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Abstract 

The required spare parts planning for a system/machine is an integral part of the 
product support strategy. The number of required spare parts can be effectively 
estimated on the basis of the product reliability characteristics. The reliability 
characteristics of an existing machine/system are influenced not only by the operating 
time, but also by factors such as the environmental parameters (e.g. dust, humidity, 
temperature, moisture, etc.), which can degrade or improve the reliability. In the 
product life cycle, for determining the accurate spare parts needs and for minimizing 
the machine life cycle cost, consideration of these factors is useful. 

Identification of the effects of operating environment factors (as covariates) on the 
reliability may help in the prediction and calculation of the required spare parts for a 
system under given operating conditions, which constitutes the research problem 
studied in this thesis. The Proportional Hazard Model (PHM) method is used for 
estimation of the hazard (failure) rate of components under the effect of covariates. 

In this research an approach has been developed to forecast and estimate accurately 
the spare parts requirements and to create rational part ordering strategies. 
Subsequently, a model considering environmental factors is developed to forecast and 
estimate the required number of spare parts within a specific period of the product life 
cycle. This thesis only discusses non-repairable components (changeable/service 
parts), which must be replaced after failure. 

In addition, the existing method for calculating the number of spare parts on the basis 
of the reliability characteristics, without consideration of covariates, is modified to 
arrive at the optimum spare parts requirement. 

To test the model, case studies concerning spare parts planning based on the reliability 
characteristics of parts and with/without considering the operating environment have 
been carried out. The results show clearly the differences between the consumption 
patterns for spare parts with and without taking into account the effects of covariates 
in the estimation. 

The final discussion treats spare parts logistics and inventory management. In this 
work two models for ordering, purchasing and storing spare parts are discussed and an 
approach is suggested to minimize the inventory cost and consequently the product 
life cycle cost. 

Keywords: Product support; Spare parts planning, Reliability, Proportional 
hazard model, Operating environment, Inventory management, non-
repairable components 
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1 	Introduction and background 

Generally, due to a lack of technology and other compelling factors (like economic 
limitations, environmental conditions, etc.) in the design phase, it is impossible to 
design a product that will fulfil its function completely. So the need for support is 
becoming vital to enhance system effectiveness and minimize unplanned stoppages. 
Product support, known as customer support as well, is the name given to the different 
forms of assistance and aid that manufacturers offer customers to help them gain 
maximum value from products. This assistance can be provided in different forms and 
stages of the product life cycle. Typical technical forms of support include 
installation, maintenance, repair services, and the availability of spare parts. Product 
support falls into two broad categories, namely support to the customer and support to 
the product. The research presented in this thesis is focused on support to the product, 
which is greatly influenced by the product reliability characteristics, because it is 
important for us to understand: 

• how product reliability characteristic influence product support and 
• how to evaluate support requirements (e.g. spare parts), using what are called 

"dependability characteristics". 

However, the operating environment parameters for the product influence the 
product's dependability characteristics. Consequently, these factors influence the 
dimensioning of product support and its evaluation and forecasting for efficient and 
cost-effective support. For existing systems and machines, incorporating 
environmental parameters in reliability analysis is a powerful tool for forecasting the 
services, repairs and spare parts required due to the effect of environmental factors. 

The forecasting and calculation of the required spare parts based on the system's 
reliability, which is affected by the working conditions, is an example of an area 
where the environmental factors are important. 

Reliability is actually a function of time/load and the operating environment of a 
product, which comprises factors such as the surrounding environment (e.g. 
temperature, humidity and dust), condition-indicating parameters (e.g. vibration, and 
pressure), and human aspects (e.g. the skill of the operators). These factors are 
referred to as covariates. Spare parts constitute one of the product support issues that 
can be divided into two types, namely repairable and non-repairable. For several types 
of spare parts, subassemblies and modules, actually, replacing them upon failure is 
more economical than repairing them. For example, bearings, gears, electronic 
modules, gaskets, seals, filters, light bulbs, hoses, and valves are parts which are 
mostly replaced rather than repaired. These parts are referred to as service parts or 
non-repairable parts. In this research we deal with non-repairable parts. 

Spare parts management and logistics influence the product life cycle cost. The 
availability of spare parts upon demand decreases the product downtime and increases 
the profitability of the project. The optimum number of spare parts that should be 
stored in the warehouse minimizes the product life cycle cost and is calculated 
regarding different factors, such as the part criticality, the distance between the 
manufacturer and user, and the lead time. The spare parts are classified on the basis of 
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these parameters into different categories. The target level of inventory, reorder point, 
and order quantity are calculated on the basis of the significance of each category for 
preventing shortages. 

1.1 Product support and spare parts planning 

According to some limitations in the design phase, such as the state of the art of the 
technology used, economic limitations, environmental conditions, etc., systems are 
not able to meet users' requirements fully in terms of system performance and 
effectiveness. This is often due to poorly designed reliability and maintainability 
characteristics combined with a poor maintenance and product support strategy, which 
often lead to unplanned stoppages (Markeset and Kumar, 2002a). Thus, the need for 
support is vital. 

When studying the concept of "product support" there are a few questions whose 
answers clarify the subject. These questions are: 

• What is product support? 
• Why is product support required and important? 
• Which factors influence product support and how? 
• How can we consider and integrate these factors in product design and product 

support to minimize the product's LCC (life cycle cost)? 

The concept of product support includes the different forms of assistance that 
manufacturers offer customers to help them gain maximum profit from a product. 
Typical forms of support include installation, training staff to use the product, 
maintenance and repair services (generally termed service), documentation, the 
availability of spare parts, upgrades (enhanced functionality), customer consulting, 
and warranty schemes (Goffin, 2000). In fact, customer support entails all activities 
necessary "to ensure that a product is available for trouble-free use to consumers over 
its useful life span" (Loomba, 1998). 

In addition, product support is important for manufacturers as well, because: 

• It is essential for achieving customer satisfaction and good long-term 
relationships (Armistead and Clark, 1992; Athaide et al., 1996). 

• It can provide a competitive advantage (Armistead and Clark, 1992; Goffin, 
1994). As product differentiation becomes harder in many markets, companies 
are increasingly regarding customer support as a potential source of 
competitive advantage (Loomba, 1998). 

• It plays a role in increasing the success rate of new products (Cooper and 
Kleinschmidt, 1993). 

• It needs to be fully evaluated during new product development  (NPD),  as good 
product design can make customer support more efficient and cost-effective 
(Armistead and Clark, 1992). 

• It can be a major source of revenue (Berg and Loeb, 1990; Goffin, 1998; Hull 
and Cox, 1994). Over the working lifetime of a product, the support revenues 
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from a customer may be far higher than the initial product revenue. However, 
this often receives too little management attention (Knecht et al., 1993). 

An important aspect of user/customer satisfaction is reducing the downtime and repair 
costs of the system. A modular approach to product design can reduce repair costs 
(Hedge and Kubat, 1989), as can good diagnostics (Armistead and Clark, 1992). This 
approach can be used similarly to product support design as well to optimize it. The 
nature and reliability of the equipment obviously have a large influence on the key 
elements of product support. Customers expect reliable products and a quick response 
in the event of failure. 

Meanwhile, the spare part, as an item of product support, is important. The logistics of 
spare parts and inventory levels for them are different depending on the spare part in 
question and ordinary approaches used for stock control in manufacturing situations 
do not apply to spare parts (Fortuin and Martin, 1999). In the area of parts logistics, 
supplying spare parts can be a highly profitable business. With the expansion of high-
technology equipment in industries worldwide, the need for spare parts to maximize 
the utilization of this equipment is paramount. Spare parts forecasting and 
management improve productivity by reducing idle machine time and increasing 
resource utilization (Orsburn, 1991). It is obvious that spare parts provisioning and 
inventory control are complex  (Bartmann  and Beckmann, 1992; Langford, 1995; 
Petrovic & Pavlovic, 1986), because of the trade-offs necessary concerning the part 
availability of slow and fast moving parts (Fortuin and Martin, 1999). The 
effectiveness of spare parts management is based on factors which require 
improvements in data acquisition and methods of forecasting the spare parts 
requirements, analyzing the data on the demand for such parts, and developing proper 
stocking and ordering criteria for these parts. 

The data are obtained with part identification and usage information. Usually parts 
can be classified as unique or common, critical or non-critical to the operation or 
equipment. From this classification the process of data collection can begin (Sheikh et 
al., 2000). 

1.2 Reliability analysis 

The reliability of a system can be defined as "the ability of a system/machine to 
perform or operate a required function without failure under given conditions for a 
given time interval" (International Electrotechnical Commission [IEC], 1991). It is a 
function of time and the environment in which the system is operating. The modern 
concept of reliability is a quantitative measure that can be specified and analyzed. 
Reliability is now a parameter of design that can be traded off against other 
parameters such as cost and performance. The necessity of expressing reliability as a 
quantitative measure arises due to the ever-growing complexity of systems, the 
competitiveness in the market and the scarcity of resources (Kumar, 1996). 

Parametric reliability methods with a specific assumption about the lifetime 
distribution (e.g. exponential or  Weibull  distribution) were very popular at the 
beginning of reliability analysis of systems (Davis, 1952; O'Connor, 1991; Hoyland 
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and  Rausand,  1994). Restrictions on the fulfilment of assumptions of distribution 
fitting led to the development of non-parametric reliability theory based on the 
method suggested by Kaplan & Meier (1958) and Nelson (1969). The advantages of 
non-parametric models are that no specific distributional form needs to be assumed 
concerning the failure data and that censored data can be considered easily (Kumar, 
1996). These models can be used for modelling the effect of other factors than time 
(e.g. operating environment parameters such as dust, temperature, pressure, etc., and 
the system/machine situation), as covariates, on the reliability of the system. A major 
contribution to the concept of non-parametric regression methods for modelling the 
effects of covariates was made by the method suggested by Cox (1972; 1975). The 
literature survey carried out for this thesis indicates that a relatively small number of 
industrial applications of these methods (especially in spare parts forecasting) have 
been performed and reported in international journals (e.g. Newby, 1988; Bendell et 
al., 1991; Kumar and Klefsjö, 1994b; Kumar, 1996). Most of the research and articles 
on reliability consider the operation time as the only variable for estimating the 
reliability of a system with general parametric reliability methods. 

1.3 Problem discussion 

In the past, when many products had high failure rates, the most important aspect of 
support was fast and reliable repair (Lele and Karmarkar, 1983). New technologies 
have now typically led to more reliable products. A key aspect of support is the 
management of the field support organization — including the engineers who install 
and maintain equipment, in-situ spare parts inventory, etc. If decisions about product 
support requirements are taken at the design stage, then this will affect the product 
reliability and consequently how often products require maintenance and repair (Lele, 
1986). 

The early evaluation of all the aspects of product support at the design stage has been 
termed "design for supportability" (DFS). To achieve this, it has been recognized that 
engineers with experience of environmental factors influencing the technical 
characteristics of the product and customer support should be involved in the 
development stage. Initially, the customer support requirements may not be 
recognized as important, but then poor product design will mean higher repair costs 
and can lead to dissatisfied customers. To avoid that, companies should consider 
reliability and repair times at the design stage and typically set quantitative goals for 
product reliability (mean-time-between-failures, MTBF) and ease-of-repair (mean-
time-to-repair, MTTR). 

It is essential to evaluate all the aspects of support at the design stage, i.e. installation 
times, fault diagnosis times, field access times, repair times/costs, spare part needs, 
etc.; but for existing systems, some of these aspects, such as the repair time and spare 
parts, can be evaluated in the operation phase to optimize the product life cycle cost. 
For evaluating these issues, the analysis of field data help the designer and engineer to 
modify the design and/or product support strategy for improvement of the system 
reliability and for calculation of the required spare parts. Sound spare parts 
management improves productivity by reducing the idle machine time and increasing 
the resource utilization (Orsburn, 1991). It is obvious that spare provisioning is a 
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complex problem and requires an accurate analysis of all the conditions and factors 
that affect the selection of appropriate spare provisioning models. In the literature 
there are a large number of papers in the general area of spare provisioning, most of 
which deal with the repairable systems and provide a queuing theory approach to 
determine the spare parts stock on hand to ensure a specified availability of the system 
(see for example Al-Bahli, 1993; Berg and Posner, 1990; Dhakar, Schmidt and Miller, 
1994). On the other hand, quantitative techniques based on reliability theory have 
been used for determining the failure rates of the required parts to be purchased and/or 
stocked (Sheikh, Callom and  Mustafa,  1990). Moreover, in the specific area of spare 
parts management of non-repairable systems, which often fail with a time-dependent 
failure rate, there are some renewal-theory-based prediction models available for 
forecasting the needs for spares in the planning horizon (Gnedenko, Belyayev and 
Solovyev, 1969). 

One problem in the analysis of field data is that all the parts of a data set are not 
collected under similar conditions (e.g. different geographical and climatic conditions, 
different ages of the system, etc.). These factors might influence the reliability 
characteristics of the equipment. This requires that these factors (referred to as 
covariates) should be identified and their effects should be represented quantitatively. 

However, covariates are usually not considered in reliability models (parametric 
reliability methods such as exponential and  Weibull  reliability models; see for 
example O'Connor, 1991; Heryland and  Rausand,  1994). The non-considerations of 
covariates may give rise to errors in the estimation of the reliability characteristics of 
a system and may lead to wrong conclusions concerning product support and spare 
parts forecasting. 

It is, therefore, desirable to estimate the magnitude of the effects of covariates so that 
the reliability characteristics of a system can be interpreted in a better way. Kumar 
(1996) has studied some of the methods that can be used for reliability analysis of a 
system whose lifetime is influenced by covariates. However, most of the reliability 
methods that are used for spare parts forecasting and calculation (as mentioned 
earlier) do not take into consideration the effect of covariates, which leads to a lack of 
appropriate forecasting and inventory management. Therefore, it will be better to 
modify the existing methods for adequate decision-making. 

1.4 Research proposition 

The reliability characteristics of equipment influence the product support 
dimensioning, e.g. the estimation of the required number of spare parts. However, the 
product reliability is affected by factors other than the product operating time. These 
factors are referred to as covariates and include, for instance, the product's operating 
environment conditions, e.g. dust, temperature, humidity, etc. The identification and 
quantification of the effects of the product operating conditions may help in 
forecasting, calculating, and managing the quantity of required spare parts with 
respect to minimizing the product life cycle cost. 

