used. That is, both qualitative and 

quantitative methods are used. Qualitative methods through interviews to deeply 

understand plant operations while quantitative methods through time 

measurements and simulation models to obtain broader and more generalizable 

findings. 

 



  

Chapter 3. THEORETICAL FRAMEWORK 

 

3.1. Lean Manufacturing 

Lean manufacturing is the term coined after a 5 year MIT study of the 

automobile industry back in the 90’s (Hopp & Spearman, 2008). James Womack and 

Daniel Jones were some of the pioneers to describe the lean philosophy through a 

couple of books: The Machine that Changed the World (1990) and Lean Thinking 

(1996). This broader philosophy incorporates the Just in Time (JIT) techniques that 

had been developed in Japan from the 1970’s. The different conditions in market, 

environment, geography and people had as a consequence a very different evolution 

of the Japanese manufacturing industry compared to the American one. 

JIT results as the challenge for a more flexible and faster adaptation to a 

market demanding a more mixed variety of products and, in comparison to America, 

with much less volume. Thus JIT, and later on Lean as well, greatly focused on 

constantly reducing defects, setups and inventories. 

Toyota became the flagship of Lean Manufacturing with its Toyota Production 

System (TPS) and names like Taiichi Ohno and Shigeo Shingo rapidly became 

widely popular. Lean manufacturing is a philosophy that took JIT as one of its pillars 

but the TPS house of principles adds Jidoka (automation with human touch) as 

another pillar and they all rest in standardized procedures, visual management and 

leveled production as a foundation. In contrast with JIT, Lean puts a very strong 

focus on people and teamwork since their engagement is crucial to the continuous 

improvement goal (kaizen in Japanese). In a summarized way, Lean tackles muda 

(waste in Japanese) and promotes thinking of Flow and Value Stream to avoid mura 

(unevenness) and muri (overburden). It defines 8 types of muda or waste (Liker, 

2004): 

• Overproduction: producing products for which there are no customer 

orders 

• Waiting (time on hand): workers just waiting for a process to finish or 

for upstream products to arrive, tools and so on 

• Unnecessary transport or conveyance: moving work-in-progress (WIP) 

more than needed 
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• Over processing or incorrect processing: Carrying unneeded 

processing steps or not doing it correctly due to poor design, tools 

• Excess inventory: excess of WIP, Raw material or finished products 

hide problems like damaged products, production imbalances, late 

deliveries and many others that ultimately result in longer lead-time, 

higher costs and lower service levels. 

• Unnecessary movement: any wasted motion that workers have to 

perform during their course of work like reaching for, looking for and so 

on. 

• Defects: production of defect parts or their correction 

• Unused employee creativity: loosing time, ideas, skills, improvements 

and learning opportunities by not engaging or listening to your 

employees 

Some of the tools that Lean manufacturing promotes in order to tackle these 

wastes are the 5 whys, 5s and kaizen. The 5 why’s aims at reaching the real root 

cause of a problem by not getting satisfied with the first answer but rather digging 

deep into the problem until finally reaching its source. 

The 5s are (Liker, 2004): 

• Seiri (Sort) : sort through items to keep just what is needed 

• Seiton (Straighten, orderliness): everything has its place where they 

should be 

• Seiso (Shine, cleanliness) 

• Seiketsu (Standardize): create procedure to maintain and monitor  the 

points above 

• Shitsuke (Sustain): make a habit maintaining and improving such 

environment 

The objective of this order and cleanliness is not just to have a tidier and more 

comfortable environment but more importantly, aims at having an environment that 

easily helps to identify any abnormal situation that might lead to a problem later on. 

Kaizen is the Japanese word for continuous improvement. TPS argues that 

this should be part of every employee’s mindset from shop floor to top management. 
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Thus it should be normal practice to feel uncomfortable with status quo and always 

look for a way to do things in a better way. 

These were just a few of the most common tools that Lean promotes to deal 

with the above mentioned wastes. In essence these tools are quite simple and that is 

why some companies think that by just using some of them they have become a 

“Lean company”. This just highlights the poor comprehension that certain companies 

(or even consultants) have got from this comprehensive philosophy that above all 

puts people as a central topic in order to keep improving. 

 

 

3.2. Value Stream Mapping 

Value Stream Mapping (VSM) is the term coined by Rother & Shook (1999) to 

what Toyota Production System (TPS) employees referred as “Material and 

Information Flow mapping”. According to Rother & Shook, this tool has been the 

normal mapping exercise for TPS employees in order to depict the current and an 

ideal future state that serves as a continuous challenge to improve. It is, therefore, 

one of the common tools used by lean practitioners around the world.  

Unlike a traditional facility layout map, Value Stream Maps put together both 

material and information flow in just one piece of paper. The aim with this map is to 

encourage a mindset of “flow thinking” rather than the most traditional one of 

production processes isolated to each other which results in misaligned improvement 

efforts. Its supporters highlight the use of just pencil and paper to stress its easiness 

and focus the effort into the map itself rather than wasting time and money buying 

complicated software and other resources that might finally add more problems than 

solutions. 

Since most common production facilities manufacture a great variety of 

products, the first step in VSM is to define a product family. Product families can be 

created by looking at the processing steps a product had to go through and group 

them with other products having the same (or similar) steps. After defining them, one 

goes on to draw a current state map. To trace it, one has to follow the product all the 

way from the customer upstream to the supplier drawing each process step in the 

material and information flow and gather information about them. Normally, the most 

common flow to think about is the material flow because it is the easiest to observe 
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but waste (that lean manufacturing seeks to eliminate) is found not only in this type 

of flow but in the information flow as well and might very easily have a major 

detrimental effect in the whole process. Therefore the emphasis to draw them 

together and think of them as “flows”. Common information to gather at the shop 

floor about each process step is: 

• Cycle time: time from one product coming off the process until the next 

product comes off the process. 

• Changeover time: time it takes to set up the process to work on a 

different product 

• Working time: time that the process is available for production 

 

There is a standard set of icons to define the interactions between processes 

both for the material and information flow: arrows, boxes, inventories, push/pull and 

so on. For matters of synthesis, these icons will not be shown in this report but the 

reader is advised to look at Rother & Shook (1999). 

Finally, the main advantages that VSM provides are: 

• Visualization of the flow rather than isolated processes 

• Identify sources of waste 

• Common language to communicate about manufacturing processes 

• Show linkage between information and material flow in one diagram 

 

 

3.3. Discrete Event Simulation 

Before jumping directly to discrete event simulation, there are a few concepts 

that must be first defined. According to Obaidat and Papadimitriou (2003): 

 

• System: is a collection of entities (i.e. any component in the system like 

machines, products, people and so on) that interact together over time 

to accomplish a determined goal 

 

• Model: is an abstract description of a system by symbolic language or 

theory to be seen as a system with which the world of objects can be 
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expressed. Thus a model is a system interpretation or realization of a 

theory which is true. 

 

• Simulation: is the imitation of the operation of a real-world process or 

system over time. It is the process of experimenting with a model of the 

system under study and it measures a model of the system rather than 

the system itself 

 

• Event: is an instantaneous occurrence that changes the state of the 

system (e.g. a beam comes out of the furnace) 

 

In this way, a simulation model “describes the operation of the system in 

terms of the individual events of the system”. Often, the cost of experimenting on the 

real system is so elevated that it is unviable and therefore other types of analysis are 

required. Simulation is one possible solution and provides the following key 

advantages (Obaidat & Papadimitriou, 2003): 

• Flexibility: it permits the controlled experiments at practically no risk 

• Speed: offers the possibility to observe the behavior for extended 

periods of time 

• Sensitivity analysis 

• Does not disturb the real system 

• Communication tool 

 

One way of classifying simulations is by the way to look how variables change 

over time and can be divided in Discrete Event Simulation and Continuous 

Simulation (Obaidat & Papadimitriou, 2003): 

• Discrete Event Simulation: is a type of simulation that models, over 

time, a system that changes its state in a discrete fashion. That is, the 

system’s state variables change only in discrete set of points in time. 

Rather than sampling the system’s state in a linear fraction of time, this 

type of simulation jumps in time line from one event to the next one. 
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Manufacturing analyses are commonly studied by discrete event 

simulations when products are discrete e.g. footballs, beams, doors. 

 

• Continuous Simulation: in this type of simulation, state variables are 

changing continuously. Thus, simulation time runs in a linear fashion at 

specified intervals of time. Fluid analyses are commonly studied in 

continuous simulations e.g. the water level at tank. 

 

According to the way that data originates, simulations can be divided in Monte 

Carlo or Trace-Driven (Obaidat & Papadimitriou, 2003): 

• Monte Carlo Simulations: in this type of simulation, the data that is fed 

into the model is artificially generated by the use of particular statistical 

distributions. Thus, it is used to model probabilistic phenomenon that 

change characteristics over time. 

 

• Trace-Driven Simulations: this type of simulations uses the data 

coming from the real model to feed the model. Thus, it is a 

deterministic kind of simulation that takes the information from a 

monitor that tracks information from the real system. Its advantages are 

that they are more accurate and easier to validate while its 

disadvantages are a higher complexity and can quickly become 

obsolete. 

 

 

3.4. Warehouse Order Picking 

Aligned with has been explained previously in this section, Rouwenhorst et al. 

(2000) discuss that the trend for having a greater product variety and shorter lead 

times has placed strong focus on smoother and more efficient logistic operations. As 

a consequence, there are greater requirements of efficiency and effectiveness in the 

distribution network and particularly in its nodes like, for instance, warehouses. To 

support this trend, great amount of research has focused in warehouse design and 

control optimization. From strategic to operational levels, the design of warehouses 
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is a complex process that often finds competing objectives at each stage that must 

be balanced according to specific situations, products, market and so on. 

Many companies have taken different approaches regarding the structure of 

their networks but a common trend is to reduce the many small distribution centers 

for fewer larger central distribution centers. Warehouses are inventory buffers that 

result from the mismatch in time when the customer wants a product and when it is 

actually produced and delivered. Since many companies try to postpone their 

products’ customization point to reduce their lead times; warehouses often add value 

by labeling, bundling products, customized packaging and many other possibilities. 

According to Van der Berg et al (Van Der Berg & Zijm, 1999), there are three types 

of warehouses: 

• Distribution warehouse: is the one in which products from different suppliers 

are collected and maybe assembled for delivery to a number of customers  

• Production warehouse: is the one used for storage of raw material, semi-

products or finished products of a production site 

• Contract warehouse: is a facility that performs the warehousing activities on 

behalf of one or more customers 

 

They continue explaining that the four main activities or processes carried out 

at a warehouse are: 

 

• Receiving: this includes all the activities that the receiving dock must perform 

like: unloading, verification of quantities, random quality checks, preparing 

loads for transportation to the storage area and so on. 

• Storage: orders are transported to their storage location which could be a 

reverse area (bulk storage) or a forward area (smaller area closer to the 

shipping area). The transfer of products from the reserve area to the forward 

area is called replenishment. 

• Order Picking: this involves all the process to retrieve products from its 

storage whenever a customer has placed an order 

• Shipping: orders are checked, packed and later loaded in their assigned 

method of transport i.e. trucks, trains. 
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Depending on the level of automation that the warehousing system relies on, 

there are three main categories: 

• Manual warehousing systems: also known as picker-to-product systems 

because of the fact that the picker has to move around the warehouse and 

pick each product within an order. Commonly, the picker uses a vehicle to 

move faster and carry the picked products like pick carts, forklifts reach trucks 

and so on. 

• Automated warehousing systems: also known as product-to-picker because in 

these systems, the picker stands still in a place while an automated system 

carrying the products is moving/bringing the products to the picker 

• Automatic warehousing systems 

 

Petersen et al suggest, (Petersen & Aase, 2004) that the main three process 

decisions regarding order picking both at tactical and operational levels are the ones 

mentioned below and will be further explained in the following subsections: 

• How to pick the products? (Picking policies) 

• How to store the products? (Storage assignment) 

• How to route the pickers in the warehouse? (Routing Policies) 

 

3.4.1. Picking Policies 

The first question regards the amount of orders a picker should look for per 

tour. Ackerman (1990) suggested a classification of the picking policies in strict, 

batch and zone-picking that can be observed in Figure 1. The strict policy assigns 

just one order per picker per tour. This policy results in lower service times and 

higher customer satisfaction but the downside is that it increases the overall 

transportation time and cost (Broulias, Marcoulaki, Chondrocoukis, & Laios, 2005). 

Another solution is to assign the picker a batch of orders per tour. This policy may 

bring significant reduction to the travel time and cost but introduces the complexity of 

monitoring and separating orders. Order sorting, however, could be done while 

traversing the warehouse (sort-while-pick) or may be done afterwards (pick-and-sort) 

(Van Der Berg & Zijm, 1999). The last policy is zone-picking and it assigns a specific 

area of the warehouse to each picker. This helps to avoid traffic congestion and 



 

could reduce the probability for mistakes and damage to the products. 

relies on the fact that since orders might be split on different pickers/areas, a delay in 

one of them affects the performance of the others.

disadvantages, zone-picking is further divided into 

progressive assembly or pick and pass), 

zone, a picker collects the products of one order within his zone and passes them 

along with the pick list to the next zone picker. Thus the order is complete

passes across all zones. Batch zone

picker collects the products within their zone.

programmed times so every picker starts collecting the products at the same tim

 

 

3.4.2. Storage Assignment

The second question regards the strategy that warehouse personnel will 

follow to assign products to a certain location. This decisi

whether to separate or not the bulk stock (reserve area) from the pick stock (forward 

area) (de Koster, Le-Duc, & Roodbergen, 2007)

reverse problem and aims at deciding the op

to other particular restrictions on storage assignment and so forth. From this stage it 

Picking 
Policies
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could reduce the probability for mistakes and damage to the products. 

s on the fact that since orders might be split on different pickers/areas, a delay in 

one of them affects the performance of the others. To better deal with these 

picking is further divided into sequential zone

progressive assembly or pick and pass), batch zone and wave picking

, a picker collects the products of one order within his zone and passes them 

to the next zone picker. Thus the order is complete

Batch zone is similar but orders are grouped and each 

picker collects the products within their zone. In wave picking, orders are released at 

programmed times so every picker starts collecting the products at the same tim

Figure 1 Picking Policies 

Storage Assignment  

The second question regards the strategy that warehouse personnel will 

follow to assign products to a certain location. This decision starts by deciding 

whether to separate or not the bulk stock (reserve area) from the pick stock (forward 

Duc, & Roodbergen, 2007). This is known as the forward

reverse problem and aims at deciding the optimal size of the forward area acco

to other particular restrictions on storage assignment and so forth. From this stage it 
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• Each picker 
controls a certain 
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Zone-Picking

could reduce the probability for mistakes and damage to the products. The downside 

s on the fact that since orders might be split on different pickers/areas, a delay in 

To better deal with these 

zone (also known as 

wave picking. In sequential 

, a picker collects the products of one order within his zone and passes them 

to the next zone picker. Thus the order is completed when it 

is similar but orders are grouped and each 

, orders are released at 

programmed times so every picker starts collecting the products at the same time.  

