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Abstract 

 

This study shows that, for many manufacturing processes (such as welding and injection moulding), a 

machine breakdown will result in the scrapping of a component, and goes on to explain the effect that 

this can have on process simulation models. Breakdown related scrapping events are ignored by 

commercially available process simulation packages and this reduces their usefulness in decision 

support. This paper explains the different types of breakdown/scrapping dynamic possible and 

provides equations which can be used to describe them in future generations of simulation software. 

This work clearly demonstrates the scrapping dynamics effect on one of the major performance 

measures in LEAN based manufacturing systems, namely the Overall Equipment Effectiveness. 
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1 Introduction 

 

The main aim of any production simulation software is the accurate representation of real situations. It 

is also highly desirable that process engineers with limited programming skills should be able to 

perform the modelling process [1-3]. From such modelling exercises, the engineer and management 

can make strategic decisions about capital investments and staffing levels etc. Eriksson [4] has 

reported on a number of surveys which suggest that decision support is, and will be, the most 

important application of production simulation. There are, however, some risks involved in modelling 

if the programmer who designed the software fails to interpret the process accurately. One area where 

confusion can arise is that of machine breakdowns and any associated scrapping of components.   

 

The effect of machine breakdown and the scrapping of components is usually over simplified in 

simulation models and this can have a serious effect on the accuracy of the model. Many processes 

that involve hot or molten metal, as well as some mechanical deformation techniques, fall into the 

category of being non-interruptible. Non-interruptible processes require special consideration if 

accurate production simulation is to be achieved because, in this case, most machine breakdowns will 
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result in a scrap component.  As we shall see later in this work, many commercially available 

production simulation packages do not link the scrapping of components to machine breakdowns. In 

future generations of production simulation software a distinction should be made between 

manufacturing processes which can be re-started on a component (after interruption) and those which 

are non-interruptable.  

 

An example of a process which could be interrupted by a machine breakdown and then successfully 

re-started, would be the punching of a matrix of holes in thin sheet steel. If the punching machine 

broke down in the middle of a punch cycle the component could generally be completed after the 

repair was carried out (although this is not always the case). 

 

On the other hand there are a considerable number of manufacturing processes which cannot be re-

started on a component after interruption. For example; the bending of steel is a dynamic process 

which must be completed in one stroke. If the process is interrupted and then re-started, the result will 

differ from that produced by a single stroke. During the initial, partial, bend, the material will become 

harder and stronger by a process known as work hardening. After the breakdown is repaired the 

bending machine will be dealing with a workpiece which is in a different shape (partially bent) and 

also stronger. It is therefore not surprising that the final bent product will be different from items 

which were bent in one smooth operation. Figure 1 presents a comparison of interrupted and non-

interrupted bent examples. 

 
 

Figure 1: Three bent products; from left to right: A. Attempted 90 degree bend interrupted at about 

120 degrees; B. correct bend (90 degrees in one operation); C. bend interrupted at about 120 degrees 

and continued later using the same process parameters - resulting in an incorrect bend (88 degrees in 

two operations). 
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Welding is another important example of a process which can be badly affected by interruption. Figure 

2 presents a view of an interrupted weld which has been continued by re-starting the process. It thus 

contains a start-up anomaly which will not have the same properties as the standard weld produced in 

one single welding operation. Anomalies of the sort can be a source of mechanical weakness, porosity 

or cosmetic disruption in the finished component. 

 

 
 

Figure 2: An interrupted weld which has been continued by restarting the welding process; the start up 

anomaly may be a source of mechanical weakness or cosmetic disruption to the finished product. 

 

Methods for applying simulation to the modelling of production disturbances and breakdowns have 

been discussed by several authors [5-11]. For example, Ingemansson et al [12-13] have reviewed a 

number of cases where production simulation was applied to the problem of optimising system 

performance. This type of work often includes machine breakdowns and in some cases part scrapping, 

but any possible links between machine breakdown and scrapping are ignored. Law [14] has 

demonstrated the importance of the correct interpretation of breakdown characteristics in achieving 

high model accuracy but this analysis involves only secondary performance measures (i.e. buffer size 

and product lead time) and not the overall productivity of the system in question.  