5 
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1.5 Research question 

The proposition is transformed into a research question and an overall research 
objective. The main research question is: 

"How do we integrate the product reliability characteristics, the geographical location 
of the product use, and the product's operating environment conditions in a decision 
model to forecast the required spare parts (as an issue of product support) and 
minimize the total product support cost (inventory and spare parts delivery cost)?" 

There are some minor questions that are also to be answered in the meantime. These 
questions are listed as follows: 

• What is the effect of environmental factors (covariates) on the product 
reliability? 

• Do covariates affect the product support? 
• Will the product support (e.g. spare parts) evaluation based on the operating 

environment be more optimal in practice? 

1.6 Research objective 

The main objective of the present study is to develop an approach and decision model 
for the integration of the product reliability characteristic in the dimensioning of the 
product support to ensure effective supply chain management. This research is 
concerned broadly with: 

• the development of techniques and tools that enable the planning and analysis 
of spare parts management strategies and practices, and 

• the application of these tools to understand critical trade-offs and alternatives 
in practical decision-making contexts. 

The sub objectives of this study are: 

• To study and analyze the effect of covariates on the product reliability 
characteristics, and consequently on the quantity of required spare parts. 

• To study the classification of spare parts to optimize the spare parts logistics. 

1.7 Focus and delimitation 

This research is governed by some limitations, which are: 

• Only non-repairable components are studied in this stage. 
• Only the exponential reliability model is used for reliability analysis and a 

study of the effect of covariates. 
• Only existing products are dealt with in the study 
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1.8 Outline of the thesis 

The thesis consists of six chapters and three appended papers. The present chapter 
(Chapter 1) contains an introductory discussion on product support and product 
reliability issues, the research proposition and question, and the overall objective. The 
thesis is based on the finding answer to research questions that are concerned with 
analysing the impact of covariates on the required spare parts forecasting. This 
chapter started with a background to product support and product reliability 
characteristic and ends with the research objective and question. 

Chapter 2 presents a discussion about the product support issue and its importance. 
The chapter deals with the factors influencing product support and the conventional 
inventory management methods for spare parts as an issue of relevance to product 
support, with respect to LCC minimization. 

Chapter 3 describes the factors and issues related to product reliability characteristics. 
After a short description of the common and applicable reliability models, this chapter 
discusses the product operating environment influencing the product reliability and 
failure rate. The integration of these factors in the product reliability calculations is 
discussed as well. 

Chapter 4 is the core of the thesis, which deals with calculations and forecasting of the 
required spare parts based on the reliability characteristics of the product (system) and 
the operating environment factors on the specific time horizon, which is the 
contribution of the thesis. In this chapter a simple model is introduced for determining 
the required spare parts on the basis of the spare parts classification for a fixed 
working period. 

A summary of the appended papers comes in Chapter 5, with the important points of 
each paper highlighted. 

Concluding remarks and recommendations for future research are discussed in 
Chapters 6. 
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2 Product support 

A product is the output of a manufacturer/producer and can be used as a consumer 
good or for the production of other products. It can be classified according to: 

(a) Product characteristics, into two groups: consumer products and industrial 
products, and  

(b) Ownership, into two groups: functional products and conventional products. In 
the case of products in the functional products category, the user does not buy 
a machine/system but the function that it delivers (Markeset and Kumar, 
2002a). To avoid the complexities of maintenance management, many 
customers/users prefer to purchase only the required function and not the 
machines or systems providing it. In this case the responsibility for the 
maintenance and product support lies with the organization delivering the 
required function. 

In this research, the industrial product was studied mostly from the conventional point 
of view and to a certain extent from the functional point of view. Every product, and 
especially the industrial product, needs support during its operational lifetime. Product 
support is the name given to the different forms of assistance and aid that 
manufacturers/suppliers offer to the customers and users to help them to gain 
maximum value (profit) from the product. One question now arises in this connection: 
"Why is product support required and taken into account?" 

2.1 Why is product support required? 

Due to technological, economic, and environmental constraints in the design phase, 
machines/systems are often unable to fulfil customers' needs completely in terms of 
system performance. This is often due to poorly designed technical characteristics of 
the system and a poor product support strategy. Then to compensate for this 
shortcoming, the need for support is becoming important to enhance system efficiency 
and prevent unplanned stoppages (Figure 1). 

Product support is important in the modern industrial world. Today, managements are 
paying more attention to product support, because, as mentioned earlier, product 
support: 

• plays a key role for many products in achieving customer satisfaction, 
• can be a considerable source of revenue and profit, and 
• can provide a competitive advantage in marketing. 

Leading companies achieve a competitive advantage with product support. For 
example, some companies focus on design for supportability (e.g. Kodak), and some 
believe that the capability to upgrade is very important and to reduce costs, these 
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companies focus on the field upgradability of products (e.g. Hewlett-Packard) 
(Coffin, 2000). In brief, product support is an essential part of business. 

)

Constraints in 
design phase 

)

* Lack of logistics  
* Geographical 
distribution 

) " State of the art 
of technology 

* LCC/LCP 
* Environmental 
conditions 

Constraints in 
product support 

and logistics 

Figure 1. Typical reasons for unplanned stoppage 
creation 

Anyway, it can be asserted that the importance of product support is that it increases 
customer satisfaction, so that customers become interested in purchasing the product 
again and again. 

2.2 Factors influencing product support 

The factors influencing product support can also be placed into two categories: 

• engineering aspects 
• business management and organizational aspects 

Product characteristics such as the product's RAM (reliability, availability and 
maintainability), the product's LCC, and the application type of the product (e.g. 
operating environment factors, etc.) are classified as engineering aspects. On the other 
hand, the geographical locations, application situations, geopolitical and cultural 
conditions, etc. belong to the business management and organizational aspects (Figure 
2). 

This research focuses on the product reliability and application type factors belonging 
to the category of engineering aspects, and the geographical locations of the product, 
which belongs to the category of business and organizational aspects. 
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affecting 

product support 
-  

Product Support 

Figure 2. Main influencing factors in product support strategy 

2.3 Engineering aspects of product support 

2.3.1 The product's RAM 

The reliability, availability, and maintainability of the product are important and have 
an immense influence on product support. Products usually require maintenance and 
the installation of spare parts, which are performed at regular times to ensure product 
reliability. 

High reliability does not mean that the product will be maintenance-free, since 
materials degrade over time, and many technical characteristics are dependent on the 
same mechanisms causing the need for maintenance (e.g. friction clutches, brakes, 
etc.) (Markeset and Kumar, 2002b). 

To produce reliable products, to respond quickly to service demands, and to avoid 
user/customer dissatisfaction by reducing the system downtime and repair costs, 
companies should consider the reliability characteristics at the design and product 
support dimensioning stages. Additionally, as mentioned before, high reliability does 
not mean that we do not need to perform service or maintenance, but that service or 
maintenance is needed to a lesser degree. The high reliable product or the design-out-
maintenance approach often proves too costly or impossible due to the state of the art 
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of the technology. Therefore, one often ends up with design for easy, cost-effective 
and efficient maintenance and support. When defining reliability, failure is defined as 
equipment's inability to perform its intended function. 

Normal products most often require maintenance and service to be performed at 
regular intervals to ensure product reliability and availability. In order to deliver the 
product or the required function, the manufacturer has to design the product, 
manufacture it and provide the required support (e.g. spare parts) to meet the expected 
performance demand. Support is needed to compensate for product unreliability, loss 
of performance quality and effectiveness, and a lack of usability (Markeset and 
Kumar, 2002a). 

2.3.2 Application type of the product 

The application type of the product refers to the situation of the operator, the work 
conditions and the environmental factors. The environmental conditions in which the 
equipment is to be operated, the road conditions, maintenance facilities, maintenance 
operator training, operator training, etc., often have a considerable influence on the 
product reliability characteristics (Kumar and Kumar, 1992; Kumar et al., 1992). Thus 
the operating environment should be considered seriously when dimensioning the 
product support and drawing up the service delivery performance strategies, since it 
will have an impact on the operational and maintenance costs and service quality. 
This aspect comprises: 

• The working environment; this parameter includes: 

o the climatic conditions, e.g. temperature, humidity, etc., which the 
system is working in; 

o the physical environment, e.g. the existence of dust, smoke, etc. 

• The user characteristics, e.g. the operator's skill, education, culture, language, 
etc. 

• The operating place or location, which refers to the situation of the work place, 
e.g. an outdoor (free) place or a closed (surrounded) place, or a situation 
among industries and/or in a mining area. 

• The level of application: the system might work for a major or main purpose, a 
minor or auxiliary purpose or even for a standby purpose. 

• The working time and period of operation: the product can work either 
continuously or discontinuously. 

The application type of the product should be taken into consideration in the design 
phase of a new product and the support dimensioning phase of an existing product to 
provide a support plan for achieving the optimum conditions. In other words, the 
users' environments must be analyzed before deciding the service and maintenance 
concept for industrial systems/products. Furthermore, the users and the operating 
environment can also influence the degree of support needed to achieve the expected 
performance level (Markeset, Kumar, 2002b). Then the service, repair and other 
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issues of product support should be designed considering the system's operating 
environment parameters. For example, we cannot offer the same support to unique 
systems which are working in different geographical locations such as Argentina and 
Russia. 

2.4 Business management and organizational aspects of product 
support 

2.4.1 Geographical locations of the product 

This factor is important in the delivery of support and service for products. If the 
manufacturer is located close to the user, it may take a shorter time to get hold of 
spare parts and assistance, while if the user is far away from the manufacturer, the 
service delivery system becomes very critical. To optimize the product support, this 
issue also needs to be considered in the design phase of the product and product 
support by the manufacturer, supplier, and customer. Finally, in product support, a 
prompt response to the customers' requests plays a key role in customer satisfaction. 
So with respect to these points (fast response, repair and spare parts), the geographical 
distribution of customers is becoming a critical factor in decision-making concerning 
service delivery strategies, spare parts logistics and inventory management. In spare 
parts logistics, for instance, the geographical distribution of the customers (the 
product working places) has an influence on the lead time, and consequently the 
quantity of stored parts. 

In addition, there has to be a trade-off between the reliability and the geographical 
locations of the product (Figure 3). In this context to arrive at optimal product 
reliability characteristics for various geographical locations, the LCC analysis is a 
useful and powerful tool in correct decision-making. In other words, when 
considering and analyzing the life cycle cost of a new product, one can find out which 
rate (percentage) of reliability should be designed for a product in relation to the 
product's geographical location, in order to optimize the LCC. If the life cycle cost for 
one alternative is higher compared to the other one in the same condition, the lowest 
life cycle cost alternative in the normal situation is naturally preferred. 

Figure 3. Trade-off between product reliability and geographical location of product 
(adapted from lffarkeset & Kumar, 2002a) 
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2.5 Product support logistics 

The aim of product support logistics is to minimize the product support costs, 
including costs for ordering, holding, transportation, product downtime, etc. This 
research deals with spare parts issues in product support, and in the field of logistics 
we discuss spare parts inventory management and the ordering process for required 
spare parts. 

The conditions for planning the logistics of spare parts differ from those for other 
materials in several ways: 

• The service requirements are higher, as the effects of stock outs may be 
financially remarkable. 

• The demand for parts may be extremely sporadic and difficult to forecast. 
• The prices of individual parts may be very high. These conditions lead to the 

necessity to streamline the logistic system of spare parts. So spare parts 
management is naturally an important area of inventory research (Huiskonen, 
2001). 

At the beginning of the time interval, the cycle inventory is at its maximum, and at the 
end of the interval, just before a new lot arrives, the cycle inventory drops to its 
minimum (maybe zero). So the average cycle inventory is: 

(Max. + Min.)Cycle Inventory/2 

If we assume that the maximum and minimum cycle inventory at the beginning and 
end of the time interval is  N  (the number that is needed in the planning horizon (t)) 
and zero respectively, then the average cycle inventory is equal to: 

Average cycle inventory = (N+0)/2 = N/2 

This formula is exact only when the demand rate is constant and uniform. The 
principle objective of any inventory management system is to achieve an adequate 
service level with a minimum inventory investment and minimum administrative 
costs. The economic order quantity (EOQ) (Figure 4) is the lot size that minimizes the 
total inventory cost, concerning both holding and ordering with respect to elimination 
of shortages, and can be calculated as (Krajewski and Ritzman, 1999): 

EOQ = 
.\12DS 

H  

where:  D  = the annual demand (units/year)[equals  NT  in one year] 
S = the cost of ordering or setting up one lot ($/lot)  
H  = the cost of holding one unit in inventory for a year (often calculated as a 

proportion of the item's value) 
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Figure 4. Economic Order Quantity (Adopted from Krajewski and Ritzman, 1999) 

2.5.1 Inventory management —  P  system 

The periodic review  (P)  system (fixed interval reorder or periodic reorder system) is 
an inventory control system in which the inventory position is reviewed periodically 
(the time between orders (TBO) is fixed) and a new order is replaced at the end of 
each review. In this model we are required to define two basic parameters: the time 
between reviews  (P),  and the target inventory level (7). 

One option for determining the time between reviews can be to set  P  equal to the 
average time between orders for the economic order quantity:  

P = (TBOE4Ave = (EOQ / DAvd  

where  DA„  is the average demand. 

Because the demand is variable in the fixed interval reorder, some orders will be 
larger than the EOQ and some will be smaller, and we then consider the average 
demand. 

As mentioned above, if  P  represents the time between the reviews of the inventory, 
and L is the lead time, the sum of P+L is called the protection interval, which 
indicates the time interval for which the inventory must be planned when each new 
order is placed. With respect to the previous point, the target inventory level T is equal 
to the expected demand during the protection interval plus enough safety stock to 
protect against the demand and lead time uncertainties over this same protection 
interval (Krajewski and Ritzman, 1999), thus: 

T = Average demand during the protection interval + safety stock 

T= dx (P+L) + 0-P+L 
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where: (1)= the t-distribution value with a 1-p confidence interval, and is 

interpreted here as the number of standard deviations from the mean 
needed to implement the cycle service level  

d  = the average demand 
P+L = the protection interval 
o-p+L  = the standard deviation of the demand during the protection interval 

(St  = the standard deviation of the average demand over some time interval t 
(days or weeks), where t does not equal the lead time. 