 

The second question regards the strategy that warehouse personnel will 

on starts by deciding 

whether to separate or not the bulk stock (reserve area) from the pick stock (forward 

. This is known as the forward-

timal size of the forward area according 

to other particular restrictions on storage assignment and so forth. From this stage it 

Picker takes a 
single order per 

Picker takes a 
group of orders 

Each picker 
controls a certain 



 

follows the selection of a policy

main solutions found in diverse warehouse order picking literature.

Figure 

 

If it has been decided to use both a

must be defined for each of them. The first policy, random storage, assigns a product 

wherever there is a free spot with each spot having the same probability of getting 

occupied. This has the advantage of minimizin

can create difficulties later on: more difficult track 

travelling time when picking orders, 

and so on. 

The closest open storage policy assigns

found. This is rather similar to the random storage policy but in fact, the main 

difference relies on the probability of choosing a free spot. While in the previous 

policy every free spot had equal probability to be occ

spots closer to the products’ 

Thus this policy usually results in having a high occupancy of the spots close to the 

area where products arrive while there is a very l

from this place. 
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16 

follows the selection of a policy for storage assignment. Figure 2

main solutions found in diverse warehouse order picking literature. 

Figure 2 Storage Assignment Classifications 

If it has been decided to use both a forward and reverse area, then a policy 

for each of them. The first policy, random storage, assigns a product 

wherever there is a free spot with each spot having the same probability of getting 

occupied. This has the advantage of minimizing the space needed for storage but 

ter on: more difficult track of each product

travelling time when picking orders, more tedious separation of products in one pile 

The closest open storage policy assigns the product to the first free space 

. This is rather similar to the random storage policy but in fact, the main 

difference relies on the probability of choosing a free spot. While in the previous 

policy every free spot had equal probability to be occupied, in this policy usually the 

spots closer to the products’ arrival area have greater probabilities to be occupied. 

Thus this policy usually results in having a high occupancy of the spots close to the 

area where products arrive while there is a very low occupancy of the spots further 
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•The first free spot the picker 
finds
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Storage

•Fixed storage place for each 
type of product

Dedicated Storage

•Highest sold product is put 
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•Create Classes and set these 
sectors in the layout
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Demand (Volume)

Family grouping

-
Reverse 
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The dedicated storage policy assigns a fixed area of the storage to a certain 

product. The main disadvantage is that a greater amount of space must be reserved 

such that the maximum amount of inventory per product is able to fit. This results in 

the lowest space utilization of all the policies (de Koster, Le-Duc, & Roodbergen, 

2007). The advantage, however, is that pickers become easily familiarized with 

product locations thus searching time can be reduced. 

The full turnover policy aims at placing the products according to their 

turnover. The products with higher turnover should be placed on the easiest places 

to pick them. One tool that further develops this classification criterion is the cubic-

per-order-index (COI) (Lahmar, 2007). By constructing the ratio of volume (space 

required per unit) to its turnover, one assigns the products with low COI closest to 

the shipping area. 

The last policy is the class and/or demand (ABC zoning). The objective of this 

policy is to classify products in different “classes” (i.e. A, B or C if using 3 classes) 

and accordingly assign them a dedicated space within the storage area. The 

principle behind this policy is the one from the Italian economist Vilfredo Pareto 

which states that 85% of the wealth is hold by 15% of the people. Generally one 

creates 2 to 4 classes and looks for the 20% of the products that account for 80% of 

the sales to assign them a high class. This process continues further down until 

reaching the products that are the bulk in volume occupancy (~ 80%) but account 

just for the 20% of the sales. After setting the classes, random storage policy can be 

used within the class so the disadvantages of each policy can be lessened. Below, in 

Figure 3, there are two examples of how a class division can be defined: 

 

 

Figure 3 Examples of 3 Class-based storage policies  (de Koster, Le-Duc, & Roodbergen, 2007) 



 

 

The last policy in Figure 

previous ones, looks for possible relations between products to find better ways of 

storing them. The relationship between the products could be, for instance, the 

probability that these products come together i

relationship among the products, one has a measure of how “close” these products 

are to each other to later 

minimizes the distance between them. Thus, this policy can be 

with other policies like full

storage place that should be assigned to them.

 

3.4.3. Routing Policies 

The last question presented above regards the way a picker travels around 

the warehouse in order to pick the products.

strategies to set a routing policy for the pickers. 

The first approach is using 

from a mathematical model is actually solving a

Salesman Problem. This problem aims to minimize the total travelling cost of a 

salesman who has to visit a set of cities whil

another is given (Applegate, Bixby, Chvatal, & Cook, 2007)

general solution for this problem so many assumptions are developed to come up 

with a solution to particula

with optimal solutions but usually they are rather confusing and difficult to implement 

in practice (Broulias, Marcoulaki, Chondrocoukis, & Laios, 2005)
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Figure 2 is family grouping. This policy, in contrast with the 

previous ones, looks for possible relations between products to find better ways of 

The relationship between the products could be, for instance, the 

probability that these products come together in the same order. Evaluating this 

relationship among the products, one has a measure of how “close” these products 

to later define a way to assign them a storage location that 

minimizes the distance between them. Thus, this policy can be used in combination 

with other policies like full-turnover or class-based policy in order to define the 

storage place that should be assigned to them. 

The last question presented above regards the way a picker travels around 

in order to pick the products. Figure 4 summarizes the main 

strategies to set a routing policy for the pickers.  

The first approach is using mathematical models. Solving the

from a mathematical model is actually solving a particular case of 

Salesman Problem. This problem aims to minimize the total travelling cost of a 

salesman who has to visit a set of cities while the cost to travel from one city to 

(Applegate, Bixby, Chvatal, & Cook, 2007). There is, however, no 

general solution for this problem so many assumptions are developed to come up 

with a solution to particular cases. Generally, mathematical models may come up 

with optimal solutions but usually they are rather confusing and difficult to implement 

(Broulias, Marcoulaki, Chondrocoukis, & Laios, 2005). 

•S-Shape

•Largest Gap

•Return

•Combined

•Midpoint

Heuristics

Mathematical 
Models

Routing 
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summarizes the main 
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. There is, however, no 
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r cases. Generally, mathematical models may come up 

with optimal solutions but usually they are rather confusing and difficult to implement 
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Figure 4 Routing policies 

For the above reasons, heuristics are normally preferred in practice. 

According to the Merriam-Webster Dictionary, heuristic means: “involving or serving 

as an aid to learning, discovery, or problem-solving by experimental and especially 

trial-and-error methods”. As suggested in Figure 4, the main heuristics are S-shape, 

Return, Largest Gap, Combined and Mid-point and, as a matter of comparison, 

Figure 5 shows an example solved by the different heuristics. In the S-shape, the 

picker transverses the whole aisle where there is at least one item to be collected 

and after the last item is collected, the picker returns to the depot. In the Return 

policy, the picker enters an aisle until the last item is picked and returns to the front 

cross-aisle to go to the next aisle containing items that need to be collected. In this 

way, the picker never reaches the back cross-aisle 

The Mid-point policy divides the layout in two parts: front and rear half and 

they will be accessed from the front cross-aisle and the back cross-aisle 

respectively. The Largest gap policy establishes that the picker will never transverse 

the largest gap within an aisle. A gap is the distance between the first pick and the 

front cross-aisle, the last pick and the back cross-aisle or between two picks. In 

comparison with the mid-point policy, the picker will enter the aisle as far as the 

largest gap rather than until the mid-point. According to Hall (1993), the largest gap 

always outperforms the mid-point policy but in practice is easier to implement the 

mid-point than the largest gap. 

Finally, in the combined routing policy the picker enters an aisle as far as the 

last pick and then decides whether to continue until the back cross-aisle to go to the 

next product containing aisle or return to the front cross-aisle, again, to go to the next 

product containing aisle. It is named “combined” because it is the mixture of the S-

shape and the Return policy in order to find a shorter travelling path. 
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Figure 5 Example of different routing policies (Roo dbergen, 2001) 

 

 

As a final remark it is important to highlight the close interrelation of all 

decisions taken above. Though most research has been carried out separately on 

each of the areas above, one must bear in mind that a decision taken in one of them 

will definitely impact the possibilities/performance of decisions in the other areas. 

Therefore, warehouse design is a complex process that often finds competing 

objectives across the project’s lifecycle. 

 

  



 

Chapter 4.

 

4.1. Cold Sector Optimization

 

4.1.1.  Initial Interviews

As described before

get properly introduced to the project. In broad terms, information about the plant like 

its products, customers and departments was 

the plant operates and to whom it supplies.

In Figure 6 one observes the range of possible steel sections rolled at 

ArcelorMittal’s TMB plant. The possible combinations are very high and the 

processing time from one combination to anothe

answers in these initial interviews used to start with: “It depends …”

 

Figure 

 

In this manner, to order a specific profile one must provide all the 

information so finally one customer order could look like

Product 
Family

HE profiles

IPE profiles

W profiles

UB profiles

Angles

Height 
(Size)

From 180 mm 
to 550 mm
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Chapter 4.  RESULTS & DISCUSSION 

Cold Sector Optimization  

Initial Interviews  

escribed before, the initial step was to conduct a series o

get properly introduced to the project. In broad terms, information about the plant like 

its products, customers and departments was collected successfully

the plant operates and to whom it supplies. 

one observes the range of possible steel sections rolled at 

TMB plant. The possible combinations are very high and the 

processing time from one combination to another is very variable as well. 

answers in these initial interviews used to start with: “It depends …” 

Figure 6 Range of products rolled at TMB 

In this manner, to order a specific profile one must provide all the 

information so finally one customer order could look like Figure 

Sub-Profile 
(Thickness)

AA profiles

A profiles

B profiles

M profiles
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According to 
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standards 

Customer 
order 

Length

From 6 to 30 
m

initial step was to conduct a series of interviews to 

get properly introduced to the project. In broad terms, information about the plant like 

successfully grasping how 

one observes the range of possible steel sections rolled at 

TMB plant. The possible combinations are very high and the 

r is very variable as well. Thus, most 

 

 

In this manner, to order a specific profile one must provide all the previous 

Figure 7 below. This 

Customer 
order 

Length

From 6 to 30 

Bundle size
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customer is ordering a HE profile with 220mm height, sub-profile type “A” (wall 

thickness), S235JR grade, 12000mm length and, finally, a total of 6 beams 

organized in 2 beams per bed (base) in 3 beds (See Figure 8).  

 

 

Figure 7 Example of Customer order 

 

 

Figure 8 Side view of a 2x3 bundle 

 

These interviews also helped to gain insight about the production planning 

process. Figure 9 represents the production planning sequence in a hierarchical 

manner. Rolling campaigns are the highest level in the planning hierarchy and simply 

contains a particular Product Family with a certain Height e.g. IPE 300 (In Figure 7 

the rolling campaign corresponds to HE 220). These campaigns might be rolled 

more than once in a year so besides indicating the name of the profile family they 

also indicate the week when they have been rolled for easier tracking in the future. 

Normally roll changes in the mill occur only between rolling campaigns. 



 

Within a Rolling Campaign one 

are all from the same profile family

grade, thickness (AA, A, B,

cylinders and that is why they are put toget

 

Figure 

 

Finally, within a rolling group 

specific sub-profile but with the different length and bundle size requirements. 

 

4.1.2. Value Stream Map

After understanding the main 

was to draw a current state Visual Stream Map to get further details

pinpoint the major areas where there is a

Following Rother & Shook

product family to draw the map. There was not, however, a clear way to define the 

product family since the processing t

one to another within and across campaigns

not helpful either because looking at the 20% of the product range that result in the 

80% of gains was already including the 

of products. 

The upside was that

was decided to proceed without defining a product family from the range of products

and identify the specific para
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Within a Rolling Campaign one finds many Rolling Groups. Even though they 

are all from the same profile family and height, the differences in 

, B, etc) require a special adjustment of the height of the 

cylinders and that is why they are put together depending on the sub

 

Figure 9 Production Planning hierarchy levels 

Finally, within a rolling group one finds each of the customer orders for that 

profile but with the different length and bundle size requirements. 

alue Stream Map  

After understanding the main characteristics of the plant, the following step 

current state Visual Stream Map to get further details

major areas where there is an opportunity for optimization.

Rother & Shook’s VSM methodology, the first step was to define a 

product family to draw the map. There was not, however, a clear way to define the 

the processing time for each type of profile highly varies from 

one to another within and across campaigns on most processes. Paretto’s 80/20 was 

not helpful either because looking at the 20% of the product range that result in the 

80% of gains was already including the same variability as including the whole range 

side was that every product had to follow exactly the 

without defining a product family from the range of products

and identify the specific parameters that cause the variation of processing times
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, the differences in sub-profile e.g. 
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profile but with the different length and bundle size requirements.  

characteristics of the plant, the following step 
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n opportunity for optimization.  

methodology, the first step was to define a 

product family to draw the map. There was not, however, a clear way to define the 

ime for each type of profile highly varies from 

Paretto’s 80/20 was 

not helpful either because looking at the 20% of the product range that result in the 

same variability as including the whole range 

every product had to follow exactly the same route so it 

without defining a product family from the range of products 

processing times. 
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In order to better observe and understand the flow through the cold sector, it 

was necessary to include the hot sector as well in the VSM. Most of the time, hot and 

cold sector are working in a coupled manner so isolating the cold sector is analogous 

to isolated process improvements not considering upstream and downstream 

processes.  

The whole production path was followed from the most downstream process 

(Shipping area) to the most upstream one (Raw material inventory) first in a fast 

overview tour and the next day in a detailed process by process manner. This 

activity was performed along with the production engineer responsible for the cold 

sector of the mill but also counting with the support of the whole production and 

maintenance team for further details.  

In Annex 1, one finds the current state VSM for the TMB plant. Starting up 

from the customer, the TMB plant supplies not only European customers but also 

American ones through the major ports on Europe like Antwerp. Some of these 

customers, however, are other ArcelorMittal’s business units that either post-process 

TMB’s final products or act as independent distribution centers.   