 

One of the most important development trends within industry is the implementation of LEAN 

manufacturing strategies [15,16]. LEAN manufacturing implies, among other thing, the use of a 

multifunctional team with shared responsibilities for the different processes involved [16]. Realistic 

simulation models of LEAN based manufacturing systems therefore require the  modelling of shared 
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resources [17]. The implementation of TPM [18,19], Total Productive Maintenance, is also a crucial 

strategy in LEAN manufacturing and this has lead to the development of a performance measure 

called the Overall Equipment Effectiveness (OEE) [18,19]. The OEE is a measure of the value added 

to production through equipment. This is a function of machine availability, performance efficiency 

and the scrap rate [19]. 

 

Production simulation software is widely used to support decisions in the fields of manufacturing 

layout, organisation and process planning. The quality of the decisions taken clearly relies on the 

accuracy of the simulation model. Wrong assumptions and inaccurate simulation results can therefore 

lead to the wrong decisions being made 

 

It is the aim of this paper to demonstrate that the accuracy of production simulation models is often 

dependant upon a correct interpretation of the breakdown/scrapping relationship of the production 

system involved. This is a point which has been largely overlooked by the producers of commercial 

production simulation software.  

 

 

2 Different types of breakdown and their related scrap dynamics 

 

Figure 3 graphically illustrates the comparison between zero breakdown production and three different 

types of breakdown, each of which results in different levels of productivity.  

 

Type A production involves no breakdowns and no scrap (the ideal situation) and therefore 100% 

productivity and is used as a reference for comparison in this investigation.  

 

Identical breakdown intervals and repair times have been assumed for the three types of breakdown 

(B,C and D) in order to keep the discussion as clear as possible. In all cases a breakdown takes place 

after exactly 5.5 process cycles and the repair time is taken as equivalent to 2 cycles.  

 

Type B breakdown dynamic assumes that the manufacturing process can be continued after the 

breakdown repair and so no parts are lost. An example of this type of process might be the tapping of 

holes in mild steel, as this process could (generally) be restarted. In this case only the time of the 

repair is lost. 

 

Type C breakdown dynamic assumes that the item is scrapped during the machine breakdown but that 

the item cannot be removed before the machine has finished its cycle. An example of this type of 

process could be bending or painting. Type C breakdown imposed scrapping is, in most cases, not 
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directly offered by commercial software packages, but is quite easy to model using a standard 

simulation program feature; the routing percentage of a particular operation ie. If the relationship 

between breakdown and scrapping is understood a percentage out the machine output can be ‘routed’ 

to a scrap container. 

 

Type D breakdown dynamic assumes that the item is scrapped during the machine breakdown and is 

removed from the machine as part of the repair. This means that production can start immediately after 

the repair. Examples of this type of process could be welding or sheet metal forming. Type D 

breakdown/scrap dynamic (which is likely to be the most common in industry) is, according to our 

knowledge, not considered in commercial software codes and would require editing of the core code 

of the simulation software to obtain the desirable scrapping behaviour. 
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Figure 3:  The ideal production situation (100% productivity) and the three different types of 

breakdown dynamics for the case of - breakdown after 5.5 operations (cycles) and repair time of 2 

cycles  (√ = acceptable product quality, X = product scrapped, R = repair taking place). 

   

It is clear from Figure 3 that the interpretation of breakdown dynamics has a substantial effect on 

productivity levels. In the example shown, the Type B model produces 9% more products than Type D 

and 22% more than Type C. In situations where breakdowns are more frequent or cycle times are 

longer, the differences between the four dynamics would be even greater. 

 

As we mentioned earlier, the importance of breakdown related scrap is overlooked in commercially 

available simulation packages. For example, a review of three commercially available production 

simulation packages revealed that two of them (Simul8 and Enterprise Dynamics) offered no 

connection between breakdowns and scrapping events. In the case of the third software package 
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(Extend) it was possible to link breakdowns to scrap but this lead to the bizarre consequence that the 

operator would also be ‘scrapped’. It is clear from these observations that, within these packages, 

breakdowns are generally considered to be a separate variable to scrapping events, and that all 

processes are assumed to be interruptible. The clear link between breakdowns and scrapping events for 

most manufacturing processes requires an improvement in simulation models of this type if they are to 

be used to make commercially viable decisions. 