So, in this model of inventory management, we want to calculate and know: (a) the 
time between the reviews of the inventory and the ordering of a new lot size of 
required items (spare parts etc.), and  (b)  the target level of the required items in the 
inventory to try to keep the availability of parts in the inventory necessary to eliminate 
shortages. 

2.5.2 Inventory management —  Q  system 

The continuous review  (Q)  system, sometimes called a reorder point  (ROP)  system or 
fixed order quantity system, is another inventory control system. In this system, the 
inventory position  (IP)  measures the item's ability to satisfy future demand and can be 
expressed as: 

Inventory Position = On-hand inventory + Scheduled receipts — Backorders  

IP =  OH  +  SR  —  BO  

When the inventory position reaches a predetermined minimum level, called the 
reorder point  (R),  a fixed quantity  (Q)  of the item is ordered. When the demand is 
certain, the reorder point  (R)  equals the demand during the lead time, but when the 
demand is uncertain, then the reorder point is obtained as follows: 

Reorder point = Average demand during lead time + safety stock 

= dx L + safety stock 

where  d  is the average demand, and L is the lead time (expressed as a multiple of the 
study time interval). When selecting the safety stock, we assume that the demand 
during the lead time is normally distributed, and the safety stock is obtained as 
(Krajewski and Ritzman, 1999): 

	

Safety stock = 	2) 

and, 	 aL = a, 
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where: al = the standard deviation of the demand during the lead time 
o-, = the standard deviation of the average demand over some time interval t 

(days or weeks), where t does not equal the lead time. 
L = the constant lead time, expressed as a multiple/fraction of t (for example if 

t represents a week and the lead time is three weeks, then L = 3) 
the t-distribution value with a 1-p confidence interval, and is interpreted 

here as the number of standard deviations from the mean needed to 
implement the cycle service level 
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3 Reliability 

The reliability of a system is a function of time and the environment in which the 
system is operating. When defining reliability, we can say that the reliability of a 
system is the probability that it will perform or operate the required functions without 
failure under a given condition for an intended operating period. Lower reliability 
means increased unplanned stoppage and consequently unscheduled repairs and 
decreased availability. Although more stand-by units may increase the system 
availability, they do not decrease the incidence of system failures (Kumar and  
Granholm,  1988). 

The study of product reliability requires a framework that incorporates many 
interrelated technical, operational, commercial and management issues. Some of the 
important issues in each of these areas are as follows (Blischke and Murthy, 2000): 

Technical issues: 
• Understanding deterioration and failure (material science) 
• The effect of design on product reliability (reliability engineering) 
• The effect of manufacturing on product reliability (quality variations and 

control) 
• Testing to obtain data for estimating part and component reliability (design of 

experiments) 
• The estimation and prediction of reliability (statistical data analysis) 

Operational issues: 
• Operational strategies for unreliable systems 
• Effective maintenance (maintenance management) 

Commercial issues: 
• Cost and pricing issues (reliability economics) 
• Marketing implications (warranties, service contracts) 

Management issues: 
• The impact of reliability decisions on business (business management) 
• The risk to individuals and society resulting from product unreliability (risk 

theory) 
• The effective management of risks from a business point of view (risk 

management) 

Figure 5 shows some of the important issues and the disciplines involved in product 
reliability analysis. 

For product reliability management, a life cycle approach is necessary. The 
manufacturer must make decisions with regard to various reliability issues during the 
product life cycle. The reliability of a product has a significant impact on operation 
and maintenance requirements. A product with low reliability has a smaller 
acquisition cost, but the operating and maintenance costs can be high. On the other 
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hand, a more reliable product will cost more, but have smaller operating and 
maintenance costs.  

  

Science & 
Technology (material, 
- anufacturing) issue, 

  

  

     

     

Management 	 Users 
issues 	 specifications 

Figure 5. Some important issues involved in product reliability characteristics 

This means that the reliability of the product is a very important factor in choosing 
between different options. One approach to deciding on the strategies for acquisition, 
operation and maintenance is the life cycle cost (LCC) approach. 

The LCC is the total cost of owning, operating, maintaining, and finally discarding the 
product. The maintenance costs, as a part of the product support costs, are influenced 
by the product reliability and the maintenance strategies (for corrective and preventive 
maintenance) used. 

Finally, we can say that the product performance is influenced by the following two 
sets of factors: 

• Factors prior to the sale and use of the product: These are primarily technical 
and engineering factors related to the design, development and manufacturing 
of the product. The manufacturer has reasonable control over these factors and 
in some cases (for example, defence acquisitions) the customer may have a 
significant influence (Blischke and Murthy, 2000). 

• Factors during use: These relate to the environment and the mode of usage. 
The latter includes factors such as the duty cycle, intensity of usage, operating 
environment factors (e.g. dust, temperature, humidity), etc. The performance 
of a product ordinarily degrades as the environment becomes harsher and/or 
the usage intensity increases. These factors are, to a significant degree, under 
the control of the customer (user) in the case of conventional products, and the 
manufacturer has very little (and often no) control over them. However, in the 
case of functional products, these factors are under the control of the 
manufacturer as a user. 
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Figure 6 presents a comparison between design out maintenance  (DOM)  and design 
for maintenance (DFM), showing important parameters from the points of view of 
product reliability characteristics and product support. 

Product Reliability 

Product Support 

Figure 6. Trading-off between  DOM  and DFM from a product support and 
product reliability point of view 

3.1 Reliability models 

The exponential and  Weibull  reliability models are generally the most common 
models used for the reliability analysis of systems. The main assumption in the 
exponential model is that the times between failures are exponentially distributed or, 
expressed simply, the failure (hazard) rate is independent of time (F(0=1- et). 

For example, the failure of electronic components that have a constant failure rate 
follows this model. However, there are several other mechanical parts which do not 
conform to the exponential model (i.e. do not have a constant failure rate), and fail 
due to ageing with time. Ageing or wear-out mechanisms such as corrosion, oxidation 
and wear are time-dependent processes. They result in increasin,g failure rates for the 
parts, characterized by the  Weibull  model as (F(0= 1- exp Hurl)  P]  with l3>1). 

The above-mentioned failure model equations are in simple conditions without 
considering risk factors (covariates) that can be assumed, such as operating 
environment factors. 
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The  Weibull  reliability model is a most versatile model for characterizing the life of 
machine parts (mechanical systems). It is given by the following equation: 

R(t) exp 	/17) ) 6  _1 

2(t)= ( ß /17)(t/17)fi -1  

where: 	 t>0, /3>0, />0 

The parameter / is the "characteristic life" parameter. It has the same units as  i  and 
the parameter ß is a "shape" parameter and is a non-dimensional quantity. ig =1 
represents the constant failure rate and the reliability model is converted to: 

with the failure rate: 

R(t)= exp(-2t), t 0 

1 	1  
t) = = 

MTTF 

and this model represents the exponential reliability model. )6 >1 representing an 
increasing failure rate. In the  Weibull  model, these two parameters can be determined 
by plotting 	lnln(l/R(t)) against ln(t), and the slope and intercept of the best fitted 

straight line to this data are the value of ,6 and / respectively [R(t, ) =  N 
 —  i  + 0.7 is 

 
N  + 0.4 

the median rank formula]. 

3.2 Operating-environment-based reliability analysis 

During the present research, it was found that most of the previous research on the 
reliability analysis of systems considers the operation time as the only variable for 
estimating the reliability of a system. However, there are other factors than time that 
influence the reliability characteristics of a system in its operation life cycle. These 
factors may include, for instance, the operating environment (e.g. temperature, 
pressure, humidity, or dust), the operating history of the machine (e.g. overhauls, 
effects of repair or type of maintenance) or the type of design or material, which are 
referred to as risk factors or covariates. These factors generally affect the failure 
behaviour of a system, but are usually ignored in the reliability analysis. Thus, the 
operating environment as an additional factor influencing the system reliability 
characteristics should be considered seriously when reliability and hazard rate 
analysis is performed. Then reliability can be defined on the basis of the intended 
function, the product operating life (time), and the environment of use (includes 
exterior influence factors such as dust, temperature, etc., and the operators' skills and 
competence). 

The hazard rate (also called the "force of mortality") is the instantaneous probability 
of the failure of an item at any stated time in its life, given that it has not failed 
previously. The term is applicable to non-repairable items and to repairable items 
before the first failure, but also has meaning for a repairable item after it has failed 
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and been repaired (Blanks, 1998). Meanwhile, the failure rate for a stated period in the 
life of an item is the ratio of the total number of failures in a sample to the cumulative 
observed time for that sample. But usually and also in this thesis, these two terms 
(hazard rate and failure rate) are used in the same sense. 

One method for analyzing the effects of covariates on the hazard rate (reliability) is to 
use the regression models, which generally can be broadly classified into two groups, 
parametric and non-parametric regression models, on the basis of the approaches used 
(Lawless, 1982; 1983). In parametric models, the lifetime of a system is assumed to 
have a specific distribution that depends on covariates such as the  "Weibull  regression 
model" (Smith, 1991). In non-parametric models, however, the general approach is to 
decompose the hazard rate into two parts. The "proportional hazard model" (Cox, 
1972a) is an example of a non-parametric model and has been used in this research for 
calculating the system's failure rates. 

The generalized form of the proportional hazards model (PHM) that is most 
commonly used is written as (Cox, 1972a): 

h(x ,z)= ho (x)v(za) 

where za =Ez,a and a is the regression coefficient of the corresponding  n  

covariates (z), and ho(x) is the baseline hazard rate. 

In this model it is assumed in the real life of a system that the hazard (failure) rate is 
influenced by the time during which and the covariates under which it operates. In 
other words, the hazard rate of a system is the product of the baseline hazard rate 
/10(0, dependent on time only, and another positive functional term, basically 
independent of time. This term incorporates the effects of a number of covariates, 
such as temperature, pressure, and others. The effects of covariates may be to increase 
or to decrease the hazard rate. For example, in the case of bad operating conditions, 
poor and incomplete maintenance or incorrect spare parts, the observed hazard rate is 
greater than the baseline hazard rate, However, in the case of good operating 
conditions, or improved and reliable components of a system, the observed hazard 
rate will be smaller than the baseline hazard rate (Kumar and Klefsjö, 1994b). The 
basic concept of this model is shown in Figure 7. 

The baseline hazard (failure) rate is assumed to be identical and equal to the total 
hazard rate when the covariates have no influence on the failure pattern. 

Therefore, the observed hazard rate of a system with respect to the exponential form 
of function, which includes the effects of covariates, may be given as (Kumar and 
Klefsjö, 1994b): 

2,(t, z) = (t) exp(z a) = 20 (t)exp(Ea f z",) 
=I 

where zi,  j  = 1, 2.....n are the covariates associated with the system and  aj, j  = I, 2,  
n  are the unknown parameters of the model, defining the effects of each one of the  

n  covariates. 
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t, 	 t, Time 

Figure 7. Effects of risk factors (covariates) on the hazard rate of the system 
(Kumar and Klefsjö, 1994b) 

The multiplicative factor, exp(za), may be termed the relative risk of failure due to the 
presence of the covariate z. The reliability functions are given by: 

where, 
R(t) = [R0(t)]4a  

Ro (t)= exp — j20 (x)cfr] = exp[— A, (t)] 

and Ro(t) is the baseline reliability function dependent only on the time, and A0(t) is 
the cumulative baseline hazard rate. 

24 

H
a
za

rd
 R

at
e

  



4 Spare parts 

4.1 Product-reliability-based spare part (non-repairable) 
forecasting 

In the literature there are a large number of papers in the general area of spare 
provisioning, and most of them deal with the repairable systems (Sheikh et al., 2000). 
For the management of non-repairable spare parts, which often fail with only time-
dependent failure rates, there are some renewal-theory-based prediction models 
available for forecasting the required spares. For several types of parts, subassemblies 
and modules, replacing them upon failure is more economical than repairing them. 
For example, computer parts, light bulbs, filters, gears, brake pads, hoses, gaskets, 
seals, bearings, and valves are parts which are mostly replaced rather than repaired. 
These parts are known as non-repairable parts or service parts. 

Replacements of individual units are made just after their failure. If the parts are such 
that their actual failure in service may result in damage to the other parts of the 
system, or the cost of failure is too great for the system, then a replacement can be 
made just prior to the failure. In this case the replacement time can be calculated on 
the basis of the reliability characteristics of the product. 

If the mean time to failure of a non-repairable item is T (the average time that the 
operator can use the equipment before it fails), with the standard deviation as c(7), 

then we define  "K  = u(T) / " as the coefficient of variation of the time to failures 
(K=1/ ß in the  Weibull  model, and for the exponential model as a special case with 
ig =1 then K=1). And if the operation time "t" is quite long and several replacements 
are required during this period, then the expected (average) number of failures is: 

E[N(t)] = H(t)  

which is also known as the renewal function and can be defined as (Gnedenko and et 
al., 1969): 

t  
H  (t) = E[N (t)]= = + 

1  
—(K  —1) 

T 2 
= Average number of failures in time t 

and the standard deviation of the number of failures in time t is : 

cr{N(t)] K  

As mentioned before in the exponential model,  K  = 1 and T =1/2 (where .1 is the 
failure rate of the part). The renewal function and the standard deviation of the 
number of failures in time "t" for this model can be reduced to (Sheikh and et al., 
1991): 
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H(t)= E{N(t)1= 

o[N(1)]= IL 
If time "t" in the above equations representing a planning horizon is large, then we 
can claim that N(t) is normally distributed (based on the central limit theorem). 
Therefore the number of spares  N  needed during this period with a probability of 
shortage  =p  (confidence = 1-p) is given by:  

N = E(N(t))+ o-(N(t))(1)(1,„)  = -=t  + (K 2  —1) + K \11(1) p  
T 2 	 T ( /2)  

where CD 0, /2 is the t-distribution value at a "I-p"  confidence interval. For an 
exponential model (K=1) the previous equation will be reduced to:  

NT t t 
= =+ =(1) 

T 	(p( 2)  

These equations calculate the required spare parts with the assumption that there are 
no influences from covariates. 