Orders are handled by the sales department located in an office building 

outside the site. They receive all orders from customers and distribute them to the 

corresponding plant where this product is manufactured. In this way, the plant’s 

order book normally has a horizon of 3 months but orders might be changing even 

few days before rolling starts. Orders arrive at the production planning department 

and are grouped in rolling groups and campaigns as explained before. This process 

is done to plan not only the mill’s rolling sequence but also the continuous caster’s to 

guarantee that the raw material for the TMB will be available. Normally the 

production sequence of the continuous caster is blocked monthly and the amount to 

produce and specific lengths are reviewed weekly and, if necessary, fine tuned for 

next day’s production. 

The production planning team calculates the amount of raw material (beam 

blanks and blooms) that they need for each rolling group and consequently for the 

whole campaign and define the loading sequence at the furnace which is the most 

upstream process. This plan also defines the schedule for each train coming to the 

shipment area so production is consistent with the train in which it must be loaded. 

As it can be seen in the VSM, the main processes involved in the production 

of steel sections in this plant are: 
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1. Furnace: Blooms are loaded into the walking furnace according to the 

specified sequence in the plan. There are 3 different formats (sizes) so 

the capacity at the furnace varies with the format (from 50 to 66 blooms 

in single banking) and with the length because they can be loaded in 

single or double banking (two beams next to each other occupying just 

one slot). The difference in size also means a difference in mass and 

the greater the mass per unit length, the greater the time it needs to 

reach the target temperature at the furnace. 

 

2. Break-Down (BD): Blooms coming out of the furnace (at ~1200 °C) ar e 

immediately conveyed to the Break-Down station (BD). Here it could 

need 3, 5 or 7 passes depending on the reduction needed. The 

operator of this station pulls the blooms from the furnace normally in an 

automatic mode but as soon there is a slowdown downstream he 

manually pulls each bloom according to the needs downstream. As 

soon as they finish, they continue to the Tandem mill. In this manner, 

this station works as the pacemaker of the line. 

 

3. Tandem: 3 sets of rolls are sequentially shaping the beam in 3, 5, 7 or 

even 9 passes depending on the desired reduction.  

 

4. Finishing: Finally the hot rolling ends up with a finishing stand where, if 

needed, beams take one rolling pass for further reduction or simply 

continue to the cooling bed. 

 

5. Cooling Bed: In the cooling bed, beams arrive at around 850°C and 

must cool down to nearly 80°C before continuing to the straightening 

machine. These beams are called mother beams since they will be 

later cut to customer’s length (daughter beams). As in the furnace, the 

capacity of the cooling bed varies with the size of the beam so the 

bigger the beam, less beams fit in the cooling bed. Moreover, beams 

with greater mass per unit length will require more time to cool. 
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6. Straightening Machine and regrouping bed: After cooling down, they 

are conveyed through the straightening machine to arrive at the 

regrouping bed. The objective of this bed is to group a certain amount 

of mother beams in one layer (batch of beams side by side) for faster 

cutting later on. This batching process is constrained by the physical 

width of the Cold Saw’s bed corresponding to 1.7 m. Normally they try 

to batch as many beams as they can fit (in the 1.7m) and since the size 

of each sub-profile is known, then the maximum amount of mother 

beams they can put together in one layer in the cold saw is known as 

well. Until this point every beam travelled in a one-piece flow manner 

throughout the whole hot sector and the cooling bed but here, just 

before the Cold Saws, they are batched. 

 

7. Cold Saws: There are 2 Cold Saws and they are positioned 

sequentially so normally the first saw doesn’t cut at the customer length 

but rather at double length while Cold Saw 2 cuts them to customer’s 

length. This helps balance the loading at each saw and keeps them 

working almost in parallel. The main variation at the saws is regarding 

the amount of cuts they will perform over the layer (amount of mother 

beams batched side-by-side). These batched mother beams (layer) will 

be cut to produce daughter beams layers which correspond to a 

particular customer order’s length. The cut-to-cut time within a mother 

beam layer has low variability but since operators have the decision to 

cut the orders in the sequence that they believe minimizes scrap, then 

some layers are cut, for instance, 4 times (just 4 daughter beams 

layers) while other are cut 9 times (9 daughter beam layers) which 

makes a big processing time difference for the whole mother beam 

layer/batch.  

 

8. Pilling Machines: After the saws, the flow is split in two identical parallel 

paths. There are two pilling machines in parallel so normally each of 

the daughter beam layers coming out from the cold saws are alternated 

to each pilling machine. Here, each of the daughter beam layers are 

split into single daughter beams to stack them according to the 



 

27 

specified customer bundle requirements. The result is a stacked 

amount of beams (a bundle) to the target amount beams per bed 

(base) as well as beds as it was shown above in Figure 8 

 

9. Bundling Machines: According to the weight and length of the bundle, it 

will be wrapped with 4, 6 or 8 wraps. If the order is to be shipped by 

boat, the bundle must have 2 extra wraps. The number of wraps to be 

placed over the bundle has a great impact over the total processing 

time of it. After being properly wrapped, the bundles continue to a 

transfer bed where they are later picked by the cranes at the shipping 

area.   

 

10. Shipping Area: The shipping area is a hall to which the production line 

automatically feeds finished products and a couple of cranes with 

magnetic handlers pick them and either puts them in stock or directly 

loads them into their assigned wagon in the train. There are two 

railroads coming into the hall so it is possible to load two different trains 

at the same time. Normally there are 3 full train shipments per day 

corresponding to one per shift. 

This quick overview already shows the complexity to find a way to 

characterize the value stream in one family. As explained before, the upside is that 

the route is the same one for every profile and that due to the high level of 

automation, P/T per sub-profile has a very low variation in many processes which 

makes it almost deterministic. In this way, the VSM found in Annex 1 shows the 

whole process (material and information) but the process data boxes need the 

following remarks: 

• Raw material and finished product inventories: the size of these inventories 

had some considerable fluctuations along the projects’ period. Variations of 

30% were commonly observed and very much depended on market 

fluctuations and demand scaling up. 

 

• Hot Sector (BD, Tandem and Finishing): the rolling time for each sub-profile 

(e.g. IPE240 B) ever been rolled is kept in a computerized database. P/T for 
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each process varies a lot from a certain sub-profile to another sub-profile as 

well with quality grade changes. The value reported in the VSM’s process box 

corresponds to an average of all sub profiles’ P/T with the single purpose of 

giving an idea of its magnitude.  

 

• Cooling bed: The time a profile takes to cool down is so variable that in the 

processing time box it is only expressed the minimum and maximum values 

found for the range of products. 

 

• Cold Saws: the processing time has been characterized by the cut-to-cut time. 

Thus the total amount of time that a mother beam layer should take is the 

multiplication of the total amount of cuts times the cut-to-cut time indicated in 

the box. As a manner of grasping an idea of the total processing value, it is 

also shown the average amount of mother beams in one layer and the 

average amount of cuts on each saw.  

 

• Pilling Machines: processing time for these machines has been characterized 

by the bed to bed time (See Figure 8) i.e. the time from which it takes one 

bed, places it over the rest in the bundle and picks the next bed. The main 

differences occur when beams are required with a sticker (takes about 7 

seconds more per bed) and when pilling angles since each layer is flipped 

respect to the previous one (flipped layers take about 10 seconds more per 

layer compared to a normal layer without sticker). Again, as a matter of 

reference, it is shown in the VSM an approximate average bundle size i.e. 2x 

4 which means that there are 2 beams in the base and 4 beds. 

 

• Bundling Machines: they have been characterized by the number of wraps to 

be placed. The time it takes to place a pair of wraps is about 30s. 

 

• Shipping area: cranes commonly take two bundles per trip but some bigger 

profiles are restricted to just one bundle per trip. This restriction is due to the 

magnetic hoists that have a width of 1280mm 
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These remarks and few others are further discussed in the next section under 

the assumptions for building up the discrete event simulation model. When looking at 

the whole VSM, one can see that TMB plant basically runs with FIFO lanes between 

its processes limiting the amount of WIP in the whole line. 

TMB plant uses these limited FIFO lanes as a control for WIP: Downstream 

processes receive semi-finished products from upstream processes but as soon as 

the FIFO lane between them gets full, the upstream process stops sending more 

products. In this way, it avoids the possibility of a WIP explosion. This type of WIP 

constrain in the whole line is called CONWIP as for Constant WIP. The tradeoff of 

limiting WIP is that while there is a constant amount of WIP in the line and cycle 

times might be shorter there might be, as well, a loss in throughput. Hopp & 

Spearman define the above situation as the “Pay me now or Pay Me Later” law. 

Due to the particular characteristics of the beams produced (i.e. mother 

beams of around 100m length and 4tons weight) it is not practical to use 

supermarkets and therefore these FIFO lanes remain as a great solution. Moreover, 

the whole hot sector runs in a one piece flow which is an excellent way to “show the 

rocks from the floor” and tackle root cause problems. That is, a high WIP is like a 

lake full of water that does not permit to observe the rocks beneath it: quality 

problems and many other issues are hidden within the high WIP. As soon as one 

starts lowering the water level (reduce WIP), one starts to see the rocks (problems) 

and begins to truly observe the many problems that where hidden. The aim is, 

therefore, not only to lower the WIP but to actually solve the root cause problems 

that were not so evident before. 

 

 

4.1.3.  Simulation 

The VSM was a great starting point to clearly understand the dynamics of the 

plant, its variations, processing time estimates, size of inventories and so on. In this 

way, the VSM was an excellent support tool to visualize current status and collect 

process’ data necessary to build up the simulation model. 

With the vision to introduce the benefits of predictive tooling both for current 

status analysis and what-if scenarios, the next step was to use computer simulation. 

It will serve as support to understand more deeply certain behaviors currently 
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happening and to have the possibility to try scenarios that normally would be 

extremely expensive, if feasible at all, in reality. It should not only help reducing costs 

but also supporting the proposal of new improvement projects. 

Since there was no similar tool used by the company, the author had had 

some experience with Imagine That’s Extend and the university would provide a 

license during the thesis period, it was decided to continue with this software for the 

simulation model. 

 

4.1.3.1. Assumptions 

The key assumptions taken to build the model are summarized in Table 1 

below. 

 

Table 1 Assumptions taken for Simulation Model 

ASSUMPTION RATIONALE COMMENT 

P/T of each process is 
normally distributed with 
average �̅ and standard 
deviation σ (different for each 
sub-profile) 

There is no evidence supporting a 
particular distribution thus Normal 
Distribution is the first choice for all 
machines 
The �̅ and σ for each sub-profile is 
available in a global database from which 
the model fetches the corresponding value 
according to the profile being rolled. 

Any evidence that supports 
a different behavior, should 
then replace the Normal 
Distribution in that particular 
machine  

Cutting Plan is known 
Modeling a cutting plan is very complex 
and requires a separate model of its own 
that can be later integrated to this model 

So long this assumption is 
true, the model is limited to 
evaluate past production 

Loading plan for the furnace 
is known 

In order to match the cutting sequence, 
the loading plan must be consequent with 
it 

  

List of orders is known 

In order to feed the model with real data of 
the bundle size and amounts that each 
order requires. This information impacts 
the performance of processes like the 
pilling and bundling machines 

  

P/T of the bundling machines 
is a function of the number of 
wraps i.e. the number of 
wraps sets the P/T  

Though it has some drawbacks, it easily 
characterizes the P/T of the machine 
according to the number of wraps (more 
precisely, length and weight). The length 
effect is taken into account in the variation 
of the processing time (which is included 
in the σ) 

This assumption disregards 
the length of the bundle 
which may impact the P/T 
even if it is the same 
amount of wraps 

Simulation period is limited to 
a rolling campaign 

Each rolling campaign is produced almost 
independently from the next rolling 
campaign (there is a set-up for next 
campaign). This intermittent behavior 
brings no benefit on simulating the period 
of time between rolling campaigns but 
rather more uncertainty 

This assumption can be 
relaxed if reasons exist for 
evaluating the production of 
rolling campaigns 
sequentially 
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4.1.3.1. Model 

In this plant, events are changing the state of the system in a discrete 

sequence in time (e.g. a beam enters the cooling bed, a bundle is picked by the 

train, number of beams in the furnace) making Discrete Event Simulation the most 

suitable modeling technique. 

The IT system of the plant has a very rich database that has been recording 

key information since the time the plant started up in late 2005. This information, 

however, was excellent to collect rolling time of each type of profile in the hot sector 

but it was rather poor to define the processing time of each process in the cold 

sector. The first step, then, was to consolidate a database using the valuable 

information in the IT system and complement it with manual process time 

measurements. This was a time consuming activity but was the foundation of both 

the VSM in the previous point and the simulation model database. Probabilistic 

methods were preferred so all this information was necessary to determine the P/T’s 

distribution parameters for every process per profile. 

Hence the initial step was to set up an excel spreadsheet with the processing 

times (with its distribution parameters) and capacities at each process for each 

possible sub-profile. This information was later included in the model’s database so it 

is basically a generic model that reads all the information needed (for a particular 

sub-profile being rolled) from this global database. This allows it to be flexible 

enough to support any change in the database (e.g. processing times, capacity) or 

introduction of new products. This vision was fundamental to justify that all the time 

ASSUMPTION RATIONALE COMMENT 
Working ratio equal to 100%. 
This means that there are no 
random stops considered 
besides the normal variations 
of the processes which are 
included in their distribution 
parameters 

The time-span of a rolling campaign (~ 1 
day) is not enough to consider the random 
stops. 
The effort to collect and process this data 
does not justify the value added for the 
model 

  

P/T of the Cold Saws is 
defined as cut-to-cut.  

It is the simplest way of characterizing the 
P/T of each cut at the Cold Saws. This 
time includes cutting, moving and set up to 
for the next cut 

This assumption does not 
consider the effect of 
moving time differences that 
vary depending on the 
length of the beams. These 
differences, however, are 
included as part of the 
normal P/T variation  
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and effort invested in this project will actually have a sustainable outcome in the 

future. 

The model was built in a modular manner designing each process of the plant 

as a hierarchical block. The main benefits were that it helped visualizing the plant 

with its different processes, made it easier to debug each process and also helped to 

have a more organized programming plan. Figure 10 shows a screenshot of the 

whole model at the highest hierarchy view. 

 

 

 

Figure 10 Screenshot of Simulation Model 

 

As mentioned above in Table 1, there are three inputs to the model: 

• Cutting plan: is a table where each row represents a mother beam and 

each column brings up further information needed about how that layer 

was cut i.e. beams in the layer, amount of cuts and length of each cut. 