 

3. Analytical modelling of breakdown imposed scrapping 

 

The following section of this work presents some analysis of the effect of breakdown imposed scrap 

on productivity levels. A first step in this analysis is the calculation of the percentage of scrap parts 

produced by a machine involved in a non-interruptable operation.  

 

3.1 The breakdown imposed scrap percentage equation 

The percentage scrap ratio PSR [%], is given by the ratio of the total number of parts scrapped (PS) to 

the total number of parts produced (TP), over a time period T.  

 

100×=
TP
PSPSR   (1) 

 

In the interests of simplicity the following analysis will assume that parts are scrapped only as a result 

of breakdowns. If this is the case, the total number of parts scrapped over a time period T for a Type D 

breakdown/scrap dynamic (see Figure 3) is given by: 

MTTRMTTF
TPS
+

=   (2) 

Where; 

MTTF = Mean Time To Failure  

MTTR = Mean Time To Repair 

 

The total production (TP) over a time period is given by; 

PT
MTTRMTTF

MTTFT
TP +

×
=   (3) 

where PT is the process time for the station involved. 
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Combining (1), (2) and (3) gives; 

 

100×=
MTTF

PTPSR       (4) 

 

The results of this calculation are given in Figure 4 for a range of process times and it is clear that 

scrap related breakdowns can have a serious effect on productivity. This is particularly true if the 

process time is large. This is because each breakdown event becomes more significant at longer 

process times. 
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Figure 4: Relative amount of scrap as a function of  Mean Time to Failure (MTTF) for a range of 

process times (PT), according to Eq. (4) - Type D breakdown Dynamic. 

 

The next section analyses the overall productivity of a system for each of the four kinds of breakdown 

dynamics and demonstrates the usefulness of Eq. 4 in this context.   

 

3.2  The overall equipment effectiveness (OEE) for breakdown/scrap dynamics Types A to D 

Although it is of some interest to monitor scrap levels, the most important measure of performance is 

productivity. One way of quantifying productivity is by analysing the Overall Equipment 

Effectiveness (OEE). 

 

The Overall Equipment Effectiveness as a percentage can be expressed as: 

 

100×××= QRAPEOEE      (5)   

 

where:  
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− Performance Efficiency (PE) is given by: 

 

OT
APTCTPE ×

=  (6) 

where  TCT is the Theoretical Cycle Time, AP is the amount produced and OT is the 

Operating Time. 

  

− Availability (the proportion of time that the machine is not being repaired) is given by: 

 

MTTRMTTF
MTTFA
+

=   (7) 

− The yield (the proportion of components which are not scrap) is given by: 

 

PSRY −= 1    (8) 

 

For the case of breakdown imposed scrapping, Eqs. (4) and (8) give: 

 

MTTF
PTY −=1     (9) 

 

Combining Eq. (5), (6) and (8) gives: 

 

10011 ×⎟
⎠
⎞

⎜
⎝
⎛ −×⎟

⎠
⎞

⎜
⎝
⎛

+
×=

MTTF
PT

MTTRMTTF
MTTFOEE   (10) 

 

For Type A breakdown dynamic MTTF = infinity and MTTR=0 which gives from Equation (10): 

 

100111 ×××=AOEE    =  100%    (11) 

 

For Type B dynamic there is, by definition, no scrap, and, from Equation (10): 

 

10011 ××⎟
⎠
⎞

⎜
⎝
⎛

+
×=

MTTRMTTF
MTTFOEEB       (12) 

 

Equation (10) will exactly represent Type C dynamic so the OEE for Type C is given by; 
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10011 ×⎟
⎠
⎞

⎜
⎝
⎛ −×⎟

⎠
⎞

⎜
⎝
⎛

+
×=

MTTF
PT
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MTTFOEEC   (13) 

 

 

For Type D strategy, with breakdowns happening, on average, PT/2 into a particular cycle, we will 

gain production time equal to PT/2 for each breakdown event compared to the Type C dynamic. The 

increase in productivity of the Type dynamic D compared to Type C is given by: 