4.2 Product-operating-environment-based spare parts estimation 

In the real life situation, as mentioned earlier, there are several factors other than time 
that have an influence on the reliability characteristics of parts/systems. By taking 
these factors (covariates) into account in our calculation, we can assume the term 
exp(az) in the hazard rate function [h(t,z)] to be proportionate to the actual working 
condition, as a constant coefficient. Then: 

R(t) = exp(E iz j ) x ex[_ S2  (x)dxj = exp(t o ti z j ) x exp[— A,  (I)]  

The  Weibull  reliability model is a fitting model for analyzing the life of mechanical 
systems (parts), but it becomes complicated when the effects of covariates (operating 
environment factors) are integrated in the reliability model. 

Meanwhile, in practice exponential distribution is assumed for simplicity when 
analyzing the time to successive failure of equipment or its components, even though 
the true distribution is the  Weibull  process. The percentage error in calculation of the 
mean time to failure and the mean time to repair when applying an exponential model, 
instead of the  Weibull  model, is small (Kumar, 1989). Then we can ignore this error 
to gain the advantage of simplicity of analysis, and claim that the exponential model is 
applicable and probably the best model when the effects of covariates come into the 
calculation, especially when the parts being studied are non-repairable parts. 
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Then, considering this point, the number of required spare parts can be obtained by 
(adapted from Billinton and Allan, 1983):  

N  ( 
z
it\  X  

1 - P(t) = exp(-2t)  x E 	 
x=0  X!  

where:  
P  = The probability of the shortage of spare parts [1-  P  = the confidence level 

of spare 
parts' availability] 

= The failure rate of the part concerned (regarding the effect of covariates) 
t = The operation time of the system (life cycle)  
N=  The total number of required spare parts in period "t" 

If  "q"  is the number of a specific part that are in use at a given moment, then  q  is 
entered into the equation in the form of multiplication by "Ätq". So the calculated  "N"  
will represent the total required number of spare parts for the whole system during 
time t. 

4.3 Spare parts classification 

There are other important factors, such as the geographical location of the 
machine/system, the cost, and the criticality of the part, which influence decision-
making concerning how much to order and when to order. Therefore, spare parts need 
to be evaluated in terms of these factors as well. 

The operating location, for instance, can be seen from the point of view of the 
geographical location or the distance between the user (product) and the 
manufacturer/supplier. This factor has an influence on the lead time for service and 
spare parts delivery, as a short distance to the product's working place involves 
shorter lead times and prompt replies in product support. However, if the product user 
is located far away from the manufacturer, the lead time for spare part/service 
delivery becomes long and very critical. This factor can be classified as near, 
moderate, or far (i.e. the distance between the working place and the 
manufacturer/supplier). 

The criticality is based on the cost of not completing the process, the assigned 
equipment function or the mission. The criticality can also be classified as low, 
moderate, and/or high, for example. Highly critical parts are those which are 
absolutely essential for mission success, and moderately critical parts are such that, if 
they are out of stock at the time of demand, they will have only a slight to moderate 
effect on mission success, whereas parts of low criticality are not absolutely essential 
for mission success. For instance, if one part with low criticality is not available on 
demand, we can either find it on the market or use another alternative part as a 
substitute. 
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Figure 8 indicates an example of spare parts classification. This factor (the category of 
spare parts) might be taken into account when we define the confidence level of spare 
parts' availability. 

Figure 8. Spare parts classification 
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5 Summary of appended papers 

The first paper focuses more on the engineering aspects of required spare parts 
forecasting. In this paper, after a short introduction dealing with different and typical 
forms of product support, a comparison of products with high and low reliability was 
carried out from the product support point of view. Additionally, the results of the 
case study in this paper indicate that the operating environment factors (covariates) do 
not only cause a failure rate increase, but sometimes also help to improve the 
reliability characteristics and decrease the failure rate. In this case study, the variation 
of the covariate "temperature" outside the recommended range, contrary to the 
covariates "hose type" and "hose age", which increase the failure rate of hose, causes 
a reduction of the failure rate. 

The inventory management system discussed in this paper, the  P  system (periodic 
review system), identifies two parameters: the time between reviews and the 
inventory target level. 

The second paper provides approaches for integrating operating environment and 
system reliability characteristics for effective spare parts planning. It also contains a 
discussion about spare parts logistics. Answers to the following questions are 
provided in this paper: 

• Which factors influence product support issues? And how do they influence 
such issues? 

• How can we consider and integrate these factors in product design and product 
support logistics to minimize products' LCC? 

In addition, some constraints in the product design phase and product logistics phase 
cause poorly designed reliability and maintainability, and a poor maintenance and 
product support strategy. These weak points in the product life cycle cause unplanned 
stoppages. 

The different forms and factors of the product's operating environment are also 
discussed here. In the case study presented in this paper, the  Q  system (continuous 
review system) was used and discussed, and the two unknown variables in this system 
— inventory lot size and reorder point — were calculated. 

In Paper 3, after a short explanation of product classification based on two groups, 
namely conventional and functional products, product support issues were classified 
into two categories: support to the customer (STC) and support to the product (STP). 

Product support strategy is discussed in this paper as well. In the section on this topic, 
products are classified into four groups, and a different support strategy for each 
group of products is analyzed and classified. 

Moreover, a brief comparison of product life cycle cost between products with high 
and low reliability is made in this paper. 
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In the case study on hydraulic seals presented in Paper 3, it is seen that the two 
covariates, high dust level and poor operator skill, cause an increase in the failure rate, 
while, on the other hand, the covariate "oil type" causes a reduction in the failure rate. 
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6 Concluding remarks and research contribution 

Due to some constraints in the product design phase, products cannot fulfil their 
function completely. So product support is becoming an important issue in the 
product life cycle. This issue concerns the different forms of support that 
manufacturers offer to customers to help them compensate for the technical defects of 
products originating in the design phase. Spare parts are included in product support 
and their availability when required is very important. Reliability-centred spare part 
forecasting is a useful and applicable method that can help us to predict, procure and 
store in order to secure the availability of a system/machine. For realizing the 
prediction of spare parts needs, the product's operating environment parameters 
should be taken into account, while calculating the product's reliability characteristics 
(failure rate). From an economic point of view, the current level of spares kept in 
stock should be matched with the cost. In other words, one should balance the number 
of spares, ordering cost, purchase cost, and holding cost to optimize the stock level. 
Different factors influence this procedure, such as the geographical location of the 
user, the criticality of the part, the cost of the part, etc. 

The following are some of the conclusions drawn from the present research: 

• A reliable prediction of the spare parts consumption can be made if the 
operating environment is considered together with the reliability 
characteristics of the system. 

• The proportional hazard method (PHM) is a useful and powerful method for 
analyzing the reliability of a system that is working under the effect of 
external (environmental) factors called covariates. This method, in addition to 
identifying the effective covariates, indicates the effect of each covariate as 
well. 

• To calculate the reliability of the system in operation accurately, the operating 
environment factors should be taken into account. These factors may cause the 
hazard (failure) rate to increase or decrease, and may therefore influence the 
forecasted number of spare parts. 

• The formulation and selection of covariates in the reliability analysis are very 
important in the sense that the statistical inferences are based on the covariates 
considered. The  "p"  statistic value is helpful in deciding which covariates 
should be considered in reliability analysis. 

• Inventory management (logistics) is an issue of considerable importance that 
has a direct influence on the product's LCC. Inventory management should 
therefore be optimized on the basis of the cost of the spare part, the ordering 
cost, the holding cost, and the cost of the unavailability of the part. 

Considering the importance of the availability of spare parts for reducing and 
preventing the downtime of a system, which imposes a considerable loss on 
organizations, the present research tries to introduce a practical and realistic method 
for the determination and storage of the required spare parts. For this purpose, a 
model was developed which considers the significant factors influencing the 
prediction of spare parts (Papers I, II, and III). The system operating environment is 
one of these factors that up to now has rarely been considered in research concerning 
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required spare parts, and especially in research on the forecasting of spare part needs 
for systems. In other words, required spare parts forecasting based on the reliability 
characteristics of products considering the working environment, is the contribution 
of the research presented in the present thesis. 

6.1 Suggestions for future research 

The reliability characteristics of products are usually used for dimensioning product 
support with regard to engineering aspects. However, a subjective estimate of the 
effect of covariates is considered for the reliability improvement of a system. The 
effect of a covariate can be integrated in the dimensioning of product support for 
effective logistic management. Future work should be directed more towards 
obtaining the optimum product support and number of required spare parts to prevent 
stoppages. Some suggestions for future research are as follows: 

• Investigations analyzing certain covariates to find out optimal conditions for 
the cost-effective operation of a system. 

• Development of a model for applications of the  Weibull  reliability model 
when covariates exist. 

• Development of a simple model for required spare parts prediction for a 
system with respect to covariates. 

• Investigation of the integration of covariates (the product's operating 
environment factors) in dimensioning product design for optimizing the 
product support needs. 
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ABSTRACT. Product support is an important issue in today's industrial world. A diverse 
range of professions from design engineers at the beginning stages of product development to 
manufacturers and users in later stages takes it into consideration. What makes up a particular 
product support package varies according to type of system/mission, application, and stages 
of machine/system life. The lack of timely or incomplete support will likely cause unexpected 
downtimes, which in turn will often lead to uncompensable losses. Falling within the 
definition of product support items are spare parts. The lack of a critical spare part can cause 
untimely machine/system stoppage. Forecasting of product supportand spare parts 
requirements based on reliability and maintainability (R&M) characteristics of 
system/components together with system operating environment(s) is the one of the most 
effective strategies for prevention of unplanned stoppages. 
In this paper the effects of environmental factors on hydraulic hoses used on mine loaders is 
analyzed. The reliability of this non-repairable part and the impact it has upon operation is 
assessed both when environmental factors are considered and when they are ignored. From 
the study, it is found that the forecasting for hose inventory is more accurate when 
environmental factors are included in calculations. These results clearly demonstrate the 
value of the inclusion of environmental factors data in the product support logistics' 
optimization process. 

Keywords: Product support; Reliability; Operating environment; Spare parts; Logistics 

1. Introduction and Background 

A Product is the output of a manufacturer/producer used by consumers or for 
production of other products. It can be classified into two groups according to product 
characteristics: Consumer products and Industrial products. Consumer products such 
as personal computers, TVs, cars, and other durable goods are made for immediate 
use and consumption. Industrial products are used for the production of goods or 
other products either for use by consumers or industry. An Industrial product 
customer may be a 'professional' customer who sets up special product criteria, 
specifications, requirements, etc. (Kumar and Kumar, 2003). Mining equipment, car 
assembly robots, and crushers are some examples of this type of product. 
Every product, especially industrial products, needs support during operation 
throughout their lifetimes. Typical forms of support include installation, maintenance, 
repair services, spare part availability, warranties, and documentation that 
guides/trains end users. Essentially, product (or customer) support entails all activities 
that ensure that a product is available for trouble-free use to consumers over its useful 
life span (Loomba, 1998). 
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Product support can be broadly defined as any form of assistance that 
manufacturers/suppliers offer to users/customers to help them gain maximum value 
(profit) from the manufactured products. In today's competitive global economy it is 
reasonable to assume that users/customers will, in most instances, tend to prefer 
products that are intuitively usable and/or well supported as there will be fewer 
problems associates with use. Such support may be described as falling into one of 
two broad categories; namely support to customer and support to product (Markeset 
& Kumar, 2003 and Mathieu, 2001). Figure 1 illustrates typical forms of product 
support. 

Fig. 1. Typical forms of product support 

Beyond what is formally negotiated, support provided to a customer is typically based 
on client characteristics such as culture, educational level, geographical location, 
social/political environment, and organizational visions/goals/strategies. This 
approach to support addresses the general quality of interactions between a seller and 
a customer (Parasuraman, 1998) and includes uniquely needed elements such as extra 
documentation, consultancy, and training. Support to product, which is based on 
product characteristics, includes a range of support from the initial stage of product 
manufacturing to the phase of a product in use. This range of support may take the 
form of installation, maintenance, up grading, and improvements in 
reliability/maintainability with respect to operating environmental characteristics (e.g. 
dust, humidity, temperature, human factors, level of competence, etc.). In other 
words, we can describe support to product as the 'hardware' side and support to 
customer as the 'software' side of product support. 
Maintenance and spare parts support are two basic and critical issues of support to 
product. The unpredictability of end-user technological competence and other 
compelling factors (economy, environmental situations, and the like) make it 
impractical during a design phase to engineer a product that will fulfill its function 
without the need of service during operation. So, the need for support has become 
vital for the enhancement of system effectiveness and for the prevention of unplanned 
stoppage (see Figure 2 for an illustration of the issue). 
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2. Operating Environment 

Environmental conditions in which equipment is to be operated such as temperature, 
humidity, dust, etc. often have considerable influence on product reliability 
characteristics (Kumar & Kumar, 1992 and Kumar et al., 1992). Thus, an operating 
environment should be seriously considered when dimensioning product support and 
service delivery performance strategies, as this one factor will likely have a 
significant impact upon operational/maintenance cost and service quality. 

Fig. 2. Typical restrictions that cause unplanned stppage 

Some of the important examples of operating environment are: 

1. Working environment: 

(a) Climatic conditions such as temperature and humidity in which a 
system will be working.  

(b) Physical environment factors of dust, smoke, fumes, corrosive agents, 
and the like. 

2. User characteristics: such as operator skill, education, culture, and language. 
3. Operating place or location: this factor refers to workplace settings such as 

outside (free) or closed (surrounded) spaces, the industry that will use a 
product and/or other area characteristics (such as mines) where a product will 
be used. 

4. Level of application: the system may be intended to have a major/main 
purpose, a minor or auxiliary purpose and even a standby purpose in an 
operational setup. 

5. Work time and period of operation: planning may call for a product to be in 
continuous or part-time operation. 
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An operating environment can also influence the degree of support needed to achieve 
an expected performance level (Markeset and Kumar, 2003). 
This paper focuses on the influence of first factor (the working environment) on the 
product reliability charactyeristics for optimizing product support (spare parts 
provisioning). Emphasis here is on product design characteristics such as reliability 
and product hazard rate, and how to calculate required spare part requirements based 
on those influencing factors. Product hazard rate is, for the purpose of this article, 
defined as the rate at which a product will experience some form of failure during 
usual operation (for a more detailed definition see Kumar & Klefsjö, 1994 and Kumar 
et al., 1992). 