• Loading Plan: this is a table where each row represents a type of 

bloom to be loaded in that exact sequence while a column just 
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specifies how many of that particular bloom will be loaded. Therefore 

this plan must be consistent with the cutting plan. 

• Order list: is a table where each row represents a specific order and the 

columns specify the required amount of beams, length and bundle size 

for each of them.  

To read more easily key outputs from the model, these have been placed in a 

notebook. The notebook has the benefit to put in just one single screen all the key 

information that is spread out around the model. In this way it becomes easier to 

communicate results and discuss them with other colleagues. Figure 11 shows an 

example of a notebook screenshot used to explain the utilization of different key 

processes throughout a rolling campaign. 

 

 

Figure 11 Example of a notebook screenshot 

 

The verification process was carried out in parallel with the buildup of the 

model. Since the model was built in a modular way, each module was tested 

thoroughly before continuing to program the next module. Finally, the great amount 

of time and effort spent in this modular construction had its payback when putting all 
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blocks together. It was very simple and worked as intended. Next stage was to 

validate it. 

 

The total duration of the campaign was the main output from the model used 

for its validation. The objective was to compare the time it took to roll the whole 

campaign in the simulation model with the time that it actually took in reality. There 

are, however two considerations that must be accounted for: 

• The time comparison is from the time the first beam comes out from the 

furnace until the time the last bundle was loaded into a train (or placed 

in stock). This is to avoid the warming up effect when loading the 

furnace at the beginning of the simulation. Hence, it is a terminating 

simulation (or finite horizon) that ends as soon as the last bundle exits 

the model 

• Since the simulation is not considering random stops (see Table 1), the 

total random stop time in the mill will be added to the simulation time 

(or subtracted from the total real time). In this manner, the comparison 

will be made considering all randomness inherent to each process but 

excluding stops in the mill due to breakdowns or other sort of problems. 

This total random stop time was read from the IT system which tracks 

all the stops. They are normally short stops but could be rather 

frequent. The ratio of this value (total random stop time) to the duration 

of the whole rolling campaign is tracked by the plant’s management as 

a performance measure and currently is around 80%. That is, from a 

100% productive time within a campaign; only 80% is being used for 

production and the rest, 20%, is “wasted” in stoppages. 

Some parameters were easily compared to reality due to the operational 

characteristics of the plant e.g. WIP at the cooling bed and furnace, total amount of 

bundles. Other parameters were more difficult to compare with reality (e.g. queue 

length at the transfer bed of the shipping crane) due to the random stops in the mill. 

The ideal behavior shown in the simulation might not be reached if the mill stops and 

restarts again (due to the breakdowns). This introduces a situation similar to a 

warming up period every time it starts up so probably there is not enough time to 

reach the behavior shown in the simulation. Nevertheless, if the model is validated 
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successfully the ideal behavior presented in the simulation will indicate how the plant 

would perform if there were no breakdowns so the better the plant gets in the future, 

the less breakdowns and random stops will have and the closer it will get to the 

simulation results. 

 

One rolling campaign was run as a test and some adjustments had to be 

made. It was an iterative process to fine tune details (e.g. improving the 

programming, taking more time measurements) that initially were not working as 

expected. Finally the model was very precise to predict the rolling time so a couple of 

rolling campaigns were run and results can be observed in Table 2 compared to the 

time it took in reality. 

 

Table 2 Comparison of simulation results of two rol ling campaigns and reality 

Rolling 

Campaign 

Simulation Time [min] 

95% Confidence 

Interval 

Real time [min] 

W 8x4 1383.65 ±  12.18 1388 

HE 160 1350.39 ±  18.56 1342 

 

The 95% confidence interval is roughly ±1% of the mean value. These results 

were discussed with the production team and were considered to have a precision 

accurate enough for their needs. This gave green light to continue exploring other 

campaigns and analyze its results. 

 

4.1.3.1. Simulation Plan 

Since the product range was so large, a meeting with heads of production and 

planning was scheduled to determine the profiles where a deeper analysis was 

needed either because they believe there was a greater potential for improvement or 

simply because they wanted to understand certain behaviors. After deciding which 

rolling campaigns were of priority; simulation was run on all of them and the results 

are shown in Table 3. 
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Table 3 Results for selected rolling campaigns 

Rolling 

Campaign 

Simulation Time [min] 

95% Confidence 

Interval 

Real time [min] 
Mean Values 

difference [%] 

Coefficient of 

Variation 

(Equation 1) 

IPE 240 1122.54 ± 8.12 1133 -0.92% 0.0018 

IPE 300 778.31 ± 25.97 784 -0.73% 0.0083 

IPE 360 834.43 ± 28.18 835 -0.07% 0.0084 

IPE 330 638.25 ± 25.93 629 1.47% 0.0102 

IPE 200 958.96 ± 5.22 962 -0.32% 0.0014 

W 8x8 1485.78 ± 35.66 1508 -1.47% 0.0060 

HE 200 1369.04 ± 30.45 1373 -0.29% 0.0056 

W 14x8 1267.58 ± 10.90 1256 0.92% 0.0021 

IPE 400 959.65 ± 27.77 975 -1.57% 0.0072 

IPE 450 994.09 ± 30.84 1008 -1.38% 0.0078 

HE 240 1176.17 ± 35.70 1180 -0.32% 0.0076 

W 16x7 1629.02 ± 4.82 1617 0.74% 0.0007 

 

 

The simulation time with the 95% confidence interval corresponds to the mean 

value obtained from 30 simulation iterations ± two times the corresponding standard 

deviation σ (i.e. �̅  ± 2 ∗ � ). 

The last column of Table 3 shows the coefficient of variation defined as (Hopp 

& Spearman, 2008): 

 CV
x

σ=  (Equation 1) 

 

Where σ is the standard deviation and �̅ is the mean value. This coefficient 

gives a measure of the relative variability between the standard deviation to the 

mean. In this way one can have a better basis to judge if a certain amount of 

standard deviation is large or not. According to Hopp & Spearman, CV’s lower than 

0.75 are considered as low variation. Therefore it can be said that just considering 

each individual process’ variability and the whole plant is seen as a big process box 

then its variability is very low (almost deterministic). Unfortunately, breakdowns and 

the time inter campaign will raise this global variability. 
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The 95% confidence intervals show that some campaigns have significantly 

smaller intervals than others. Looking at Table 4 one can observe the CV for the 

main processes at the mill. Cooling bed’s CV is rather inflated because the 

processing time of one mother beam is dependent of the other ~40 beams in front. 

Therefore, a stop or any slowdown in the mill will impact the processing time of all 

the 40 beams at once. 

The high level of automation allows such low variability (i.e. < 0.75) values for 

each process and could be considered almost as deterministic. Though all 

processes have a low variability; the cranes are significantly more variable than the 

rest of the processes (at least three times greater). 

 

Table 4 Coefficient of Variation for the processing  time of main processes 

Process 
Process Time 

Coefficient of Variation 

BD 0.10 

Tandem 0.06 

Finishing 0.09 

Cooling bed 0.15 

Straightening 0.01 

Cold Saws 0.09 

Pilling 0.06 

Bundling 0.13 

Cranes 0.45 

 

The cranes are the most variable processes in the whole value stream mainly 

due to the following situations: 

• Normally they load bundles coming from the line directly into the train 

but sometimes they need to place them in stock. This might be 

because the incoming bundles are meant to be placed in stock or 

because they will be temporarily placed there until the rest of the 

products belonging to the same shipment are being produced. 

• Sometimes they take one bundle per trip and some others they take 

two. This depends on the bundle’s width, length, weight and that 

bundles should be of the same size to pick them together. 
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• Sometimes the required bundles to load in the train are not coming 

directly from the line but from stock 

• Some products need external reception (e.g. die stamping, special 

coloring) so they are placed in a special area and later picked again to 

finally load them.  

• They are bridge cranes so it happens that one of them has just to 

move away to give space to the other to pick/drop some material at a 

certain area 

• The travel distance from the product line to the wagon changes as 

soon as the wagon is full and starts filling up the next wagon. 

Therefore, campaigns that due to their particular processing parameters and 

the reasons presented above show higher utilization in the cranes will ultimately 

have a greater variability and, as a consequence, a wider confidence interval.  

The maximum difference between the mean values (simulation vs. reality) 

was approximately 1.6%. These results were discussed again with the production 

team and were considered within an acceptable margin so the model was validated. 

 

4.1.3.2. Key findings 

Going more in detail in the results shown in Table 3, the most important 

remarks are described in the following subsections. 

 

4.1.3.2.1. Bottleneck of selected campaigns 

One of the most important results is the one regarding the bottleneck at each 

campaign. There is, however, no one single process being the bottleneck for every 

campaign. Moreover, the bottleneck might be even different for each rolling group 

but the fact that they are all rolled sequentially within a rolling campaign makes a 

more complex interaction between bottlenecks where the greater amount of a 

particular sub-profile, the greater the impact on the overall bottleneck of the 

campaign. 

Results of the bottleneck on each campaign are very varied and are 

summarized in Table 5 according to the following notation: 
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• F: Furnace • CB: Cooling Bed 

• BD: Break-Down • P: Pilling  

• T: Tandem • Bund: Bundling  

• Cranes: Cranes 

• Commas (,) separate the next 

highest utilization process 

• Equal sign (=) represents 

that both Processes have a 

similar utilization 

 

Table 5 Bottleneck for different rolling campaigns 

Rolling 

Campaign 

Bottleneck during 

rolling 

IPE 240 BD=T,CB 

IPE 300 T,F 

IPE 360 T, CB=F 

IPE 330 T, F 

IPE 200 BD, T 

W 8x8 Bund, T=F=BD=CB 

HE 200 BD=F, Bund 

W 14x8 F, T=Bund 

IPE 400 F,T=BD 

IPE 450 CB,BD=F 

HE 240 T=F,CB 

W 16x7 F,P,T=Bund 

 

As explained before, there is no exact pattern governing which process will be 

the bottleneck but rather some vague trends according to the size of the profile: 

• Smaller and therefore lighter profiles normally have their bottleneck in 

the hot sector either in the BD or in the Tandem. 

• As the profiles get heavier, the cooling bed starts to present higher 

utilization levels. Furnace could also start to show higher utilization 

rates. 

• Bigger profiles start having some slowdowns at the cold sector due to 

their pilling particularities but Furnace and the hot sector remain with 

high utilizations.  
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4.1.3.2.2. Dynamic Scenario 

Since rolling campaigns are relatively short (~1 day), the plant’s production is 

rather an intermittent process. When a new rolling campaign starts, the line is 

normally empty. It takes some time (~ 2 hours) for the whole line to fill up and, as a 

consequence, utilization rates are building up shifted in time.   

When the last beam of a rolling campaign passes through the hot sector and 

gets to the cooling bed, the roll change process starts. In this manner, there is a new 

scenario within the rolling campaign: There is still a full cooling bed and a loaded 

cold sector while the hot sector has already finished the rolling so the bottleneck of 

the remaining campaign could be a different process. Normally this “new scenario” 

lasts within 1 ½ hours to 3 hours depending on the profile and the rolling sequence 

within the campaign. 

Table 6 shows a table comparing the bottleneck during the rolling (as in Table 

5) and when the rolling process is over (hot sector has finished). It is notable the 

importance that cranes take up as soon as the rolling is over. For most of the cases 

studied, the cranes dominate the pace of production for the last couple of hours that 

the campaign lasts in this scenario.  

Cranes have a width limit of 1280mm so IPE 330 and IPE 360 are critical 

campaigns for the cranes because they’re bundles normally have two beams per 

bed (base) so they are two big for the crane to take two bundles per trip. Hence, the 

utilization rate of the cranes for these campaigns is particularly elevated. Bigger 

profiles e.g. IPE 400 have just one beam per bed and so it is small enough for the 

cranes to carry two bundles of this dimensions per trip. 

A positive remark is that since the cranes are the most downstream process, 

there is very small (if any) probability that they will be blocked. Moreover, since all 

upstream processes (relative to the cranes) have lower process variability, the arrival 

rate at the cranes is quite stable and the probability that the cranes starve is very 

small. This means that the production rate will basically depend on the cranes’ 

performance. 

This last remark, however, remains true as long as just the process variability 

is being considered. When looking at effective variability, machines like the bundling 

machine present a significant higher variation due to breakdowns and therefore will 

create great disturbances to the cranes’ arrival rate. It is important to remember that 
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since no random breakdowns are considered in the simulation, in reality one might 

not reach the status at which the bottleneck is the one presented in the table but it 

helps understand the expected behavior in case of no stops. As explained before, 

the study of the effective variation of the machines was out of scope due to time 

limitations but could be recommended as a build up study of this dissertation. 

 

Table 6 Rolling Campaign’s Bottleneck during rollin g and when rolling is over  

Rolling Campaign 
Bottleneck 

During Rolling Rolling is over 

IPE 240 BD=T,CB CB, P 

IPE 300 T,F Cranes 

IPE 360 T, CB=F Cranes 

IPE 330 T, F Cranes, CB 

IPE 200 BD, T Straightening 

W 8x8 Bund, T=F=BD=CB Cranes= Bund 

HE 200 BD=F, Bund Cranes= Bund 

W 14x8 F, T=Bund Bund, Cranes 

IPE 400 F,T=BD Cranes=Bund=CB 

IPE 450 CB,BD=F Cranes, CB 

HE 240 T=F,CB Cranes, CB=Bund 

W 16x7 F,P,T=Bund P, Bund, Cranes 

 

 

 

4.1.4. Opportunity Areas 

4.1.4.1. Integer Programming for Cutting Plan 

Beams arrive batched (between 3 to 9 beams depending on the size) to the 

cold saws and it is up to the operator to decide how to cut them. The main factors 

affecting this decision are: 

• Cut customer orders to their target length and amount 

• Minimize scrap and beams cut to stock restricted by the maximum 

cuttable length from the layer (dictated by the shortest mother beam in 

the layer) 

• Cut orders according to currently open orders: Each order has a 

specific wagon assigned within the train. Shipping bay teams open just 
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a few wagons at a time aiming at filling wagon per wagon so only the 

orders belonging to that wagon should be able to be cut at the Cold 

Saws. 

• Cut sequence should aim at balancing the loading at the downstream 

processes: since the flow is split just after the Cold Saws into 2 parallel 

pilling machines, the objective is to send as many beams to one side 

as the other to avoid blocking and a constant feeding of downstream 

processes. 