 

( )MTTRMTTF
PTPT CD +

=∆ − 2
  (14) 

 

Combining (13) and (14) gives: 

 

( ) 100
2

11 ×⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

+⎟
⎠
⎞

⎜
⎝
⎛ −×⎟

⎠
⎞

⎜
⎝
⎛

+
×=

MTTRMTTF
PT

MTTF
PT

MTTRMTTF
MTTFOEED  (15) 

 

 

4 Results and discussion 

 

4.1 The effect of scrapping dynamics on OEE 

 

Figure 5 compares the OEE associated with the four breakdown strategies as a function of process 

time with MTTF = 23 minutes and MTTR = 2 minutes. This figure once again demonstrates the 

serious effect which breakdown associated scrapping can have on the OEE of a machine. Figure 5 also 

supports the point made in Figure 4 that longer process times result in reduced OEE if scrap is related 

to breakdowns. It is also important to note that the results from the different types of breakdown 

dynamic diverge rapidly as the process time increases. In this case, for example, the difference 

between types C and D is only 5% when the process time is two minutes but this rises to 14% at a 

process time of five minutes. 
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Figure 5: The OEE associated with the four production breakdown dynamics (A-D) as a function of 

the process time (MTTF = 10 min, MTTR = 2 min). 

 

Figure 6 illustrates the impact of the three main time variables PT, MTTF, MTTR on OEE levels when 

we consider breakdown strategy D. Note that figures for Type C would show similar trends, while 

Type A is the ideal breakdown-free case and Type B is not realistic for breakdown imposed scrapping. 

Importantly, the Type D dynamic is the one which is most likely to be encountered when dealing with 

a real engineering process of the non-interruptable type. 

 

The first pair of graphs in figure 6 show the linear relationship between process time (PT) and OEE 

which would be expected from equation 15. Productivity levels can drop to as low as zero as MTTF, 

MTTR and PT converge. 

 

The remaining four graphs in figure 6 demonstrate that, for a type D breakdown/scrap dynamic, the 

relationship between OEE and MTTF or MTTR is not simply linear. It is also clear that OEE is more 

sensitive to changes in MTTF than MTTR (within realistic limits).   

 

The graphs in Figure 6 illustrate the importance of an adequate understanding of the breakdown/scrap 

dynamics when trying to obtain performance measures (in this case OEE) with some accuracy. An 

inappropriate assumption about breakdown/scrap dynamics could have a catastrophic effect on the 

subsequent decision making process.   
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Figure 6: OEE as a function of the time variables PT, MTTF and MTTR for a breakdown/scrap model 

of type D (See equation 15.) 

 

4.2 The influence of different modelling approaches on performance measures 

 

To further investigate the influence of the different breakdown/scrap dynamics (Types B, C and D) on 

OEE, the relevant OEE equations were incorporated into a discrete event simulation model of a 

manufacturing system. This example demonstrates a typical application for production simulation as a 

decision support tool. The system chosen consists of two stations with two parallel machines which 

are served by three operators with shared responsibilities, see Fig. 7. The bottleneck in the system, in 

this case Process II, has been given the highest priority for the operators. The process parameters used 

are given in Table 1. The commercial simulation software used was ‘Enterprise Dynamics’. The 

results are based on an 8 hour simulation time with 20 replicates. 
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Figure 7: The system modelled in the comparison  

 

Parameter Distribution 

Arrival  Unlimited 

Process time / Process I Triangular distribution with mean 120, min 60 and max 180 sec. 

Process time / Process II Triangular distribution with mean 180, min 90 and max 270 sec. 

Mean Time To Failure 

(MTTF) 

540 seconds - exponential distribution 

Mean Time To Repair 

(MTTR) 

Triangular distribution with mean 60, min 30 and max 90 sec. 

 

Table 1: Parameters employed in the simulation 

 

The Enterprise Dynamics software makes it easy to input the data if the breakdown/scrap dynamic is 

of Types A or B. For Type C the breakdown imposed scrapping is modelled using the scrapping 

percentage given by Eq.(4). This requires only low level programming skills. The type D 

breakdown/scrap dynamic (which is likely to be the most common in industry) requires editing of the 

core code of the simulation software. This approach requires considerable program understanding and 

advanced programming skills (something which is undesirable to the software user). 