3. Reliability Characteristics of Products 

Reliability of a system is a function of the time of operation and the environment 
under which the system is operating. Lower reliability means a greater probability 
that there will be an unexpected number of failures leading to unscheduled repairs 
and a consequent decrease in system availability in its service life. As noted earlier, 
there are many factors, which can influence the reliability characteristics of system, 
and the reliability level of product has an influence on the product support. If we 
intend to achieve a failure free operation throughout the life of the system, we have to 
design a system/components, with a mean time to failure (MTTF) greater than the 
operating life of the systern/components. This situation is referred to as design out 
failures and also called design out maintenance  (DOM).  Life cycle costing (LCC) 
analysis can be used during a decision making process concerning the level of 
reliability of system and/or components of system. However, the design out 
maintenance approach often proves too costly or impossible due to state of the art of 
technology, therefore, one often ends up with design for maintenance (DFM)) 
approach. Figure 3 summarizes what needs to be considered when making decision 
in tradde-off between design out and design for maintenance, from product reliability 
characteristics and product support points of view. 

Product Reliability 

Product Support 

Fig. 3. Trading off between  DOM  and DFM in design process 
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Our literature survey shows that most research and articles on reliability consider 
operating time as the only variable when estimating reliability of a system. Usually 
overlooked are other factors that may influence reliability characteristics of a system 
during its working lifetime. For example, if a system is used in different geographic 
or climatic conditions then reliability characteristics will not be the same in these 
different conditions. Kinds of variables that can account for differences include 
working environment (e.g. temperature, pressure, humidity, dust, or voltage stress), 
operating history of a machine (e.g. overhauls, effects of repair or type of 
maintenance), or the type of design or material, which are referred to as risk factor or 
covariates (Kumar and Klefsjö, 1994). These factors can easily affect the failure rate 
(behavior) of a system yet are ignored in most reliability analyses. The hazard 
(failure) rate of a system is the product of baseline hazard rate 20(0, dependent on 
time only, and one another positive functional term (that is basically independent of 
time), which incorporates the effects of covariates such as temperature and pressure. 
The baseline hazard rate is assumed to be identical and equal to the hazard rate when 
the covariates have no influence on the failure pattern. The covariates can influence 
the hazard rate so that the observed hazard rate is either greater (e.g. in the case of 
poor maintenance or incorrect spare parts) or smaller (e.g. a new improved 
component of a system or reliable components) when compared to the baseline 
hazard rate. The basic concept of this model is shown in figure 4 (Kumar and Klefsjö, 
1994). So, the actual hazard rate (failure rate) in Proportional Hazard Model (PHM) 
with respect to exponential form of time independent function, which incorporating 
the effects of covariates can be defined as shown in formula 3.1 (Kumar and Klefsjö, 
1994): 

2(t• , ) = (t) exp(za) = 20 (t) exp(E z  j )  (3.1) 

where z3,  j  = I, 2, ...,  n,  are the covariates associated with the system and a1,  j  = 1, 
2, ...,  n,  are the unknown parameters of the model, defining the effects of each one of 
the I/ covariates. 

2.2 

0 	 t, 	 f, Time 

Fig. 4. Effects of risk factors (covariates) on hazard rate of system (Kumar and 
Klefsjö1994) 

4. Required Spare Parts Calculation 

For several types of industrial parts and subassemblies replacement of an entire unit 
upon failure of a part is more economical than repair. Bearings, gears, gaskets, seals, 
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filters, hoses, and valves are some of the kinds of parts that are normally replaced 
rather than repaired. 
Hydraulic hoses can also be classified as belonging to this group. Because of mining 
industry interest and the nature of the part we selected it for a case study. 
A hydraulic hose can be quickly repaired when the usually metallic joint connection 
(flange) fails, but usually its failure is in the form of tear and hole in the rubber part, 
which cause the leakage of hydraulic oil and is unrepaiable. The  Weibull  reliability 
model is an appropriate model for characterizing the life of machine parts 
(mechanical systems). But, use of the  Weibull  model becomes complicated when 
covariates associated with influence overall reliability characteristics (e.g. one cannot 
convert to linear form to find out the shape and scale parameters by regression 
analysis). 
On the other hand, the exponential reliability model is a simple, applicable, and 
probably the best model to use when the effects of covariates come into the 
calculations such as when the have non-repairable elements (as mentioned before). 
Meanwhile the percentage of error in the calculation of mean time to failure when 
assuming an exponential model instead of the  Weibull  model is small (about 5% and 
it is negligible in compare with error in data collection, which is usually about 10-
15%) (Kumar, 1989). Regarding to these points, in this case the number of required 
spare parts can be calculated through the use of the following formula (see Billinton 
and Ahllen, 1983 for background information): 

f 2.1)," 
1 — P(t)= exp(-22)x E 	 x! (4.1) 

where:  
P  = Probability of shortage of spare parts (1-  P  = Confidence level of spare 

part availability) 
= Failure rate of objective part (with regarding to effect of covariates) 

t = operation time of system  
N=  Total number of required spare parts in period t 

If there are  q  numbers of the same part in use at the same time then  q  is entered into 
equation in form of multiplying by Åtg. This way the calculated  N  will represent the 
total required number of spare parts for whole system. 

5. Case study 

Hydraulic loaders are parts of machines used in open pit and/or quarry mines for 
loading, hauling, and piling up of ore and gangue. The bucket hydraulic system is one 
of the important parts of the loading systems. The hydraulic system makes possible 
lifting, bringing down, and setting functions of the buckets during loading and 
unloading operations. The unit that transfers the hydraulic oil from hydraulic pumps 
to hydraulic cylinders is known as the hydraulic hose; it is classified as a high-
pressure hose. This kind of hoses includes different layers, and as shown in Figure 5, 
includes: 

1. Outer layer 
2. Reinforced textile layer 
3. Inner layer 
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Fig. 5. Internal structure of a high-pressure hydraulic hose 

Because of the importance of hydraulic hoses in mining operations, failure time data 
was obtained from one iron ore mine in Iran and analyzed to identify important 
factors that influence hose performance. Available information about the operating 
conditions of the hose was codified by a numeric value wherever required. 
Selection and formulating of covariates are very important in the reliability analysis 
with covariates because any statistical inference is based on the way they were 
formulated. This process should be based on the failure mechanism of the system 
(hydraulic hose in our case) under study. In this case the formulations of covariates 
were as follows: 

1. Hose type: the indicator "HOT" was used to denote the two different types of 
hoses (according to the material in the reinforced layer). This covariate is 
assigned the value -1 for a textile layer and +1 for a synthetic textile layer. 

2. Hydraulic oil pressure: the indicator  "HYP"  which is used to denote the 
pressure of hydraulic oil in hose at work, is assigned -1 for pressures more 
than 16 bar and +1 for pressures less than 16 bar (16 bar is the average 
allowed pressure). 

3. Hose age: the total operation time of a hose is denoted by a covariate  "HOA",  
and is assigned the value -1 for the total time more than 1500 hours and +1 for 
less than 1500 hours. 

4. Number of previous failures: upon failure of flanges on the ends of hoses, in 
the simple cases, they are repaired and used again. But, this repair influences 
operating time (reliability) of a hose. In other words, the repaired hose is not 
equal to a new hose. So we considered this factor as a covariate and denoted it 
as "NOPF" which is assigned the value -1 if a hose flange has failed and the 
value of +1 if there has been no failure in a flange. 

5. Temperature: the temperature of the operating environment influences hose 
failure (e.g. the effect of the temperature on the flexibility of hose). For this 
covariate, the indicator "TEMP" is used to denote the temperature and it is 
assigned the value -1 when the temperature less than 10  °C  and/or more than 
25  °C  and +1 for temperatures between 10  °C  and 25  °C.  

6. Pollution (dust, chemical, gas oil,...): this factor is present when the hose is 
exposed to corrosive conditions and is denoted by indicator  "POL".  The value 
is -1 when pollution is present and +1 when no pollution is present. 

In this study we started with the assumption that a replacement hose had the same 
20(0 (with /10(0 being the baseline failure rate) when the failed hose was deemed to be 
a non-repairable item. For modeling covariates in the regression analysis, we used a 
"step down procedure" where all the covariates were first considered together. Then, 
covariates found to have no significant value were eliminated in the subsequent 
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calculations. The corresponding estimates of a were obtained using the software  
SYSTAT.  The estimates of a were tested for their significance on the basis of t-
statistics and/or  p-value. One minus the  p-value for a covariate gave a measure of 
importance when we considered whether to retain any particular covariate in the 
model. The estimates of a for the six covariates are listed in step number 0 in Table I. 
With the step down procedure we found that the effects of four covariates  (HYP,  
HOT, TEMP,  HOA)  were significant at the 10%  p-value; these are listed in the 
subsequent steps in Table 1. 

TableLEstimutiongfC0Vailates 

Input records: 	 120 
Records kept for analysis: 	120 
Exact Failures 
Right Censored 

Step number 0 

Variables  included:  

89 
31 

t-ratio 

HYP -1.618 0.106 
HOT -2.087 0.037  
POL  -1.458 0.145  
NOPF  0.432 0.665  
TEMP  2.241 0.025  
HOA  -3.948 0.000 

Step number 1 
t-ratio 

Variables included:  
HYP  -1.563 0.118 
HOT -2.057 0.040  
POL  -1.372 0.170 
TEMP 2.208 0.027  
HOA  -3.978 0.000 	• 
Variables excluded: 
NOPF 0.433 0.665 

Step number 2 
t-ratio 

Variables included:  
HYP  -2.038 0.042 
HOT -3.077 0.002 
TEMP 2.261 0.024  
HOA  -4.593 0.000 
Variables excluded: 
NOPF -0.060 0.952  
POL  -1.366 0.172 

Final Model Summary 

Parameter Estimate S.E. t-ratio  p-value  
HYP  -0.395 0.194 -2.038 0.042 
HOT -0.758 0.246 -3.077 0.002 
TEMP 0.354 0.157 2.261 0.024  
HOA  -1.432 0.312 -4.593 0.000 
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Table 1. Estimation of covariates (continue) 

95.0 % Confidence Intervals 

Parameter Estimate Lower Upper  
HYP  -0.395 -0.776 -0.015 
HOT -0.758 -1.241 -0.275 
TEMP 0.354 0.047 0.661  
HOA  -1.432 -2.044 -0.821 

The PHM analysis showed that the hazard rate of the hydraulic hose is best modeled 
by: 

2.(t,z)—  20(t)  x exp(-0.395  HYP —0.758 HOT +0.354  TEMP  —1.432  HOA)  (5.1) 

As noted earlier, with this approach, the hoses are classified as non-repairable 
systems and for such a non-repairable system the lifetime is a random variable. The 
hoses are treated as having had no repair (we can ignore the flange changes as being a 
repair as the work is more a correction or modification rather than a true repair) and 
an actual hose is discarded after its one and only failure. Since the failure of one 
system does not affect the performance of separate, similar systems located 
elsewhere, the assumption that different systems (hoses) have lifetimes that are 
independent is reasonable. Additionally, for non-repairable systems if many units of 
the system were produced by the same manufacturing system, then it is reasonable to 
assume that the system lifetimes have the same distribution (Rigdon and Basu, 2000). 
So we can combine the above two assumption for non-repairable systems and 
conclude that the lifetimes for these systems are independent and identically 
distributed (IID). Also, as mentioned earlier, the exponential reliability model is a 
more usual and common application when there is this type of system characteristic. 
Then, when using the assumptions of the exponential reliability model for this item 
the mean time to failure is 1500 (manufacturer recommendation) hour and: 

Å0(t) 	
1 	1  

MTTF 1500 
6.67e — 4 
	

(5.2) 

this failure rate is constant with this approach. 
In this case study the working hydraulic pressure is about 18-20 (bar), the hydraulic 
system age is more than 1500 hours, the temperature is 20-25  °C  on average, and the 
synthetic textile layer type of hoses are used. So in this condition: 

kt,z)= 6.67e-4 x exp(-0.395 x (-1) —0.758 x 1 +0.354 x 1 —1.432x (-1)) = 2.77 e-3 
(5.3) 

The expected number of failures in one year (two working shifts per day) when 
1/X(t,z) = 361 hours is considered to be the mean time to failure of hoses with a 90% 
confidence of availability is equal to:  

N  (2.77e —3 x 5400)x  
0.90 = exp(-2.77e —3 x 5400) x (5.4) 
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N = 20 (unit)  

If for comparison we calculate the required number of spare parts without covariates 
(the effect of the operating environment's condition), we have: 

Ns  (6.67e — 4 x 5400)x  
0.90 = exp(-6.67e —4 x 5400) x E 

x.0 	X! 
(5.5) 

/Nrs  = 6 (unit) 

When the predicted number of failures in both conditions (with and without 
covariates) are compared we find a substantial difference. As the covariate factors are 
critical in real life working conditions, their use makes for better optimization of the 
management of systems. Machine life will be improved and possible downtime due to 
lack of spare parts will be minimized. 

6. Inventory Management and Ordering Process for Required Spare Parts 

There are important factors such as geographical locations of machines/systems and 
criticality of parts, which typically influence decision-making regarding how much to 
order, when to order, and the size of the replacement inventory to maintain. Spare 
part ordering is thus best evaluated in terms of operating location (geographical 
distance between user and manufacturer/supplier) and criticality (based on the cost of 
downtime and not completing the process/assigned function). The classification of 
spare parts according to these two factors is shown in the following table. The 
number of stars for each item indicates the importance (criticality) of the item to 
consider and pay more attention for its availability when required: 

Table 2. Classification of spare parts (adapted from Sheikh et al., 2000) 

Criticality 
01 eratin. location 

Low Moderate High 

Near SNL SNm*  
, 
3NH 

Moderate Smt.**  Smm SmH***  

Far SFL**  SFM  Sar  

In this case study, the hoses are originally made by  Trelleborg  in Sweden and, from a 
criticality point of view, are highly important, as without an adequate supply 
operations must be significantly curtailed. According to these parameters, a hydraulic 
hose can be classified as falling into the Simi***  category. So, sound management 
dictates that be enough spare parts on hand to ensure availability when replacements 
are needed to keep operations going at a normal pace. 
Another procurement option is the use of local suppliers/dealers and in this case the 
item (hose) can be classified as falling into the SNH*  category. With this category it is 
not necessary to have a 90% confidence for availability of spare parts in the mine's 
spare parts inventory and we can decrease the amount required in inventory due to 
dealer location (distance) and availability of spare part in market. However, when a 
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decision is made to use local suppliers in lieu of a more distant manufacturer it is 
advisable to first verify that the local supplier maintains an adequate inventory at all 
times. 