These points give an idea about how complex becomes the task of the 

operator to come up with an optimal cutting sequence that minimizes scrap while 

satisfying all other constrains. After some time operators have developed a skill to 

quickly determine which lengths fit good together to reach a certain mother beam 

length. This optimization, however, is limited to the operators’ capacity to optimize 

the cut of as many layer as he can (considered altogether) but normally results in a 

rather local optimization of the current layer and probably the following couple. A 

global optimization of the campaign’s scrap becomes a very complex task even 

without considering all constrains.  

This fact is well known by most engineers but there is no exact measure of the 

potential that a better solution can provide. Since the only performance 

measurement (for this matter) is the scrap level (i.e. Mise au mille), there is currently 

no way to objectively evaluate the operators’ performance and have an idea of how 

much better it can be done. 

The objective, therefore, was to develop a cutting plan optimization model that 

would at least quantify the opportunity of introducing such a tool. Some previous 

work had been carried out by the production planning team programming an 

algorithm that would brute force all possible cutting combinations within a rolling 

group’s order list. The upside of this model is that its developing costs are relatively 

low since it is all made in-house but the downside is that due to the nature of the 

problem (NP-hard) this method is highly computer capacity intensive and its 

requirements exponentially grow with the introduction of just a few more variables 

(number of orders, parameters of combinations, amount of beams on each order). 
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The model proposed in this dissertation is based on mixed integer 

programming (MIP). The assumptions taken for this model are shown below in Table 

7. 

Table 7 Assumptions for MIP model 

ASSUMPTION RATIONALE COMMENT 

One is able to cut any customer 
order in any layer of mother 
beams 

The feasibility region and chances 
to find a better solution are 
greater 

Some problems in the pilling and 
shipping area may arise if too 
many orders are cut in one batch 

All orders from a rolling group are 
open 

Optimal solution for the whole 
rolling group is found using all 
possible orders within it 

Overrides the constrain of cutting 
only open orders from the 
shipping area 

List of orders containing amount 
of beams required per order and 
its corresponding length are given 
(Input) 

Based on this information the 
model will aim to optimize the 
cutting sequence of all orders 

  

Mother beams' lengths are known 
(Input) 

The mother beams' length will 
restrict the feasible cuttable length 
so it must be an input to the 
model 

  

The model only considers one 
rolling group and it is independent 
from the previous and next one 

Each rolling group contains a 
different sub-profile than the next 
one 

  

  

 

For any rolling group there is an order list which shows for each order (row) 

how many beams it wants and at which length. To specify the problem and model 

the notation required is as follows: 
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� =  ��!ℎ �����; �ℎ ���� �� ���!ℎ� �� � = 0, … , # − 1, �ℎ� # �� �ℎ �����  

������ �� ���!ℎ� %��&�� �� !��' 

( = ����;  ��� ���� �� ( = 1, … , %� ∗ �' 

)* %+*,' = -������ ������ �� ���� �.���� ��� ���� � %�� �����' 

)* %+/0' = -������ ������ �� ���� �.���� ��� ���� � %�� �����' 

 

1* = 1���ℎ �� ���� ��� ���� � %�� ��' 
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23 = )���� �� ���� �� �ℎ ���!ℎ � 

- 3 %+*,' = -������ ���ℎ� ��� ����ℎ �� ���!ℎ �  

4 = -����� !��������� �*,5  !����!���� 

6 = -����� !��������� �3,5 !����!���� 

7*8%,∗3' = 6����� �� ���� �� !�� ���� � ���ℎ�� �ℎ ���!ℎ �; �ℎ�� �� �ℎ 

 �!����� 9������ ��� �� ���� � �� ����� 

 

The objective function is to maximize the total length cut (TLC) defined as: 
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Subject to: 
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0 *A X b  (Equation 3) 
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min max
*N G X N  (Equation 4) 

 

 

Where: 
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[ ]
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A Matrix
else
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 (Equation 5) 
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X X j Column Vector  (Equation 6) 
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                 , ( * ) , ,
[ ]

0
i j kg P j i n k i j k

G Matrix
else

= ↔ = + ∀
=  =

  (Equation 8) 

 

 min (min) [ ]iN N i Column Vector= ∀
�

 (Equation 9) 

 

 max (max) [ ]iN N i Column Vector= ∀
�

 (Equation 10) 

 

 

This model is formulated just as a normal linear program which normally 

would have been relatively easy to solve with conventional algorithms (e.g. simplex) 

but the restriction that the decision variable %7W' must be an integer makes this 

program a mixed integer program which significantly increases its difficulty to solve 

(actually this particular case is a full integer program since all decision variables are 

required to be integers).  

A research of commercial software used for solving MIP problems showed up 

Gurobi and ILOG’s CPLEX as two of the most popular available in the market. Both 

were downloaded in their student versions and due to the programming easiness 

provided by the ILOG’s CPLEX add-in for Microsoft Excel it was decided to use it 

over Gurobi. This software combines the power of different algorithms like cutting-

planes, branch and bound or branch and cut as well as other heuristics to find an 

optimal solution. 

The use of this software was limited to solve an already rolled campaign in 

order to compare the optimal solution of the model with the actual performance of 

the operator. These results would prove if the proposed model would actually give 

any advantages to the way the cutting sequence is being made nowadays. 

The campaign selected was from the first week of January 2010 (HE 140 / 

001N) and the model was run in 8 different rolling groups. Additionally to the normal 

list of orders, an extra order has been created to represent the cut to stock beams. 

This “special” order had a length of 6000mm but it had no quantity restriction. 

Results are shown in Table 8 below: 

 



 

46 

Table 8 Comparison between optimized model results and actual performance 

Rolling 

Group 
Category Actual 

Optimization 

model 

Difference 

[%] 

3 

Amount of Mother Beams 28 27 3.6% 

Scrap [mm] 23700 5900 75.1% 

Cut-to-Stock [beams 6m each] 0 0   

5 

Amount of Mother Beams 23 22 4.3% 

Scrap [mm] 21700 17100 21.2% 

Cut-to-Stock [beams 6m each] 3 0   

7 

Amount of Mother Beams 12 9 25.0% 

Scrap [mm] 14800 1300 91.2% 

Cut-to-Stock [beams 6m each] 2 12   

8 

Amount of Mother Beams 82 75 8.5% 

Scrap [mm] 206000 20000 90.3% 

Cut-to-Stock [beams 6m each] 0 18   

9 

Amount of Mother Beams 91 86 5.5% 

Scrap [mm] 145800 41200 71.7% 

Cut-to-Stock [beams 6m each] 0 0   

11 

Amount of Mother Beams 26 25 3.8% 

Scrap [mm] 28600 21000 26.6% 

Cut-to-Stock [beams 6m each] 0 9   

15 

Amount of Mother Beams 128 109 14.8% 

Scrap [mm] 221900 83200 62.5% 

Cut-to-Stock [beams 6m each] 0 0   

TOTAL AMOUNT OF MOTHER BEAMS 390 353 9.5% 

ADJUSTED TOTAL AMOUNT OF MOTHER BEAMS 372 353 5.1% 

TOTAL SCRAP [mm] 662500 189700 70.2% 

TOTAL CUT-TO-STOCK [6m beams] 5 39 -680.0% 

TOTAL CUT-TO-STOCK [mm] 30000 234000 -680.0% 

ADJUSTED TOTAL SCRAP [mm] 692500 423700 38.8% 

  

On the bottom of the table one observes the global differences between the 

model and the actual performance. The adjusted total amount of mother beams is 

done because some rolling groups were mixed with a subsequent rolling group (in 

the actual performance). The adjusted total scrap corresponds to adding up the total 

cut-to-stock length to the scrap thus comparing what if instead of cutting to stock it 

would all be thrown out as scrap?. This figure would give a fairer comparison 

between the material produced by the model and the actual performance that does 

not correspond to an actual order (Scrap + Cut-to-Stock)   

The results highlight the opportunity existing by using such optimization tools: 

the model required ~5% less mother beams (adjusted) and it produced ~39% less 
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scrap (adjusted). This means that the saving is not only in scrap but ultimately in 

mother beams which is directly translated into higher productivity. 

Accordingly, the initial proposal is to acquire a commercial software to solve 

this MIP model (i.e. Gurobi, ILOG CPLEX) at least to have a predefined cutting 

sequence for each rolling group. The downside of this procedure is that during the 

campaign it is common that there are some changes due to non-conforming 

material, scrap and other reasons that would change the initial scenario used to 

make the plan. The challenge, therefore, is to have a live model that would solve the 

cutting sequence for the rolling group with the capacity to update its solution 

according to the status of the incoming mother beams. It is a challenge because this 

is a NP-hard problem for which the time to find a solution grows exponentially with its 

size and this could be a critical factor when running the model “live”. Particularly in 

the cases shown above, solutions were found within a maximum of 40 seconds 

timeframe (after having the entire problem defined). This time seems to be well 

within the limits considering that to cut one whole layer of beams takes around 6-7 

minutes. Though Microsoft Excel has been used for this matter, it is recommended to 

use another programming language that would be faster and easier to integrate to 

the “live” IT system like, perhaps, Java. 

Another possible issue when operating the model in practice is the one related 

to the workflow with the shipping area. Since the model uses all orders from the 

rolling group to find an optimal cutting sequence then there is a possibility that not all 

the orders being cut at a certain layer have been open at the shipping bay. This 

raises the question of whether the working flow between shipping area and the cold 

saw operators is an area of opportunity as well. If the way that the teams work at the 

shipping area is globally the most efficient one then the question is how the 

assembly of the train wagons should be planned in order to have the right sequence 

of trains to be opened both for the shipping area teams and for the operators at the 

cold saws. 

Normally, the planning team decides how many mother beams will be needed 

for a particular rolling group according to the amount of tons that the rolling 

campaign needs i.e. adding up the weight of all customer orders within the rolling 

group. After obtaining the total weight required for the rolling group, they base their 

calculations on historical values of scrap to forecast how much weight they should 

load at the furnace and this number is later adjusted so it can fit in a discrete amount 
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of semi-products (blanks or blooms). Relying on the scrap forecast to calculate the 

necessary amount of beams at the furnace introduces a certain amount of error that 

ultimately results in waste. Since the tendency is to always round up these numbers 

(to not fall short on mother beams) it happens that by the time that operators are 

finalizing to cut a certain rolling group there are more beams than needed. The result 

is that beams are cut to stock, reassigned to future orders and placed in stock or 

assigned to a certain order within the campaign if the required quality is less than the 

one being cut. All these scenarios mean waste: wasting beams for which there might 

not be any buyer in the future, costs of placing and keeping beams in stock or waste 

of processing higher quality beams that will actually be sold at lower quality prices. 

The opportunity for improvement with the current planning system is that 

rather than relying on total weight required and scrap forecasts, it should also 

consider the variable of what will actually needs to be cut (length and amount per 

order) to have a real measure of the amount of mother beams needed. Therefore the 

need for using, at least, predefined cutting plans since they are actually accounting 

for these extra variables in order to have better precision of what should be loaded at 

the furnace. 

 

4.1.4.1. Update Parameters at the pacemaker 

As it has been mentioned before, the break-down process (BD) is setting the 

pace at which the production runs. This pace authorizes the release of one beam 

from the furnace to go through the line. There is a pace established for each profile 

which operates automatically unless there is a slowdown or a stop (the FIFO lines 

get full and cannot take any incoming products) in the line and the operator manually 

changes this pace until reaching a normal state. 

The pace for each profile has been set based on historical values looking at 

the best performance obtained in 4 consecutive hours. This pace serves as a 

reference rhythm at which the line runs for a particular profile so it could happen that 

for a particular hour the production was better or worse than this reference (normally 

equal or worse). If a new best 4 consecutive hours performance is achieved, then 

this will be the new pace for the future time this profile will be produced.  

The matter is that the plant has seen upgrades since its inauguration and 

therefore these improvements have had a direct impact in the production 
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performance of certain profiles. The question is which particular profiles will improve 

with each upgrade? This might be simple for some profiles and not so evident for 

others and due to the large range of profiles it could be a tedious task to determine 

which profiles can be speed up and which remain the same. Improvements in the hot 

sector (i.e. Furnace, BD, tandem, finishing) and cooling bed are easy to relate to a 

pace speed up of profiles bottlenecking in this section. On the other hand, 

improvements in the cold sector are difficult to relate to a particular profile and, 

moreover, to estimate how much faster it can run (since it also depends on customer 

orders and not only on the sub-profile). 

About a year and a half ago there was a major improvement of the Cold Saw 

providing it with the capacity to handle longer scrap sections therefore reducing the 

number of cuts and its overall cycle time. This was a key opportunity for profiles 

bottlenecking at the Cold Saws but, as explained before, it is not trivial to observe 

the precise new optimal value at which the line can run. 

The DE model developed for this project was a great tool to support this 

investigation. Having the utilization rates of a certain profile during the whole 

campaign duration quickly reveals which are the critical processes and particularly 

which is the bottleneck. With this information, one can observe if the pacemaker 

speed is optimal or it can be further improved. 

From the campaigns mentioned before, IPE 400 and IPE 450 were two good 

examples to question the actual pacemaker release rate. For both campaigns the 

clear bottleneck was the furnace (see Table 5). Both are running on B3 beam blanks 

(standardized format) which could run as fast as 120s per beam at the furnace.  

Since the furnace is the bottleneck for IPE 400, the target speed for the 

pacemaker is the one of the furnace (release a beam every 120 s) but the actual 

value in the plant’s database was far from this number. For IPE 450, the cooling bed 

takes place as the bottleneck closely followed by the furnace and tandem. Looking at 

the cooling bed processing time and capacity, it could run at least at 136s/beam but, 

again, the current value is very different from this one. Table 9 shows the theoretical 

pacemaker release rate (reading from simulation utilization rates) and the current 

rate being used in the plant. 
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Table 9 Current and theoretical pacemaker release r ate comparison for IPE 400 and 450  

Rolling Campaign 
Bottleneck during 

rolling 

Theoretical 

Pacemaker 

release rate 

[s/beam] 

Current 

Pacemaker 

release rate 

[s/beam] 

Difference 

[s/beam] (%) 

IPE 400 F,T=BD 125 144 24 (13%) 

IPE 450 CB,BD=F 136 171 35 (20%) 

 

 

These values were updated stepwise in the database and by the moment this 

project was written, only the IPE 450 campaign had been rolled again. Historically, 

IPE 450 had a net average of 1280 tons/shift (with 171s/beam) and the first 

pacemaker release update produced 1512 tons in one shift (with 138s/beam) which 

is ~18% increase in productivity for a ~19% speed up in the pacemaker. According 

to Table 9, an increase of ~13% in productivity is expected next time that IPE 400 is 

produced if the pacemaker release rate is updated to 120s/beam. 