 

Generally, the performance measure of greatest interest is the output per day and these results can be 

seen in Table 2. The hierarchy of productivity of the various breakdown/scrap dynamics is similar to 

that presented in Figure 3 where the relative values were 100%, 90%, 53% and 64% for Types A-D, 

respectively. 

 

Bearing in mind that breakdown/scrap dynamics A and B are generally unrealistic, it is important to 

note that, in this example, there is a difference in production yield of 21% between Type C (which is 

easy to use in the software and would normally be chosen) and Type D (which is more realistic in real 

production environments). The implication here is that the more commonly used scrap/breakdown 
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scenario (Type C) would often give an inaccurate analysis of a production situation and would 

therefore be a source of incorrect management decisions.  

 

OUTPUT/DAY 

Model -95% Average +95% 

Type A 284.1 285.2 286.3 

Type B 255.2 256.7 258.2 

Type C 147.4 151.7 156 

Type D 180.4 183.7 187 

 

Table 2: Performance measure OUTPUT/DAY (yield; number of produced parts per day) with 95% 

confidence intervals.  

 

The scrap per day performance is also important to our understanding of the system as well as to the 

overall costs. The scrap per day output from the simulation is presented in Table 3.  

 

SCRAP / DAY 

Model -95% Average +95% 

Type A 0 0 0 

Type B 0 0 0 

Type C 136.5 140.4 144.3 

Type D 133.3 138 142.7 

Table 3: Performance measure SCRAP/DAY (number of scrapped parts per day) with 95% confidence 

intervals. 

 

At first glance the similarity (a difference of less than 2%) in scrap volumes for scrap/breakdown 

dynamics Type C and D may seem surprising as the production yeild of the two differs by over 20%. 

This behaviour can be explained as follows: Although both dynamics involve a similar number of 

breakdowns, the Type C breakdowns all result in a greater loss of useful production time (and in turn 

of output) as the production cycle must be completed after the repair. 

 

5 Conclusions 

 
• Many manufacturing processes (like bending or welding) cannot be interrupted in mid 

cycle and then successfully continued by re-starting the process. When such non-

interruptable processes experience a mid-cycle breakdown, a component will be scrapped. 
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• This linkage between breakdowns and scrap is not a feature of commercially available 

production simulation software. This can result in the software supporting inappropriate 

conclusions when comparing systems or machines. 

  

• The ideal production situation case and three types of breakdown/scrap dynamics have 

been identified as follows:  

− Type A: 100% production without any breakdowns. 

− Type B: breakdowns occur but produce no scrap. 

− Type C: breakdowns occur and the component being processed at the time of any 

breakdown will be scrapped. However, the component cannot be released from the 

machine before the cycle is completed after the repair is finished. 

− Type D: breakdowns occur and the component being processed at the time of any 

breakdown will be scrapped. In this case the scrapped part can be removed during the 

repair without the cycle having to be completed later. 

 

• Breakdown/scrap dynamics of types A, B can be incorporated into existing production 

simulation quite easily. Type C can be introduced by a skilled software user using existing 

options. However, there are many non-interruptable processes where dynamic D would be 

most appropriate to the model. It is extremely difficult to incorporate the type D dynamic 

into existing commercial simulation software. The lack of availability of the type D 

dynamic can lead to inappropriate decisions being made when comparing machines or 

systems. 

 

• For all three types of breakdown (B, C and D), equations which describe the relevant 

Overall Equipment Effectiveness (OEE) have been developed. These equations could be 

incorporated in future editions of production simulation software. 

 

• It has been demonstrated by example that, when using production simulation software, the 

correct choice of breakdown dynamic (A, B, C or D) is essential if the results are to be 

useful in decision support. 

  

The present authors consider it a matter of some urgency that the providers of production simulation 

software should address the phenomenon of breakdown related scrapping events and incorporate Type 

D as a standard feature in their programs. Without this option the existing software packages are in 

many cases inaccurate, misleading or difficult to use by production management personnel.   
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