After defining the total number of hoses required in one year we next determine the 
inventory parameters for this non-repairable item. 
In this case, if the cost of hose is 25  SEK  (Swedish Kronor) per unit and we assume 
that the cost of placing an order is 18  SEK,  and annual holding cost is 20% of the 
hose value then economic order quantity with respect to annual demand equal 28 
units is (this follows the method outlined in Krajewski and Ritzman, 1999): 

EOQ
i2D5 

= 1
2 x 20 x18  

=12 (unit) 
H \ 

	
5 

This value, as mentioned earlier, is for a lot size that minimizes total cost. If we 
follow the periodic review  (P)  system for an inventory control system (as 
recommended by Krajewski and Ritzman, 2000), then we need to calculate the time 
between review  (P)  and target inventory level (T). So in this case:  

P=  EOQ/D = 12/20 = 0.6 (year) =219 (days) 	(6.2) 

With the assumption that the delivery lead-time equals 45 days then the protection 
interval will be 264 days. The standard deviation of demand over one year is 
calculated as follows: 

\
17 

i
moo  

— D(lyer) 	i 
 

T 	264 5 
(unit) 

 
(6.3) 

According to constant failure rate of this item (hose), it is acceptable that we assume: 

o D(bnonth) = °D(lyr) 112 = 0.42 (unit) 	 (6.4) 

then the standard deviation of demand during the protection interval is equal to: 

ap+L = DO month)  X  ..1%/77F-L = 0.42  x  V264 /30 = 1.25 	(6.5) 

So, the target inventory level with 90% confidence level of cycle service is: 

T=  d x  (P±L) (JP-FL  cl)  (p72) 	 (6.6) 

T= (20/12)  x  (7.3+1.5)+1.25  x  1.645 17 (unit) 	 (6.7) 

These calculations show that every 219 days we should plan to order enough hoses to 
bring the inventory up to a target inventory level of 17 units (about 2 units are the 
safety stock to cover unanticipated needs). 

(6.1) 
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7. Conclusion 

The operating environment of system/machine has a key role in system output and its 
technical characteristics such as reliability are part of that criticality. Forecasting 
required support/spare parts based on technical characteristics and the system-
operating environment is an optimal way to prevent unplanned disruptions or 
stoppages. This part replacement strategy can be critical for the manufacturer/supplier 
when developing a product support package as a way to help ensure user satisfaction. 
For the end-user this strategy can be equally useful in those instances where 
manufacturer/supplier support has stopped or never been used. 
The large difference in the results when determining required spare parts when the 
influence of operating environment factors are considered and ignored demonstrates 
that for optimization of product support logistics it is necessary to take into account 
environmental factors. When including these important parameters we can then better 
optimize any spare part inventory level, ordering value, and time between orders; this 
will also help to minimize logistics costs during a product's service life. 
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Appendix 

Below comes the data set, which has been analyzed. The numbers correspond to 
choronologically ordered times to failure of a particular hose. A time with star 
attached (censored data) corresponds to machine's break time, which is not due to 
hose failure.  

Ser. 
No. 

TTF Ser. 
No. 

TTF Ser. 
No. 

TTF Ser. 
No., 

TTF 

1 580*  31 617*  61 642 91 651 
2 927 32 680 62 560 92 760 
3 603*  33 670 63 840 93 776 
4 556*  34 1168 64 609 94 629 
5 790 35 649 65 628 95 829 
6 835 36 612*  66 680 96 823 
7 935 37 872 67 591 97 665 
8 904 38 592*  68 557*  98 599*  
9 736 39 638 69 817 99 680 
10 600*  40 751 70 646 100 696 
11 662 41 551*  71 650 101 775 
12 639 42 554 72 618 102 1029 
13 689 43 647 73 942 103 934 
14 760 44 605 74 647 104 803 
15 617 45 762 75 1005 105 862 
16 749 46 563 76 1264 106 643 
17 795 47 595*  77 563*  107 645 
18 887 48 620 78 728 108 621*  
/9 714 49 739 79 800 109 737 
20 750 50 673 80 726 110 635 
21 775 51 640 81 796 111 720 
22 1100 52 611 82 826 112 751 
23 555 53 612 83 662 113 638 
24 938 54 560*  84 743 114 602 
25 614 55 685 85 625

* 
 115 689 

26 705 56 629 86 1561 116 706 
27 554 57 607 87 768 117 914 
28 688 58 1139 88 1352 118 695 
29 607 59 577 89 649 119 912 
30 710 60 552 90 1038 120 721 	_ 
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ABSTRACT. Product support, which is also referred to after sale service to the product is 
important for customer because it increases the availability of the product and it assures the 
expected function of the product in its operational phase. It gets affected by many factors 
such as - reliability and maintainability characteristics and geographical location of the 
product. 
By highlighting the reliability issues and geographical distribution of product in design and 
manufacturing phases, the product life cycle cost (LCC) can be optimized. 
One of the important steps in product design is the decision making for design out 
maintenance  (DOM)  and/or designs for maintenance (DFM). The  DOM  alternative leads to 
produce high reliable, and vice versa, whereas the DFM assure the similar performance with 
lower reliability. However, the need for product support and spare parts must be considered 
in both alternatives. 
The forecasting of required product support and spare parts based on reliability-
maintainability characteristics is one approach for the product LCC optimization. 
Consequently, spare parts inventory management based on geographical distribution and 
reliability characteristics of the product can be also used as an alternative. 
This article describes a method to forecast the spare part requirements based on reliability 
estimation of the existing product under the influence of the product-operating environment. 
Subsequently the management of the spare parts inventory will be discussed based on the 
geographical location and required performance of the product. 

Introduction 

A product is an object that is made by manufacturer/producer for consumption or for 
production of other products. Generally, it can be classified according to the product 
characteristics into two groups: Consumer products and Industrial products. 
Consumer products are made for consumption such as personal computer, TV, car, 
etc. Industrial products are those, which are being used for production goods or for 
producing other products either for consumer or industry. Industrial product's 
customer may be a more professional customer and may set up special product 
criteria, specification, requirements, etc (Kumar and Kumar, 2003). Mining 
equipment, car assembling machine, crusher, and etc are the examples of this type of 
product. Every product, and especially the industrial product need support in their 
working during the lifetime. In the study of the concept of "product support" a few 
question exists that the answer of them clears up the subject. These questions are: 

• What is meant by product support? 
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• Why is product support required and important? 
• Which factors do influence product support issues? And how do they 

influence? 
• How can we consider and integrate these factors in product design to 

minimize product support and its cost? 

The different forms of assistance and aid that manufacturers offer customers to help 
them gain maximum value (profit) from product are known as a product support. This 
assistance can be done in different forms and stages of the product life cycle. Typical 
forms of support include installation, training on a product, maintenance and repair 
services (generally termed service), documentation, availability of spare parts, 
upgrades (enhanced functionality), customer consulting, and warranty schemes 
(Goffin, 2000). Meanwhile, the management considers and pays more attention to 
product support, because it: 

• Plays a key role for many products in achieving customer satisfaction and 
loyalty, and increased repeat sales. 

• Can be a considerable source of revenue and profit (about 4%-35% of total 
revenues with high margins — often higher than the profit margins on product 
sales (Knecth et al., 1993). 

• Can provide a competitive advantage in marketing. As product differentiation 
become difficult in many markets, companies are increasingly looking to the 
product support as a potential source of competitive advantage (Loomba, 
1998) 

The system/machine (industrial product) at work is generally linked with three basic 
concepts: service delivery, maintenance and provision service, and finally repair and 
spare parts (Figure 1). 

Figure 1. Link between three main influencing factors on a system at work 

60 



Poor designed 
reliability & 

maintainability 

Poor maintenance & 
product support 

strategy 

Constraints in 
design phase 

(state of the art and technology, 
environmental situations) 

Constraints in product 
support logistics 

(geographical distribution, 
logistics support availability, 

logistics facilities) 

Spare Parts Procurement Strategy Based on Reliability and Geographical Location 

Support to product (STP) 

Product support (different form of assistance to customer to gain maximum profit 
from the product) can be provided in different forms and stages of the product life 
cycle. With this concept, product support falls into two broad categories, namely 
support to customer and support to the product (Markeset and Kumar, 2002a, 
Mathieu, 2001). Support to customer is based on client characteristics such as culture, 
educational level, geographical location, social/political environment, etc. This type 
of support addresses the general quality of interactions between a seller and a 
customer (Parasuraman, 1998). Support to product, which is based on the product 
characteristics, includes support from the initial phase of the product generation to 
phase of the product in use. These are in the form of installation, maintenance, up 
gradation, and improvement in the reliability and maintainability with respect to 
product operating environmental characteristics such as dust, humidity, temperature, 
human, level of competence, and etc. In other word, we can compare the support to 
product as engineering aspect, and support to customer as organizational aspect of 
product support, which in this paper we will more discuss in engineering aspect side. 
Maintenance and spare parts support are two basic and critical issues of support to 
product, because often according to some restrictions such as state of the art of 
technology, economy, environmental situations, and etc, in design phase, the systems 
are not able to meet customers' requirement in terms of system performance and 
effectiveness. This is often due to poor designed reliability and maintainability 
characteristics combined with poor maintenance and product support strategy, which 
often lead to unplanned stoppages (Markeset and Kumar, 2002) (Figure 2). So 
regarding to referred problem, need for support is becoming vital. 

Figure 2. Typical constraints that cause unplanned stoppage 

Influencing factors in product support 

Influencing factors on product support, can be also divided into two groups (Figure3): 
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• Engineering aspects 
• Organizational aspects 

Product characteristics such as product RAM, product LCC, application type of 
product such as environmental (under which product is working in) factors, and etc, 
are placed on engineering aspect side, and geographical distribution (location), 
application situations, geopolitical and cultural conditions, and etc sits down in 
organizational aspect side. 

Product RAM 

Figure 3. Main influencing factors in product support strategy 

Reliability, availability, and maintainability of product are important and have intense 
influence on product support. The nature and reliability of equipment obviously has a 
large influence over the key elements of product support. High reliability does not 
exclude the need for maintenance, but rather preclude it. Products usually require 
maintenance, which is performed at regular time to ensure product reliability. 
However, high reliability does not mean that the product will be maintenance free 
science materials degrade over time, and many technical characteristics are dependent 
on the same mechanisms causing the need for maintenance but rather less (e.g. 
friction clutches, brakes, etc) (Markeset and Kumar, 2002b). 
Customers expect reliable products and quick response in the event of failure. 
Initially, customer support requirements may not be recognized as important, then 
poor product design means higher repair costs and can lead to dissatisfied customers 
(Goffin and New, 2001). Additionally, high reliability does not mean we need not to 
service or maintenance, but in less. In this paper we discuss about product reliability 
in engineering aspects and geographical distribution in organizational aspects. There 
is a trade-off between designed reliability, maintainability and repairability of the 
product - which is derived from economy situation (product cost) and the state of art 
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of technology - and leads to two types of methods or procedures in the product design 
stage: 

• Design out maintenance, and 
• Design for maintenance 

LCC (Life Cycle Cost) analysis can be used to compare and making decision between 
design alternatives (Figure 4). If the LCC for one alternative is higher compared to 
the other one, the lowest LCC alternative is naturally preferred. If the reliability of a 
system is too low, maintainability issues such as accessibility to spare parts that need 
to be maintained, serviceability and interchangeability of parts and systems, use of 
modular design have to be considered (Blanchard et al., 1995; Kumar, 2001). 

Figure 4. Product design decision based on LCC analysis 

The high reliable product or the design out maintenance approach often proves too 
costly or impossible due to state of the art of technology. Vice versa, lower reliability 
means increased unscheduled repairs and decreased availability. Therefore, one often 
ends up with design for maintenance with considering support and service to 
compensate for product low reliability, loss of performance quality, and lake of 
usability. In this option we allow the systems or components to fail, and then we 
move from design out to design for maintenance of a system. In design for 
maintenance, product support issues become vital, because support is needed to 
compensate for product unreliability, loss of performance quality and effectiveness, 
and lack of usability (Markeset and Kumar, 2002). 

Product reliability and the effects of operating environment 

Reliability of a system is the probability that it will perform or operate the required 
functions without failure under a given condition for an intended operating period. In 
literature survey we found that most of the researches and articles on reliability 
considers failure time as the only variable for estimating reliability of a system. There 
are other factors that may influence the reliability characteristics of a system during 
its working lifetime. The environmental conditions in which the equipment is to be 
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operated, such as temperature, humidity, dust, etc. often have considerable influence 
on the product reliability characteristics (Kumar and Kumar, 1992; Kumar et al., 
1992). Thus operating environment should be considered seriously while 
dimensioning product support and service delivery performance strategies since it 
will have and impact on operational and maintenance cost and service quality. This 
item contains (Figure 5): 

1. Working environment includes: 

o Climatic condition such as temperature, humidity and etc. in which the 
system is working. 

o Physical environment like existing of dust, smoke, and etc. 

2. User specifications: such as operator's skill, education, culture, language, and 
etc. 

3. Operating place or location: this factor refers to work place situations such as 
outside (free) or closed (surrounded) place, industries and or mines area. 

4. Grade and/or level of application: the system might work in major or main 
purpose, minor or auxiliary purpose and even in standby purpose. 