Other campaigns like IPE 300, 330 and 360 could (and should) be fine-tuned 

as well to their tandem speed (bottleneck). The suggested updates for these and 

other of the campaigns are shown in Table 10. 

 

Table 10 Current and theoretical pacemaker release rate comparison for different campaigns 

Rolling Campaign 
Bottleneck during 

rolling 

Theoretical 

Pacemaker 

release rate 

[s/beam] 

Current 

Pacemaker 

release rate 

[s/beam] 

Difference 

[s/beam] (%) 

IPE 240 BD=T,CB 62 65 3 (4%) 

IPE 300 T,F 86 95 9 (9%) 

IPE 360 T, CB=F 100 113 13 (11%) 

IPE 330 T, F 92 109 12 (15%) 

IPE 200 BD, T 75 75 0 

HE 200 BD=F, Bund* 129 (B profile) 120 (B profile) 9 (7%) 

W 14x8 F, T=Bund 120 144 24 (16%) 

W 16x7 F,P,T=Bund 120 120 0 

 

 

IPE 330 and W 14x8 seem to have the greatest potential but these 

percentages don’t take into account the relative importance of each of these 
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campaigns compared to the annual production. Therefore even if one of those 

percentages seems to be low, its impact in the long run could be bigger than another 

campaign having a big percentage but not being produced so many times in a year.  

Fine-tuning these rates is a continuous activity that must be performed after 

every process improvement. The DE model proved being a great support tool for this 

continuous evaluation increasing not only the productivity of beams but of 

administrative work as well.  

 

 

4.1.4.2. Safety, Cleanliness and Order 

The plant has implemented a 5S program and though most areas are well 

organized and standardized, there were a couple of opportunity areas found: 

• The consumables at the bundling machines’ area is disorganized and 

there is no clear procedure on where should be placed and how many 

pallets should be there.  

There is a close cooperation with this supplier allowing them to ship 

whenever fits them best but guaranteeing a certain level of stock in the 

plant. Thus there is already one place where pallets are placed after 

being unloaded from the truck. From this place, a certain amount are 

moved (with the crane) to a place besides one of the bundling 

machines and another amount of them is placed in the other bundling 

machine. In this manner, there are 3 stock places with no defined 

amount of bundles so it is rather difficult to know the total amount of 

pallets in the plant by simply observing. 

Since moving bundles with the crane is a slow process and requires 2 

operators (one loading and other unloading) it is done not so often and 

trying to move as many bundles as possible. The consequence: 

disorganized pallets in every area and very difficult to count them. 

A proposed solution was a blueprint to delimitate floor area on each 

place in order to assign the maximum amount of pallets on each area 

and by placing them in a certain pattern it becomes very easy to count 

them from any place. 
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• The second area of opportunity regards the plants’ overall cleanliness. 

Steel production creates vast amounts of dust and therefore it is 

common to associate a steel plant with dirt. While this is true, it should 

not be taken for granted and do nothing about it. A big advantage of 

cleanliness is that helps observe abnormal situations more easily and 

in such an industry, abnormal situations may very well lead to 

accidents that could be even fatal. Forklifts, cranes, suspended loads 

and high temperatures are a few examples of the conditions at which 

every employee is exposed working there. 

When cleaning is scheduled, employees use brooms to sweep the dust 

from the floor but the efficiency is very low since it blows dust 

everywhere. 

An economical solution proposed for cleaning the floor was made 

taking advantage of the characteristics of this dust: it is an iron based 

dust and therefore could be picked magnetically. Passing a magnet by 

the floor would pick most of the dust but would have the problem of 

removing it later from the magnet. Therefore, using a thin layer of non 

ferromagnetic material like plastic covering the magnet would still allow 

a strong magnetic field but as soon as the material wants to be 

removed, it is as simple as removing the non ferromagnetic layer and 

all the dust will fall down. Later it was found that there are already 

“broom-like” devices that use exactly this principle but using aluminum 

instead of plastic. This would be an economical solution that is worth 

trying 

 

  

4.1.4.3. Alternative to increase furnace capacity 

Capacity at the furnace depends on the bloom or beam blank format being 

loaded. There are 3 formats and their geometrical specifications are found in Table 

11.  
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Table 11 Specifications of Blooms and Beam Blank fo rmats 

 
 

Dimensions 

 
Type of Semi-Product Internal Code Height [mm] Width [mm] 

Furnace Capacity 

[#] 

Bloom D1 270 155 66 

Beam Blank B2 346 265 55 

Beam Blank B3 390 320 50 

 

 

Semi-products are loaded in the furnace lying on their height dimension (the 

larger one) and are spaced 100mm between each other. There is a possibility to 

increase its capacity by loading them not lying on their height dimension but on their 

width. The first evaluation to make is regarding the critical rollover angle (CRA). This 

is the limit angle at which the object can be tilted up to and still the projection of its 

center of mass remains within its base. It is calculated according to the following 

formula: 

 

 1tan , /CRA where base heightθ θ−= =  (Equation 11) 

 

θ

Base

Center of 

Mass
=

 

Figure 12 Diagram for critical rollover angle calcu lation 

 

Below, Table 12 shows the rollover critical angle for the current way of 

loading, for the alternative way of loading and a comparison of the capacity (single 

banking) 
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Table 12 Current and Alternative capacity of furnac e 

Type of 

Semi-

Product 

Internal 

Code 

Current 

Critical 

Rollover 

Angle [°] 

Current 

Furnace 

Capacity [#] 

Maximum 

Prod. Rate 

[s/beam] 

Alternative 

Critical 

Rollover Angle 

[°] 

Alternative 

Furnace 

Capacity [#] 

Maximum 

Prod. Rate 

[s/beam] 

Bloom D1 60.14 66 62 29.86 96 43 

Beam Blank B2 52.55 55 80 37.45 67 66 

Beam Blank B3 50.63 50 120 39.37 58 104 

 

 

Bloom D1 and Beam Blank B2 are normally not a bottleneck for any profile so 

there is no interest to go ahead with them on this alternative. However, beam blank 

B3 could be the bottleneck for various profiles and therefore it is interesting to 

observe how an increase of furnace capacity can improve their productivity. For this 

matter, a simulation test was run to compare the campaign duration of W 14x8 and 

W 16x7 in normal conditions and with an increased furnace capacity. Results are 

shown in Table 13. 

   

Table 13 Campaign duration with current conditions and alternative furnace loading 

Rolling 

Campaign 

Simulation Time [min] 

95% Confidence Interval 

(Current) 

Simulation Time [min] 

95% Confidence Interval 

(Alternative) 

W 14x8 1267.58 ± 10.90 1268.39 ± 11.09 

W 16x7 1629.02 ± 4.82 1623.94 ± 5.50 

 

 

Results of increasing furnace capacity show practically no difference against 

current conditions. Furnace is the bottleneck indeed for these campaigns but it is so 

closely followed by another process that the increase of furnace capacity simply 

moves the bottleneck to another process. In the case of W 14x8, the new bottleneck 

is the Tandem while for W 16x7 the new bottleneck is the pilling machine. 

Therefore, with the current processing times of all the other processes, this 

alternative proposal shows no benefit. Moreover, one should also consider the 
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necessary improvements to tilt the beams previous their loading at the furnace and 

to be able to process them in this different position downstream at the de-scaling 

machine. 

This analysis focused on the geometric feasibility of increasing the furnace 

capacity assuming that heat transfer performance remains the same. This 

assumption was taken based on the rationale that if a great potential improvement 

can be observed (with just a geometrical analysis), then it would justify a deeper 

analysis of the heat transfer performance under this new arrangement and evaluate 

its overall feasibility. 

With the results shown, no great benefit on productivity is observed therefore 

it does not give much justification to further analyze the heat transfer performance. 

However, there might be other rolling campaigns (or with future mill’s improvements) 

that may show great savings with the furnace’s capacity increase so a further heat 

exchange analysis must be carried out. This is a complex analysis that must involve 

the furnace manufacturer because more important than productivity performance, it 

is a very delicate process that might put lives in danger. 

  

 

4.1.4.4. Local process time improvements 

Lean philosophy promotes the thinking of production as flows and therefore 

improvements efforts should be aligned to bring a flow improvement and not just 

isolated ones that might not bring any global results.  

As it has been showed before, the bottleneck at the plant is not in just one 

same process. Thought that might sound very discouraging, it could also be seen as 

a great opportunity because improvements in almost every process will improve the 

bottleneck throughput rate for a particular profile. Also improving non bottleneck 

processes can have a positive impact if they reduce the probability that the 

bottleneck will be starved or blocked. In this spirit, there are some areas of 

opportunity that have been recognized: 

• The pilling machine has the capability to print identification stickers 

and place them on the beams if the customer requires so. Normally, 

the cycle time to pile one layer without sticker is 29.06s with 1.06s of 

standard deviation. When a sticker is required, the same process 
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takes an average of 37.21s with 2.04s of standard deviation. As it was 

observed before, profiles like W16x7 are bottlenecking at the pilling 

machine and normally this profile requires a sticker. This highlights the 

potential 8s per layer that could be improved if placing the sticker 

could be done in a parallel way with the normal non-sticker process. 

A couple of ideas were suggested in order to reduce the cycle time 

(when placing stickers) around 6s. Simulation of this new scenario 

(improved cycle time) showed that a ~5% increase in productivity 

could be achieved for profiles like W16x7 

• The bundling machine places a determined amount of wraps 

according to the bundle weight and length. If shipments are made 

overseas, two extra wraps are placed. Placing these 2 extra wraps 

means that the bundles have to stop one more time and takes 

approximately 29s more. The questions are whether these extra wraps 

are really needed and if there is something it can be done to improve 

the strength of regular wraps so these extra ones are ultimately not 

required. Moreover, the procedure to place these 2 extra wraps has 

some opportunity as well: since on each time the bundle is stopped the 

machine places 2 wraps and moves it forward, ideally there should be 

half the number of stops than the total number of wraps required. It 

has been observed that, for instance, a bundle that would be shipped 

by boat and require 8 total wraps is doing 5 stops rather than 4 (on two 

occasions places just one wrap) increasing the machine’s cycle time 

around 29s. 

Other area of opportunity is regarding the label. This machine places 

two labels each on one wrap: one around the middle of the bundle and 

the other at one end. The wrap must pass through the two holes of the 

sticker so it is correctly placed but the fact is that there are great 

amounts of quality issues regarding this label. It is common that the 

wrap just passes through one hole and later the sticker falls off during 

the trip or it simply fails to pass it correctly so it rips the sticker and falls 

down. This means rework and later manual placement of these 

stickers (more waste). Moreover, when the machine will place the 

second label (the one in the middle) it takes 7s more than when 
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placing a wrap without a sticker because it waits for the label to get 

printed. Curiously, there is no time lost when placing the first sticker 

because by the time that the bundle is arriving at the station, the 

machine is already printing the label. Therefore, the aim should be that 

the label starts to get prepared as soon as the bundle starts to move 

towards its middle position so by that time the label is ready to be 

placed. 

• Between the cooling bed and the cold saw is the regrouping bed. 

Beams are batched in this bed according to the cutting plan decided 

by the Saws’ operator. There is an opportunity area concerning its 

capacity. Currently, its capacity is fixed to 3 layers disregarding the 

amount of beams per layer. Slowdowns exist in the hot sector if by any 

chance these 3 layers in the bed are of just one beam because the 

cycle time of the saws is the same no matter the size of the layer (it 

changes slightly with the sub-profile). The solution would be to 

establish the bed’s capacity not by the amount of layers but by a 

specific amount of beams that depends on the profile’s width.  

The automation department explained that this is a really challenging 

job and would require the help from external companies since it is a 

major re-programming to avoid tracking issues. 

If the regrouping bed cannot be re-programmed, another solution 

(though less effective) would be focusing on the Saw’s cycle time of 

these small layers. Since the cutting bed is not full, there is no reason 

for the saw to cross it all. Therefore, the saw should be stopped as 

soon as it finishes cutting the last beam and return to the home 

position. This can be done manually by the operator or could be 

programmed to read when the power peak goes down a certain 

threshold to make it an automatic procedure.  

To have the greatest benefit from this procedure, beams should be 

placed as close to the saw as possible hence proper arrangements 

should be done in the regrouping bed. Layers are normally placed at 

the furthest place from the saw because the whole bed will be 

occupied (normal full layer) but this is detrimental when the layer has 

only one beam because the saw has to travel across the whole bed to 
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cut this single beam. This would significantly reduce the cycle time of 

the saws from a ~76s cut-to-cut to ~60s cut-to-cut (~21% faster). 

As a matter of example, a simulation was run on the W16x7 campaign to 

compare the what-if scenarios of placing stickers in the pilling at the same speed as 

when stickers are not placed (no sticker case), not placing the extra bundles (no 

extra wraps case) and finally a combined scenario of these two scenarios (no 

stickers and no extra wraps case). Results are shown in Table 14 below. 

 

Table 14 Comparison of different What-if scenarios 

Rolling 

Campaign 

Simulation Time 

[min] 95% 

Confidence Interval 

(Current) 

Simulation Time 

[min] 95% 

Confidence Interval 

(No sticker) 

Simulation Time 

[min] 95% 

Confidence Interval 

(No Extra Wraps) 

Simulation Time [min] 

95% Confidence Interval 

(No sticker & No Extra 

Wraps) 

W 16x7 1629.02 ± 4.82 1543.34 ± 5.28 1590.88 ± 5.13 1448.96 ± 5.59 

   

Results show the great opportunity existing by improving these processes. If 

no extra wraps were placed and the sticker would be placed in parallel, the 

opportunity is to reduce the campaign’s duration by 11%.  

 

 

4.1.4.5. Time Inter-Campaign 

This section focuses not on optimizing production time but in the existing 

opportunity with the changeover time i.e. the time between two rolling campaigns. 

Annex 2 shows an evaluation of the time it took from the last beam to come 

out from the furnace of a particular rolling campaign to the moment that the first 

beam from the next rolling campaign comes out from the furnace. This would be a 

Campaign-to-Campaign time that includes not only the roll change time but any other 

delays and activities performed to get the next campaign started. Data shown 

corresponds to the 2 months starting from February 5th. 

The average inter-campaign time was 51 min with a standard deviation, σ, of 

26 min. Normally, the setup time of one campaign is independent from which 
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campaign was being rolled just before. That is, the time it takes for the whole roll 

change procedure is not influenced by which roll cylinders were being used in the 

previous campaign.  