5. Work time and period of operation: the product can work either continuously 
or otherwise. 

Figure 5. Different factors of operating environment of system 

Then, reliability can be defined on the basis of the intended function, product service 
life (time), and the environment of use (includes external influence factors such as 
dust, temperature, etc, and operators skills and competence). 
Generally, in the real life of a system the hazard rate WO where 2(t)dt is 
approximately the conditional probability of failure in the time interval (t, t+dt) given 
survival to time t] is influenced by the time and covariates under which it operates. In 
other word, The hazard rate of a system is the product of baseline hazard rate io(t), 
dependent on time only, and one another positive functional term, basically 
independent of time, which incorporates the effects of a number of covariates such as 
temperature, pressure, and others. The effects of covariates may be to increase or to 
decrease the hazard rate. For example in the case of poor and incomplete maintenance 
or incorrect spare parts the observed hazard rate is greater than baseline hazard rate, 
and vice versa in the case of improved and reliable components of a system it will be 
smaller than baseline hazard rate (Kumar and Klefsjö, 1994b). The observed hazard 
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(failure) rate of a system with respect to exponential form of function, which includes 
the effects of covariates, may be given as (Kumar and Klefsjö, 1994b):  

n  
Z) = 0  (1) exp(z a) = 20(t)exp(E a z) 	 (1) 

where, z3,  j  = I, 2, ...,  n,  are the covariates associated with the system and  aj, i  = I, 
2, ...,  n,  are the unknown parameters of the model, defining the effects of each one of 
the  n  covariates. 

Required spare parts forecasting 

Several types of industrial spare parts, which are known as service parts as well, are 
non-repairable. In other word, changing and replacing them is more economical than 
repairing upon failure. For example bearings, gears, electronic parts, hoses, valves, 
filters, etc are placed on this category. Generally, change and replacements of 
individual units are made just after their failure. But if the parts are critical, such that 
their actual failure in service may result in damage to the other parts of the system, 
then we must be able to forecast it by using reliability techniques and the replacement 
should be made just prior to the failure or somewhat earlier than that (preventive 
maintenance). The  Weibull  reliability model is a fitting model for analyzing the 
mechanical systems (parts) life, but it becomes complicate while the effects of 
covariates (operating environment factors) enter in reliability model. Meanwhile, in 
practice exponential distribution is assumed for simplicity while analyzing time 
between/to successive failure of equipment or their components even though the true 
distribution is  Weibull  process. The percentage error in calculation of mean time to 
failure and mean time to repair when assuming an exponential model, instead of the  
Weibull  model is small (Kumar, 1989). Then we can ignore this error in advantage to 
simplicity of analysis, and claim that the exponential model is applicable and 
probably the best model while the effects of covariates is coming into calculation, if 
specially the under study parts are non-repairable parts. 
Then with considering this point, the number of required spare parts can be obtained 
by (adapted from Billinton and Allan, 1983): 

N 	x  
1 — P(t) = exp(--2t)x E 

(2,t)

x!  

where:  
P  = Probability of shortage of spare parts (1-  P  = Confidence level of spare 

parts' availability) 
= Failure rate of objective part (with regarding to effect of covariates) 

t = operation time of system  
N=  Total number of required spare parts in period t 

If there is  q  number of same part that are in use at the moment; then  g  is entering in 
equation in form of multiplying by Ätq. So the calculated  N  will represent the total 
required number of spare parts for whole system. 

(2)  
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Logistics and inventory management 

The requirements for planning the logistics of spare parts differ from those of other 
materials in several ways: service requirements are higher as the effects of stock outs 
may be financially notable, the demand for parts may be extremely irregular and 
difficult to forecast, and the prices of individual parts may be very high. These 
characteristics set pressures for reforming the logistic system of spare parts simple 
and effective. So spare parts management naturally is an important area of inventory 
research (Huiskonen, 2001). 
The principle objective of any inventory management system is to achieve sufficient 
service level with minimum inventory investment and administrative costs. The 
Economic Order Quantity (EOQ) (Figure 6) is the lot size that minimizes the total 
inventory cost, both holding and ordering with respect to elimination of shortage, and 
can be calculated as (Krajewski and Ritzman, 1999): 

Best  Q 	 Lot size  (Q)  

Figure 6. Economic Order Quantity (Adopted from Krajewski and Ritzman, 1999) 

= .
3

12DS 
EOQ 

H  
(3) 

where:  D  = annual demand (units/year)[equal Nin one year] 
S = cost of ordering or setting up one lot ($/lot)  
H  = cost of holding one unit in inventory for a year (often calculated as a 

proportion of the item's value) 

Two systems (model) are available for manage and control of inventory, which 
known as "periodic review  (P)  system" and "continuous review  (Q)  system". In the  P  
system, inventory position is reviewed periodically (time between orders (TBO) is 
fixed), and a new order is replaced at the end of each review to reach the inventory to 
target level (order quantity is not constant). In this model we require to define two 
basic parameters: time between review  (P),  and target inventory level (7). As an 
advantage of this model can say that the administration of the system (company) is 
convenient because replenishments are made at fixed intervals, which allow for 
standardized pickup and delivery time. 
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But in the  Q  system, the inventory position  (IP)  measures the item's ability to satisfy 
future demand. When the inventory position reaches a predetermined minimum level, 
called the Reorder Point  (R),  a fixed quantity  (Q)  of the item is ordered. 

In other word, in this model the order quantity is fix, but the time between orders is 
variable and it can differ from order to order. A lower safety stock in savings 
(warehouse) is known as a advantage of this model. This model is illustrated with a 
case study that will come. 

Spare parts classification 

Spare parts can be classified based on different factors, which influence the decision 
making about how much and when to order. These factors should be chosen 
according to importance of effect on availability of spare part when it is required. 
Geographical location of machine/system (distance to manufacturer/supplier), 
criticality, and lead-time of spare parts are examples of these factors. In our case the 
spare parts was evaluated based on operating location (geographical distance between 
user and manufacturer/supplier) and criticality (based on the cost of downtime and 
not completing the process/assigned function), and classified as follows (Figure 7): 

Classification of Spare Parts 

Figure 7. Classification of spare parts 

The height of each column indicates the importance of the item to consider and pay 
more attention for its availability when required. 

Case study 

Our case study is about the brake system of loaders, which are used commonly in the 
open pit mines for loading, hauling, and pilling up of ore and gangue. The brake 
system includes many non-repairable parts. The brake pad (brake lining kit) is one of 
items that was studied for analyzing of the effect of operating environment on mean 
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time to failure and consequently forecasting the spare part needs. Figure 8 shows the 
part of brake system that was mounted on loader wheels. 

Brake 
Pads 

Figure 8. Loader wheels brake parts and brake pads 

For studying of operating environment influence on failure (consumption) rate of 
loader's brake pads, we analyzed the failure time data, which has been obtained from 
an Iron ore mine in Iran. We identified the important environmental factors 
influencing the performance of the pads, and codified them by numeric value. These 
factors (covariates) are: Smoothness and uniforrnity of brake disc  (DSU),  Type of 
brake pad (TOP), Dust, Pollution (oil, gasoline, chemical water)  (POL),  Temperature 
(TEMP), Operator's skill (OPS). The corresponding estimates of a were obtained by 
using the software  SYSTAT  in "step down procedure", and were tested for their 
significance on the basis of  p-value. In the other word, 1-p for a covariate indicates 
the importance of its considerations in the model. The following table (Table 1) 
shows in short the estimation of a for the six covariates (SE. indicates the standard 
error of estimates). 

Table 1. Estimation of covariates 

Variables 
p  - value Final Model 

95% confidence  
interval 

Step° Stepl Step2 Step3 Estimates S.E. Lower Upper 
OPS 0.002 0.002 0.003 0.003 -1.344 0.454 -2.234 -0.455 

DUST 0.114 0.107 0.070 0.046 -0.658 0.330 -1.305 -0.010 
TOP 0.001 0.001 0.001 0.001 -1.312 0.378 -2.054 -0.571  
DSU  0.478 0.414 0.579 

The effect of three covariates  (DUST, TOP, 
OPS) is significant at 10%  p-value.  

TEMP 0.470 0.433 
POL  0.878 

Then the best model for hazard rate of brake pads according to result of PHM 
analysis is (see eqn.1): 

2.(t,z)= 4(0 xexp(-1.344 OPS- 0.658 DUST- 1.312 TOP) 	(4) 
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To satisfy the proportionality assumption of the hazard rates, the plots of the 
logarithm of the estimated cumulative hazard rates against time should be simply 
shifted by an additive constant a, the estimate of the regression parameter a of the 
covariate, which is taken as strata. Therefore, the plot should be almost parallel and 
separated properly matching to the different values of a, if proportionality assumption 
is correct (Kumar and Klefsjö, 1994a). For example figure 9 depicts this graph for 
covariate TOP. 
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Figure 9. An example (TOP covariate) of graphical test for proportionality 
assumption of the hazard rates 

The exponential reliability model assumption, which is more common in practical 
applications as a system characteristic, should be always checked for trend and 
dependency. For this purpose, the following graph (Figure 10) indicates no trend in 
data, then the assumption of identical distribution for the TTFs under consideration is 
not contradicted (graph is almost straight line). On the other hand, regarding to non-
reparability of part (brake pad) we allow concluding data as independent. 
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Figure 10. Graph for checking the trend in TTFs data 
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The baseline hazard rate for this part with mean time to failure 2000 hour, is: 

Mt) = 	1 	
1 
	— 5e — 4 

MTTF 2000 

In this case study, the loader operators are almost expert and brake pads are not 
adapted with manufacturer recommendations. Dust in this mine due to the nature of 
rocks, is classified in hard class (contains quartz and sand). The corresponding 
covariates were assigned the value —1 for bad situation (hard dust and unacceptable 
type of pad) and +1 for good and acceptable condition (expert operator), So according 
to this condition as per equation (4): 

kt,z)--= 5e-4  x  exp(-1.344x I — 0.658x (-I) — 1.312  x  (-I) )= 9.35e-4 (6) 

The expected number of required brake pad in one year (two working shift per day) 
with considering about 1100 hour as a mean time to failure of pads with 90% 
confidence of availability when it is required, is equal to:  

N  (9.35e — 4 x 5450 x 8)x  
0.90= exp(-9.35e — 4 x 5450 x 8) x E x,. 	X! 

N 48 (units/Y/loader) 

In ideal condition, where no covariate existent, the required number of brake pads is 
equal to:  

N  
0.90 = exp(-5e —4 x 5450 x 8)* E  (5e-4 x 5450 x 8)x  

x.. 	X! 
(8) 

N 28 (units/Mader) 

If we compare the number of required pads in both conditions, with or without 
considering the effect of the operating environmental factors, we find the importance 
of these factors and their role in real life of parts. It can be concluded for optimizing 
of system management with respect to real life factors, operating environmental 
parameters should be taken into account in operation management of 
system/machine. 
Since the studied loader's model in our case study is Volvo, different dealers in 
different parts of world are offering this part to sale. If we consider a dealer in 
Sweden, due to distance and criticality of part, it can be classified in the high 
significance category. If the user decides to purchase from local dealers, then it can be 
classified in the low significance category. 
With assumption the cost of one pair brake pad equal 617  SEK,  the cost of ordering 
one lot equal 400  SEK,  and the annual holding cost equal 18% of the part cost, the 
economic order quantity with respect to annual demand rate (24=48/2) is (Krajewski 
and Ritzman, 1999): 

1_2DS 
1
12 	x 24 x 400  

EOQ = 	 12 (pair/loader) 	(9) H 	111 

(5) 

(7) 
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The total inventory cost with this quantity is minimum. If we use the "continuous 
review  (Q)  system" for managing and controlling the inventory position, then we 
should calculate the "reorder point". The "reorder point" is equal to the sum of 
average demand during lead-time and safety stock. The safety stock is calculated 
based on the confidence level of cycle service and the number of standard deviations 
from mean. If average lead-time in this case is 45 days, and assume 90% confidence 
level of cycle service, then we have: 

°- D(1 year) -= 
t 

1
15450  

= 	 — 1100 2.23 (pair/loader) 
T  

(10) 

Reorder point= dxL+cr„  x 	(p  /2) 	x  1.5+0.19x 1.51/2 x 1.645 4 (pair/loader) 

(11) 

This means whenever the inventory position reaches 4 pair brake pad per loader (1 
pair/loader, is safety stock), we should order 12 pair/loader. 

Conclusion 

To make system and machine as reliable as possible, one has to design out 
maintenance. However, this approach is not feasible mainly due to technological 
limitations and cost issues. Then we are forced to design for maintenance. This 
demands that one has to consider the reliability and maintainability characteristics of 
the product, together with supportability issues such as product support, customer 
training, product documentation, spare parts supply, etc, during the design phase to 
optimize maintenance need. The reliability investigation of the system may be helpful 
in arriving at the optimum number of spare parts (for scheduled and preventive 
maintenance) needed for fulfillment of the task/goals. Meanwhile, the reliability of 
industrial/mechanical parts is not only function of time but also the environment in 
which the machine/system is used, plays a critical role in reliability and consequently 
availability characteristics of machine, and some times cause more spare parts 
requirements. Then it should be highlighted while spare parts forecasting, calculation, 
and inventory management is in process. As it was seen in case study, covariates have 
much influence in number of required spare parts. But we can optimize it with 
modifying some effective parameters, such as user/operator training. 
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Appendix  

The following table contains the data set, which has been used for analyzing the real 
failure rate of loader's brake pad. The numbers in MTTF columns corresponds to 
chronologically ordered time to failure of particular brake pad.  

Ser. 
No. TTF Ser. 