The coefficient of variation (Equation 1) is 0.51 (26min ÷ 51min). According to 

Hopp and Spearman, this corresponds to a low to moderate variation and reducing it 

implies having more productive time in average. Therefore the improvement of this 

changeover time is equivalent to a corresponding production time improvement for a 

certain profile.  

Looking closer at the data, it can be observed a minimum of 24 min and a 

maximum of 2 hours and 17 minutes. Normally, the roll change in fully automatic 

mode takes 24 min. Then the question is why sometimes the whole changeover 

takes 24 min and some other takes more than 2 hours? The answer for most cases 

is that there are other maintenance jobs that have a certain degree of urgency so 

they cannot wait for the maintenance stop day. The next reason is that normally the 

roll change is an automatic process but if a certain task requires its manual 

operation, it cannot be set back again to automatic after finishing the task resulting in 

a considerable waste of time.  

 

 

4.1.4.6. Impact of reducing amount of passes in the  Tandem Mill 

 

This idea has been put forward by the production department. Their rationale 

is that by decreasing the number of passes at the Tandem mill for certain profiles, 

significant time savings could be achieved. The DE simulation model developed for 

this project had, therefore, an excellent opportunity to try out this what-if scenario 

and provide more precise information about its potential savings (if any). 

The campaign selected for this purpose was the IPE 360 since its bottleneck 

is in the Tandem (see Table 6 above) and it is a profile that the production team 

beliefs can be rolled with just 3 passes rather than the normal 5 passes. 

The simulation assumption was to subtract 32s from the mean process time at 

the tandem for all IPE 360 sub-profiles keeping the same standard deviation of the 

process. This time reduction would represent the saved time by running 2 passes 

less. 
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Simulation was run and a t-Test was performed with the null hypothesis being 

that both sample sets would have no mean difference. Results are shown in Table 

15 and it can be seen there is a mean difference of ~26 minutes (~3%) and that the 

null hypothesis can be rejected at 95% confidence. This result means that both data 

sets have significant different means and it supports the decision to proceed with the 

investigation of the technical feasibility of rolling this and other profiles in less 

passes.  

 

 

Table 15 t-Test results of Current and 3 Tandem pas ses for IPE 360 

t-Test: Two-Sample Assuming 

Unequal Variances α=0.05 

Current  

(5 Passes) 

Scenario  

(3 Passes) 

Difference [min] 

(%) 

Mean [min] 834.430 808.206 26.224 (3.14%) 

Variance 198.577 214.018 

 Observations 44 44 

 Hypothesized Mean Difference 0 

 Df 86 

 t Stat -8.564 

 P(T<=t) one-tail 1.900E-13 

 t Critical one-tail 1.663 

 P(T<=t) two-tail 3.800E-13 

 t Critical two-tail 1.988   

 

 

4.1.4.7. Optimize spacing of beams in the Cooling B ed 

Discussion about results shown in the previous sections highlighted the 

limitation imposed by the cooling bed for certain sub-profiles and, as a consequence, 

for the whole campaign. This is particularly common in HE campaigns where there 

are large metric weight differences across sub-profiles e.g. HE 200 A (42.3 Kg/m) Vs 

HE 200 B (61.3Kg/m). Depending on the amount of beams of each sub-profile, there 

will be a dominating behavior for the campaign. Normally “A” profiles have no 

inconvenient in the cooling bed but “B” or “M” profiles do require lot more cooling 

time and therefore it is common to observe the CB as their bottleneck. 

The production department realized that there were no standardized rules to 

set the space between beams at the CB for certain profiles and that it was actually a 

great opportunity area. An optimal space between profiles would allow a greater 
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capacity which is really needed for certain profiles. Rules were defined (or optimized 

in some cases) and as a matter of example, the IPE 450 campaign rolled in week 16 

combined the pacemaker update (section above) and the cooling bed space 

optimization and resulted in a historical production record for the plant with 1505 tons 

in one shift. 

 

4.2.  Stock Warehouse and Future Truck Bay 

In this section, the focus is on the second section of the project regarding 

material handling of finished products in the current and future scenario with a 

trucking bay. In this manner the procedure developed consisted in first 

understanding current stock policies and results to later analyze shipping statistics 

that will serve as a basis to estimate the future volumes that will be shipped by truck. 

Finally, some recommendations are drawn based on the developed DE simulation 

model and theoretical background previously discussed. 

 

4.2.1. Current Status 

The finished product stock is divided in 43 zones of 125m each. In theory, the 

storage policy is a class based on length (e.g. 12 meters, 15 meters) and random 

storage within it. A spreadsheet was developed in order to observe what is really 

stored and if it actually matches the defined policies. It leveraged on the IT system to 

have a real time outlook of the finished products stock. 

In this manner, the spreadsheet allowed to clearly observe what is inside each 

of those 43 zones and visualize these results in many different ways: product family 

(e.g. IPE, W, HE, angles), total amount of tons, amount of 1st and 2nd choice, scrap, 

average age, assigned or non assigned and how many are incorrectly placed 

according to the storage policy. 

The main highlights observed were: 

• Around 23% of the bundles are not placed correctly according to the 

defined classes. This is a relatively large figure that should be further 

investigated to find its root cause. 
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• 60% to 65% of the bundles are located in the Crane 2 side (West 

side). The reason got was that on that side were placed the slow-

movers and therefore are accumulating over time 

• There is an average bundle stock age of 72 days (considering each 

bundle has the same weight in the average) but there are a couple of 

surprising bundles having 1580 and 1082 days. This means that these 

bundles have been there almost since the inauguration of the plant! 

• ~44% of the total weight in stock is assigned material i.e. material that 

has already been assigned to a customer and it is just waiting for the 

proper train to be loaded. This leaves around 56% non-assigned 

material representing almost 2000tons 

• One particular zone has 377 tons only of angles and 50% of them are 

incorrectly placed (not belonging to that length class)  

 

4.2.2. Current and Future Statistics 

 

The objective at this stage was to obtain figures regarding the method of 

transport of shipments in the past years to have an estimate of the amount of 

shipments that will be made by truck directly from the plant. 

All the necessary information was gathered and summarized and can be 

observed in Annex 3. The main primary transportation modes are Wagon (train), 

Camion (truck) and Navette (shuttle trains). Back in 2006 there were almost no 

Navette shipments but it has already grown up to around 15% of all shipments. This 

is, however, just a particular classification of a normal wagon so the increase in 

Navette shipments is exactly the amount that normal wagon shipments have lost. 

Truck shipments are practically zero because there is no truck bay shipment and the 

very few made were almost exceptions. 

The IT database tracks the different transport modes from the time the 

bundles exit the plant until they arrive to the final customer. From here it can be 

extracted the percentage of wagon shipments that were actually shipped to nearby 

distribution centers to be unloaded from the train and loaded back into trucks. This is 

the figure that would determine the potential shipments that could be loaded directly 

into a truck from the plant. In a global perspective this would reduce costs (e.g. 
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material handling costs) and would allow the possibility to improve lead times of the 

group. This value is the one shown under the label “Future Shipping %” (in Annex 3) 

and gives an overview of the “would-be” distribution if the truck bay would be already 

in place. In rough terms this figure (truck shipments) is around 30% of the all the 

shipments. 

These global figures were later looked at more deeply across rolling 

campaigns to observe whether it holds for all of them or some profiles have greater 

truck shipment potential than others. Results are shown in Table 16. 

 

Table 16 Distribution of future wagon and truck shi pments for different campaigns 

Profile % Future Wagon 
Shipments 

% Future Truck 
Shipments 

Average Future Truck 
Shipment [%] 

W16x7 99 1 ~ 0 
IPE 450 59 41 

25 
IPE 400 72 28 
IPE 360 85 15 
IPE 300 83 17 
IPE 200 76 24 
HE 240 57 43 

35 
HE 200 75 25 
HE 160 61 39 
HE 140 67 33 

L 200 x 100 20 80 

78 
L 150 25 75 

L 150 x 100 13 87 
L 150 x 90 30 70 

 

 

As it can be seen, W profiles would account for almost zero percent of truck 

shipments and this is due to the fact that these profiles are American profiles which 

are sent by wagon until a port where they are shipped by boat. Around 25% of IPE 

profiles would be shipped by truck while this figure increases to 35% for HE profiles 

and finally a 78% of angles would be shipped by truck. Angles, therefore, represent 

the biggest potential to ship bundles by truck. 
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4.2.3. Design of transition area 

Having already an estimate of the future shipping volumes per profile (from 

the previous section) then the next step was to dimension the transition area 

between the Hall’s cranes and forklifts. Bundles will be placed in a transition area 

within the finished product stock Hall where forklifts will come, pick them up and take 

them outside the hall to the truck loading area. The aim, therefore, is to allocate 

enough space so it would not slowdown the cranes’ performance but, at the same 

time, this space should be as small as possible since it is occupying space that could 

be used for finished products’ stock. 

Statistics shown before were related to current production and the forecasted 

volumes corresponding to truck shipments in the future but now the focus shifts to 

the forklift’s performance data to understand its impact in the production process. 

Initial research was directed to understand the speed at which the forklift 

could operate safely but no clear rules were found in different literature and 

international standards: 

• OSHA [1910.178] (Occupational Safety & Health Administration): have 

no reference to speed limits 

• ASME/ANSI B56.1: no reference to speed limits 

• Lovested (1977) defines that a maximum safe speed for a forklift 

should be 8mph (~12.9 Km/h) 

More information was collected about forklift limitations in the current 

operations of the plant when meeting a Health and Safety contact. She explained 

that though there are no strictly fixed rules, speed should be maximum 15 Km/h 

inside the halls and 30 Km/h outside.  

The distance that should be travelled by the forklift is approximately 300m per 

way. The use of the DE event simulation model would help to understand the buffer 

size required in this transition area to achieve the above mentioned objective. In this 

manner, an extra hierarchical block was created to model the behavior of the forklift 

and it was connected to the cranes’ exit. Assumptions taken for this model are 

shown in Table 17. 
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Table 17 Assumptions for Forklift model built over the DE simulation model 

ASSUMPTION RATIONALE 

300m per way 
Distance measured from the plant's 

blueprint 

Minimum Speed is 4mph (6.4Km/h) 

Maximum Speed is 8mph (12.8Km/h) 

Based on literature and to propose a 

worst case scenario for further 

calculations 

Forklift can take 3 bundles per trip 

The specifications of the forklift allow 32 

tons of weight and the fork is nearly 2m 

long 

Picking time is 30s 

Dropping time 30s 

Based on observation of other forklift 

operations 

 

 

Based on the percentages found before in Table 16 (future truck shipments), 

simulation was run with a worst case scenario (production of angles) where 80% of 

the bundles would need to be shipped by truck. Using an average speed of 6mph 

(~9.7 Km/h) across the whole trip it was found that having a buffer size of 9 bundles 

would allow enough capacity to avoid blocking the cranes.  

After estimating the capacity of this buffer, the next step was to define an 

appropriate physical structure for these conditions. Common structures for this type 

of industry are the cantilever racks since they have the flexibility to withstand great 

weights and varied range of sizes/shapes while giving full range of access to the 

forklift. This is, however, not a feasible solution since the cranes are bridge cranes. 

The initial aim was to propose a solution that would provide a FIFO capability 

but without the need of electric power. Therefore, other solutions were analyzed like 

pallet flow racks, slat conveyors and so forth but none of them would give a 

straightforward application that would support the great weight and frequency of use 

in a sustainable manner. 

The closest solution found was to design two supports with a certain slope 

and on top would have attached a sliding material (e.g. plastic) that would allow the 

bundles to slide down in a FIFO manner without the use of electric power. The 
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downside is that it is not easy to control the speed at which the bundles would slide 

down the supports with the risk that the sliding is unequal and the bundle could fall 

off. 

As a result, the final option proposed is actually the simplest: two supports (or 

more according to the maximum length that will be handled in a truck) without a 

slope will working as a bed waiting for the forklift to pick them up meanwhile the 

crane can still put more bundles behind. The drawback: no automatic FIFO, the 

upside: the cheapest solution. 

After discussing with the plant manager, this was agreed as a good solution 

and the space allocation within the shipping hall will be the 25m width opening and 

the length (which defines the number of bundles one behind the other) is set to half 

the hall as depicted in Figure 13. 

 

 

Figure 13 Scheme of Allocated space for Transition Area in the Shipping Hall 

 

4.2.4. Recommendations 

To start with the recommendations, it is wise to share them in the frame of the 

three main questions discussed before in the Theoretical Framework (Chapter 3): 

• How to pick the products? (Picking policies) 

• How to store the products? (Storage assignment) 

• How to route the pickers in the warehouse? (Routing Policies) 
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4.2.4.1. Picking Policies 

For the picking policies, it has been shown that cranes are able to take 2 

bundles per trip for most of the rolling campaigns but there are some of them (e.g. 

IPE 330, IPE 360) that are two big and therefore are carried one by one. Hence in 

terms of the crane, there is not much opportunity seen in this aspect rather than 

hanging the magnetic hoists to wider ones (currently 1280mm wide) 

Regarding the forklift, simulation showed that there is a great impact in the 

necessary buffer size (at the transition area) if the forklift picks 2 rather than the 

stipulated 3 bundles per trip (almost double requirements). Thus the 

recommendation is for the forklift to operate in a batch picking of 3 bundles unless 

the arrival rate from the crane is slow enough to allow smaller batches. 

 

4.2.4.2. Storage Assignment 

The assessment of current finished products inventory showed a high level of 

disorder and lead to question how the current storage assignment policy could be 

further improved.  

The current policy divides the stock hall according to the products’ length and 

arranged them so the fast moving lengths are closer to the cranes while the slow 

moving ones are farther away. It has been observed that even though there are clear 

global trends to decide which lengths are fast moving and which ones are slow 

moving, these are inadequate across product families (e.g. HE, IPE, angles). This 

conflictive objective means that a certain length can be fast moving for a particular 

product family but might very well be a slow mover for another product family.  

The proposed alternatives are to create a class based policy where product 

families along their length will be assigned one of the three classes: A, B or C 

depending on their turnover or cubic-per-order-index (COI). No clear rules were 

found in the literature reviewed to determine the size of each class so using Paretto’s 

rule as guidance, the proposal is as follows: 

• A Class: products accounting for maximum 70% of the shipped volume 

or 15% of the total range of products whichever is reached before 
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• A and B Classes together account for a maximum of 90% of the 

shipped volume or 50% of the products. 

• C Class: accounts for the rest of the products. 

Weight shipped is normally the key performance measure in the plant but as it 

can be observed, the above criteria is based on shipped volume (amount of beams) 

rather than by weight because what matters the most is the amount of picks in a 

determined period and not its weight.  

Using 2009’s shipping information; the class policy based only on turnover 

was straightforward while for the COI, some assumptions had to be made regarding 

the space that each length set would occupy in order to quantify a Volume to 

turnover ratio. The physical space assumptions are shown in Table 18 below. 

 

Table 18 Units of space occupied per length set for  COI calculation 

Length limits [mm] Units of space occupied 

0 6000 0.7 

6000 8000 0.7 

8000 9000 0.7 

9000 10000 0.7 

10000 11000 1 

11000 12000 1 

12000 13000 1 

13000 14000 2 

14000 15000 2 

15000 16000 2 

16000 17000 2 

17000 18000 2 

18000 19000 2 

19000 31000 2.7 

 

 Using the assumptions above, Annex 4 shows the result of the above policy 

(both for Turnover and COI based) in a matrix: rows are the different length limits 

(e.g. 12m, 13m) and the columns are the different product families (e.g. HE, IPE, 

UB). 
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The aim, therefore, is to place “A” products near the cranes for a faster 

dispatch, followed by “B” placed a bit further away and finally “C” products which are 

placed in the furthest place available.  

The next step is to decide the storage policy within a class (i.e. A, B or C). A 

dedicated space assignment would be too rigid and cumbersome to the variations in 

demand and product variety.  

A random storage is chosen due to its flexibility, higher space utilization and a 

faster performance for the cranes when picking products from the line and placing 

them in stock. The downside remains that bundles are pilled one over the other and 

whenever a bundle from a low position is required; all the others on top must be 

removed resulting in a significant time loss. 

For these reasons, allocating a large area for the “A” products would have a 

positive impact. With a larger area there will be fewer bundles on top of each other 

so pickup time could be improved.  Figure 14 shows the area assigned to each 

product class with the corresponding area percentage that would occupy. 

 

 

 Figure 14 Map of storage allocation proposal 

 

4.2.4.3. Routing Policy 

Most of the literature reviewed focuses on stock halls comprised of an 

arrangement of aisles that can be traversed by the picker. This, however, is not the 

case for this particular stock hall because of the use of bridge cranes that can travel 
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across the whole hall but only access the products from their top. In this manner, the 

heuristics previously discussed lack validity in this scenario. Therefore the main 

potential for improvement resides in the previous two sections: taking more bundles 

per trip and a properly designed storage assignment policy that would reduce the 

total travelled distance by the crane. 

 

4.2.4.4. Additional Opportunity Areas 

The major issue regarding the stock area is that for the moment there are 

currently no clear measures on the cranes’ performance (and of the team working 

with them).  

When a crane picks a bundle from the line, the IT system records the time it 

left from the grid so if the crane comes back to pick another bundle from the line one 

can obtain the process time for a particular trip. In this manner, a performance 

indicator can be the amount of bundles each crane successfully moved in a shift 

using this information.  

The issue resides when the crane does not come back to pick a bundle in the 

line but rather goes to pick a bundle in the stock area. There is an information hole 

because the IT system does not track where the crane is but just the departure time 

from the line. This information “hole” can be solved in two different ways: 

• Placing an optic measurement device in the crane that tracks its 

position with respect to one of the walls. The device can be connected 

the cranes’ operations and take measurements only when a bundle is 

being picked/dropped. This could be a very reliable system but 

acquisition and maintenance costs should be looked closely to 

evaluate its cost/benefit ratio. 

• Give the possibility to the crane operator to validate each pick/release 

of a bundle. The crane should, therefore, have a certain control level to 

introduce this information in the IT system. The disadvantage of this 

option is that the “extra task” that the operator must do is a source of 

problems and there might be even resistance to do it.  

This discussion highlights that even if the proposals discussed in the previous 

sections are adopted and are successful, it will be hard to evaluate them because 
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there is currently no objective way of measuring the cranes’ performance. Having a 

performance indicator (e.g. cranes’ travelled distance) is the starting point to 

investigate root cause problems that are otherwise difficult to observe. 

 



  

Chapter 5.  CONCLUSIONS 

 

• The DE simulation model developed was validated and proved to be a great 

support tool to analyze current performance and what-if scenarios. The 

largest difference observed between the model’s mean duration and real 

duration was a 1.6% deviation. Its predictive power could be further 

increased with the add-up of a cutting plan model. 

• Along with the support of the DE simulation model, various areas of 

opportunity were found and improvement solutions were proposed 

• Design and operation recommendations were proposed for an improved 

stock area policy that would eliminate the competitive goals of the current 

policy and provide a smooth integration with the future truck bay area.  

 



  

Chapter 6. RECOMMENDATIONS 

 

• Keep using the model, feedback updated processing times and other policy 

changes in the plant to guarantee its validity and support on future 

decisions 

• Use the model to further study which profiles need special improvements in 

order to optimize the use of future resources/investments e.g. selective 

water cooling in the cooling bed. 

• Integrate the model with the parallel development of the Cutting Sequence 

model and evaluate its performance in order to expand its predictive 

capabilities. 

• Further study of the opportunity existing within the campaign sequence mix 

(sequence of rolling groups) and across campaigns e.g. the effect of a 

particular campaign after another. 

• Measuring the travelled distance of cranes in the finished products’ hall 

could be recommended as a possible future trainee project. (e.g. 

Rodange’s plant seems to have implemented a solution). 

• Work on the model to include the Continuous Casting facility to examine the 

opportunity to increase the percentage of Hot Charging of the Mill 
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1.75 
days

Loading Plan

ϖ Customer Orders
(i.e. Length, Amount, Colisage)

ϖ Open Wagons in H 13
ϖ Customer Orders

(Allocation of Wagons )
ϖ Status of Wagons

FIFO

Max 1
BFNappe

CP5

FIFO

Max 1 
Beam

FIFO

Max 1 
Beam

FIFO

Max 3 
Nappes

FIFO

Max ~49*
Beams

FIFO

Max 1 
Beam

3*76 / 5 = 45.6s

0.007 
Days

2

Cold Saw 
#1

C/T [s]

P/T [s] ~76-100

(Time  / Cut)

1 Layer = 5 BM

1 Layer = 3 Cuts

C/O [s]

FIFO

Max 1 
Nappe

Single Blanking
4092 / 66 =62s
4400 / 55 = 80s
6000 / 50 =120s

Min = 54.5s
Max = 217s

1,4%



  

Annex 2 Time inter Campaign 05/02/10 to 05/04/2010 

GRP MONT START END DIFFERENCE [min] 

ZI360 005N 2/5/2010 20:47 2/6/2010 12:59 

ZI330 005N 2/6/2010 13:23 2/7/2010 2:15 0:24 

ZW066 005N 2/7/2010 2:41 2/9/2010 23:32 0:26 

ZW108 005N 2/10/2010 0:17 2/10/2010 22:21 0:45 

ZH012 007N 2/10/2010 23:14 2/12/2010 9:30 0:53 

XI159 006N 2/11/2010 16:07 2/12/2010 23:37 

ZW146 005N 2/13/2010 0:11 2/13/2010 13:29 0:34 

XI151 007N 2/13/2010 14:18 2/15/2010 14:23 0:49 

ZI200 006N 2/14/2010 9:54 2/16/2010 6:00 

ZW084 006N 2/16/2010 6:31 2/17/2010 3:41 0:31 

XL150 007N 2/17/2010 4:31 2/19/2010 12:07 0:50 

ZW187 007N 2/19/2010 13:05 2/20/2010 6:06 0:58 

ZW218 007N 2/20/2010 8:02 2/21/2010 1:08 1:56 

ZH020 006N 2/21/2010 2:49 2/22/2010 2:28 

ZW186 008N 2/22/2010 3:39 2/24/2010 11:20 1:11 

ZH016 007N 2/24/2010 12:08 2/25/2010 20:20 0:48 

ZH018 007N 2/25/2010 20:46 2/26/2010 14:48 0:26 

ZI500 007N 2/26/2010 16:15 2/27/2010 2:22 1:27 

ZI450 008N 2/27/2010 2:48 2/27/2010 12:12 0:26 

ZI400 008N 2/27/2010 13:12 2/28/2010 0:42 1:00 

ZH024 008N 2/28/2010 16:52 3/1/2010 7:33 

ZW088 008N 3/1/2010 8:21 3/2/2010 17:36 0:48 

ZH020 008N 3/2/2010 18:32 3/3/2010 6:12 0:56 

ZW085 009N 3/3/2010 6:39 3/6/2010 11:54 0:27 

ZW085 009N 3/6/2010 11:57 3/7/2010 7:15 

ZW086 009N 3/7/2010 7:54 3/8/2010 5:40 0:39 

ZW105 009N 3/8/2010 6:12 3/9/2010 4:31 0:32 

ZW126 009N 3/9/2010 5:03 3/10/2010 9:26 0:32 

ZH012 009N 3/10/2010 11:09 3/11/2010 19:18 1:43 

ZH014 009N 3/11/2010 20:50 3/12/2010 17:53 1:32 

ZH016 009N 3/12/2010 19:04 3/13/2010 23:30 1:11 

ZI220 010N 3/14/2010 0:18 3/14/2010 18:36 0:48 

ZI220 010N 3/14/2010 19:40 3/15/2010 15:55 1:04 

ZI240 010N 3/15/2010 17:01 3/16/2010 10:27 1:06 

ZI270 010N 3/16/2010 11:06 3/17/2010 4:47 0:39 

ZW124 011N 3/17/2010 6:07 3/20/2010 0:55 1:20 

ZH010 010N 3/20/2010 1:27 3/20/2010 8:28 0:32 

ZW104 010N 3/20/2010 9:44 3/21/2010 10:00 1:16 

XL150 010N 3/21/2010 11:45 3/22/2010 9:14 1:45 

ZI300 010N 3/22/2010 10:56 3/22/2010 20:42 1:42 

ZI360 011N 3/22/2010 21:14 3/23/2010 8:50 0:32 

ZI330 011N 3/23/2010 9:17 3/23/2010 16:45 0:27 

ZI200 010N 3/23/2010 17:26 3/24/2010 7:47 0:41 

ZW145 011N 3/24/2010 8:16 3/25/2010 21:12 0:29 

XI201 011N 3/25/2010 23:29 3/27/2010 8:24 2:17 

ZW165 011N 3/27/2010 9:36 3/27/2010 20:23 1:12 

ZW12A 011N 3/27/2010 21:03 3/28/2010 6:33 0:40 

ZW128 011N 3/28/2010 7:09 3/29/2010 3:46 0:36 

ZW088 012O 3/29/2010 4:27 3/30/2010 2:11 0:41 

ZH020 012N 3/30/2010 2:40 3/30/2010 21:52 0:29 
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GRP MONT START END DIFFERENCE [min] 

ZW148 011N 3/30/2010 22:30 3/31/2010 16:13 0:38 

ZI400 012N 3/31/2010 16:49 4/1/2010 5:15 0:36 

ZI450 012N 4/1/2010 18:22 4/2/2010 8:03 

ZI500 012N 4/2/2010 8:36 4/2/2010 20:58 0:33 

ZH024 012N 4/2/2010 21:26 4/3/2010 14:19 0:28 

ZH022 013N 4/3/2010 14:43 4/4/2010 3:38 0:24 

ZH012 013N 4/4/2010 4:09 4/4/2010 22:38 0:31 

ZH014 013N 4/4/2010 23:38 4/5/2010 17:31 1:00 

Average 0:51 

Standard Deviation 0:26 
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Annex 3 Distribution of shipments by transport mode  in the last 5 years 

 

01/01/06 - 31/12/06 

Primary Transport 

Mode 

Current Shipping % Future Shipping % 

Volume Weight Volume Weight 

Camion 2.15% 1.76% 22.71% 20.45% 

Wagon 97.83% 98.22% 77.27% 79.53% 

Navette 0.02% 0.03% 0.02% 0.03% 

 

01/01/07 - 31/12/07 

Primary Transport 

Mode 

Current Shipping % Future Shipping % 

Volume Weight Volume Weight 

Camion 1.44% 1.05% 23.95% 22.38% 

Wagon 94.59% 94.80% 72.08% 73.48% 

Navette 3.97% 4.15% 3.97% 4.15% 

 

01/01/08 - 31/12/08 

Primary Transport 

Mode 

Current Shipping % Future Shipping % 

Volume Weight Volume Weight 

Camion 0.31% 0.26% 29.54% 27.08% 

Wagon 87.45% 88.19% 58.22% 61.38% 

Navette 12.25% 11.55% 12.25% 11.55% 
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01/01/09 - 31/12/09 

Primary Transport 

Mode 

Current Shipping % Future Shipping % 

Volume Weight Volume Weight 

Camion 0.32% 0.27% 30.49% 28.17% 

Wagon 87.22% 86.67% 57.06% 58.78% 

Navette 12.44% 13.04% 12.44% 13.04% 

 

 

 

01/01/10 - 05/05/10 

Primary Transport 

Mode 

Current Shipping % Future Shipping % 

Volume Weight Volume Weight 

Camion 0.09% 0.08% 26.63% 24.68% 

Wagon 85.81% 86.00% 59.27% 61.40% 

Navette 14.10% 13.92% 14.10% 13.92% 
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Annex 4 Turnover and COI Class Based Storage Policy  

Turnover Class Based 

Length Limits [mm]  L HE / HP /HD IPE UB W 

0 6000 C C C C C 

6000 8000 B B C C C 

8000 9000 C C C C C 

9000 10000 C C C C B 

10000 11000 C B B C B 

11000 12000 C B A C B 

12000 13000 A A A C A 

13000 14000 C B B C B 

14000 15000 C A B C C 

15000 16000 C A A C A 

16000 17000 C B B C C 

17000 18000 C C B C C 

18000 19000 C A B C B 

19000 31000 C B B C C 
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COI  Class Based 

Length Limits [mm]  L HE / HP /HD IPE UB W 

0 6000 C C C C C 

6000 8000 A B C C B 

8000 9000 C C C C C 

9000 10000 C B C B B 

10000 11000 C B A C B 

11000 12000 B A A C B 

12000 13000 A A A C A 

13000 14000 C B B C C 

14000 15000 C B B C C 

15000 16000 C A A C B 

16000 17000 C B B C C 

17000 18000 C C C C C 

18000 19000 C A B C B 

19000 31000 C B B C C 

 