No. TTF Ser. 
No.  TTF 

I  1353 11 1189 21 1923 
2 1321 12 1533 22 1504 
3 1251 13 1860 23 1710 
4 1621 14 1225 24 1692 
5 1319 15 1976 25 1883 
6 1442 16 1399 
7 1673 17 1870 
8 1180 18 1242 
9 1345 19 1723 
10 1301 20 1279 
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ABSTRACT. To improve the reliability, maintainability, and supportability (RMS) of a product, 
it is necessary to understand the factors influencing the product performance. These factors can 
be user environment, human (operator) aspects like training, and technical characteristics of the 
product. The environmental conditions in which the equipment is to be operated, such as 
temperature, humidity, dust, road conditions, maintenance facilities, maintenance crew training, 
operators' skill, etc, often have considerable influence directly on the product reliability and 
indirectly on the product supportability characteristics. Thus operating environment should be 
seriously considered while dimensioning product support and service delivery performance 
strategies, since it will have an impact on operational and maintenance cost and service quality to 
provide product support plan in an optimal condition. 
Spare parts are classified, as a product support items whose availability is important when 
planned or unplanned maintenance is to be carried out. Forecasting the required support/spare 
parts based on technical characteristics and operating environmental conditions of a system, is the 
one of the best ways for optimizing unplanned stoppages. 
This paper discusses about product support (required spare part) logistics based on product 
design characteristics and operating environment both for conventional and functional products 

1. Introduction 

A product is an object that is made by manufacturer/producer for consumption or for 
production of other products. Generally, it can be classified according to product 
characteristics into two groups: Consumer products and Industrial products. Consumer 
products are made for consumption such as personal computer, TV, car, etc. Industrial 
products are those, which are being used for production goods or for producing other 
products either for consumer or industry. Industrial product's customer may be a more 
professional customer and may set up special product criteria, specification, 
requirements, etc (Kumar and Kumar, 2003). Mining equipment, car assembling 
machine, crusher, and etc are the examples of this type of product. 
On the other hand, product can be classified based on ownership as well. According to 
this, a product can be classified into two groups: Functional products and Conventional 
products. In functional products category, the user does not buys a machine/system but 
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the function it delivers (Markeset and Kumar, 2002a). To avoid the complexities of 
maintenance management, many customers/users prefer to purchase only the required 
function and not the machines or systems so that the responsibility of maintenance and 
product support lies with organization delivering the required function. 
The conventional product is that the customer buys and uses the product and accepts the 
responsibility of maintenance, and the service provider delivers product support and 
services according to the requirements and agreement. 
Every product, and especially the industrial products need support in their working 
period during the lifetime. Typical forms of support include installation, maintenance, 
repair services, availability of spare parts, warranty schemes, and documentation to user 
guiding and training. In fact product (or customer) support entails all activities "to ensure 
that a product is available for trouble-free use to consumers over its useful life span" 
(Loomba, 1998). 
Product support can briefly be defined as any form of assistance that 
manufacturers/suppliers offer to users/customers to help them gain maximum value 
(profit) from the manufactured products, and it is important in the recent industrial world 
scenario. Meanwhile, the management considers and pays more attention to product 
support, because it: 

• Plays a key role for many products in achieving customer satisfaction. 
• Can be a considerable source of revenue and profit. 

• Can provide a competitive advantage in marketing. 

On the other hand, it is undeniable that the environmental conditions in which the 
equipment is to be operated, such as temperature, humidity, dust, etc. often have 
considerable influence on the product reliability characteristics (Kumar and Kumar, 
1992; Kumar et al., 1992). Thus operating environment should be seriously considered 
while dimensioning product support and service delivery performance strategies since it 
will have an impact on operational and maintenance cost and service quality. In general, 
since new products are often employed under conditions that are also new and many 
items are intended for uses different from typical applications, it is common in many 
applications to modify predicted values by application of environmental and other 
factors. The intent is to account for different conditions, such as temperature, humidity, 
dust, voltage stress, etc. 

2. Product support 

Product support which sometimes known as customer support and/or after-sale support, 
is the name given to the different forms of assistance and aid that manufacturers offer 
customers to help them gain maximum value (profit) from the product. This assistance 
can be provided in different forms and stages of product life cycle. With this concept, 
product support falls into two broad categories, namely support to customer and support 
to product (Figure 1)(Markeset and Kumar, 2002a, Mathieu, 2001). Support to customer 
is based on client characteristics such as culture, their educational level, geographical 
location, social/political environment, organization's vision, goal and strategy. This type 
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Figure 1. Classification of product support 

of support addresses the general quality of interactions between a seller and a customer 
(Parasuraman, 1998), and includes, extra documentation, consultancy, training, and etc. 
Support to product, which is based on product characteristics, includes support from the 
initial phase of product generation to phase of product in use. These are in the form of 
installation, maintenance, up gradation, and improvement in the reliability and 
maintainability with respect to product operating environmental characteristics such as 
dust, humidity, temperature, employees/human, level of competence, and etc. In other 
word, we can compare the support to product as hardware side, and support to customer 
as software side of product support. 

Maintenance and spare parts support are two basic and critical issues of support to 
product, because often due to lack of technology and other compelling factors (like 
economy, environmental situations, etc), in the design phase it is impossible to design a 
product that will fulfill its function. So the need for support is becoming vital to enhance 
system effectiveness and prevent unexpected stoppage (Figure 2). 
Product technical characteristics such as product reliability and maintainability are more 
useful factors in defining and obtaining the required maintenance and especially spare 
parts needs. Meanwhile, it can be used in decision making between design for and design 
out maintenance, in design phase. 
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In other words, while considering maintenance in design, either we can try to design out 
maintenance or try to optimize the design with respect to maintenance issues, and 
decision can be made for each alternative relating to different factors such as: application 
type, geographical distribution, cultural, socio-political situation, operational 
environment, and etc of the product/system. 

Figure 2. Typical restrictions that cause unexpected stoppage 

Furthermore, the state of the art of technology is important in decision-making. Lack of 
available technology might not allow the desired elimination of maintenance, or it might 
be too costly (Figure 3). 

Figure 3. Integration of different parameter in product design to make decision for 
design out/for maintenance 
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3. Product support strategy 

The manufacturers due to some factors and restrictions, mentioned earlier, attempt to 
optimize maintenance needs during product development & manufacturing phases, and 
the spare parts are becoming an important issue in this scenario. How many spare parts 
are required? When and how much should be ordered? And so on, are some questions 
that should be answered in product support management phase and discussion. 
Spare parts forecasting differs for repairable and non-reparable systems, and in this paper 
we are discussing just about non-repairable parts. Non-repairable spare parts needs, can 
be studied in two categories as: 

a. For new product  
b. For existing product 

And each of the above categories can be further subdivided into two sub-categories as:  

i. Conventional product 
ii. Functional product 

In the class ai (new and conventional product), the customer is owner of system, and 
owner normally performs operation and maintenance processes. The manufacturer 
attempt to optimize the reliability of system and its components based on product LCC, 
competitive market, customer competence and needs. In this case, support generates 
revenue for manufacturer, but cost for customer. So, manufacturer profits from selling 
the system/machine and deliver support services to product. Meanwhile the manufacturer 
wants maximum profit at lowest cost, then focus on optimum reliability, since by 
improving reliability, not only the cost of product is increased, but also revenue from 
product support will be decreased. Then the manufacturer should focus on trade-offs 
between product price (market competitive), performance (customer needs) and costs. 

In the category all (new and functional products), the manufacturer is responsible for 
delivering total functional performance instead of just delivering and supporting a 
physical product performing a function. The physical function needs to be designed for 
maximum performance effectiveness and efficiency at minimum LCC (Markeset and 
Kumar, 2003). This means that the operational and maintenance costs needs to be as low 
as possible. 
Product weaknesses causing the need for services to support product, must be designed 
out, if possible. If not, the product needs are to be designed for cost effective reliability, 
and thereafter for easy maintenance and support at lowest cost. 
Services and maintenance, which are directed at enhancing product exploitation, need to 
be minimized by incorporating them into the training of operation and maintenance 
personnel, or designed out through improved product reliability, improved 
documentation, etc. The manufacturer will not make any profit in maintenance and 
support. In this scenario, the manufacturer would like to optimize product reliability 
based on geographical location of operating of system (distance between manufacturer 
and operation place), customer competence, political and geopolitical situation of 
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customer, and infrastructure facility and utilization in operation place. Then the required 
spare parts can be obtained and managed to procure. 
Customer is responsible for anything (operation, maintenance, upgrade, etc), as 
mentioned earlier for  bi  (existing and conventional products). Then he/she can calculate 
and procures required spare parts based on product condition and its technical 
parameters. 
In bii (existing and functional products), the manufacturer is delivering performance with 
an existing product, and has less possibility to influence performance through product 
design. Since the manufacturer owns the product/machine, and hence has to live with the 
weaknesses, there will be no profit from conventional services to support the product or 
customer. In other words, improved profit is coming from improved operational, 
maintenance and product support strategies. Reliability is influenced by how the product 
is used, by the operation environment, load, etc. Improving the preventive maintenance 
strategy and product support strategy (availability of spare parts in situ when required) 
also can influence system/machine availability. Consequentially, training of operation, 
maintenance, and support personnel will be important to ensure effective and efficient 
function performance (Markeset and Kumar, 2003). 

4. Product reliability characteristics 

Reliability of a system is a function of operation time and the environment, under which 
the system is operating. Reliability of a system is the probability that it will perform or 
operate the required functions without failure under a given condition for an intended 
operating period. Lower reliability means increased unscheduled repairs and decrease 
availability. More stand-by units may increase the system availability but do not decrease 
the incidence of system failures (Kumar and  Granholm,  1988). 
Life Cycle Cost (LCC) analysis can be used to compare and making decision between 
design alternatives. If the life cycle cost of one alternative is higher compared to the other 
one, then the lowest life cycle cost alternative is naturally preferred (Figure 4). 
If the reliability of a system is too low, maintainability issues such as accessibility to 
spare parts that need to be maintained, serviceability and interchangeability of parts and 
systems, use of modular design have to be considered (Blanchard et al., 1995, Kumar, 
2001). 

4.1. Operating environment based reliability analysis 

Our literature survey shows that most of the researches and articles on reliability 
considers the operation time as the only variable for estimating reliability of a system. 
The reliability models, which also uses only time as an influencing factor, may not be 
suitable for the reliability analysis, because there are other factors that may influence the 
reliability characteristics of a system during its working lifetime (Kumar, 1993). For 
example if a system is used in different geographical or climatic conditions, then its 
reliability characteristics will not be equal in different condition. 
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Figure 4. Comparison between high and low reliable products 

These variables may, for instance, include working environment (e.g. temperature, 
pressure, humidity, dust, or voltage stress), operating history of a machine (e.g. 
overhauls, effects of repair or type of maintenance) or the type of design or material, 
which are referred to as risk factor or covariates. 
For an item under consideration, with failure density function f(t) and reliability function 
R(t), the failure nature can be modeled by the hazard rate 4t) given by the relation: 

A(t) = 	, where 2(t)dt is approximately the conditional probability of failure in the 
R(t) 

time interval (t, t+  dt)  given survive to time "t". 

As mentioned earlier, the hazard rate of a system, in general, is influenced not only by 
the time, but also by the covariates under which it operates. The hazard rate of a system 
is the product of baseline hazard rate 20(t), dependent on time only, and one another 
positive functional term, basically independent of time, which incorporates the effects of 
a number of covariates. The baseline hazard rate is assumed to be identical and equal to 
the total hazard rate when the covariates have no influence on the failure pattern. The 
covariates may influence the hazard rate so that the observed hazard rate is either greater 
(e.g. in the case of poor maintenance or incorrect spare parts) or smaller (e.g. a new 
improved component of a system or reliable components) compared to the baseline 
hazard rate. The basic concept of this model is shown in Figure 5 (Kumar and Klefsjö, 
1994). 
So, the actual hazard rate (failure rate) with respect to exponential form of time 
independent function, which incorporating the effects of covariates can be defined as 
(Kumar and Klefsjö, 1994): 
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n  
/1,(t Z) = 110  (t) exp(z a) = 20  (t) exp(1, z j  ) 

	
( 1 ) 

where zp  j  = 1, 2, ...,  n,  are the covariates associated with the system and  aj, j  = 1, 2, 
...,  n,  are the unknown parameters of the model, defining the effects of each one of the  n  
covariates. The above model is commonly known as proportional hazards model (PHM) 
(see for details Kumar and Klefsjö, 1994) 
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Figure 5. Effects of risk factors (covariates) on hazard rate of system (Kumar and 
Klefsjö, 1994) 

5. Required spare parts calculation 

For several types of spare parts, subassemblies and modules, replacing them, upon failure 
is more economical than repairing them. Bearings, gears, electronic modules, computer 
parts, gaskets, seals, filters, light bulbs, hoses, and valves are some of such parts, which 
are mostly replaced rather than repaired. In real life situation as mentioned earlier, there 
are several factors except time that has influence on reliability characteristics of 
parts/system. To account for these covariates into calculation we can assume the term 
exp(az) in the hazard rate function PA z)] proportionate to actual working condition, as 
a constant coefficient. Then: 

R(t)= exp(I a jz)x exp — 	(x)dx 
0  

n 

eXPI a iz x exp[— A, (t)] 	(2)  

where A, (t) is the cumulative baseline hazard rate. 

The above exponential reliability model is generally a simple, applicable, and probably 
the best model while the effects of covariates are coming into calculation, If specially, 
the under study items are non-repairable (as mentioned before). In case of non-repairable 
items, the number of required spare parts can be calculated by (adapted from Billinton 
and Allan, 1983): 
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N I ut\ X  

1  P(t)= exp(--2t) E 	 (3) 

where:  
P  = Probability of shortage of spare parts (1-  P  = Confidence level of spare 

parts' availability) 
= Failure rate of objective part (with regarding to effect of covariates) 

t = operation time of system  
N=  Total number of required spare parts in period  "i"  

If there is  q  number of same part that are in use at the moment; then  q  is entering in 
equation in form of multiplying by iltq. So the calculated  N  will represent the total 
required number of spare parts for whole system. 

6. Case study 

Life today would be difficult without such basics as water and electricity. In industry the 
same could be said with regard to hydraulic power. The hydraulic loaders are used 
commonly in the open pit mines for loading, hauling, and pilling up of ore and gangue. 
The hydraulic bucket lifting system of these loaders, which includes different repairable 
and non-repairable parts, plays a key role in the operation of machine. The hydraulic seal, 
which is used in hydraulic jacks, is one of non-repairable parts that were studied for 
analyzing of the effect of operating environment on mean time to failure and 
consequently forecasting of spare part needs. Figure 6 shows a number of seals that was 
mounted on hydraulic lifting jack. For studying of operating environment influence on 
failure rate of these seals, we analyzed the failure time data, which has been obtained 
from an Iron ore mine in Iran. 

Figure 6. Hydraulic jack and seals 

We identified the important environmental factors influencing the performance of the 
seals, and codified them by numeric value. With respect to importance of selection and 
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formulating of covariates in statistical inference, the covariates are formulated as follows 
in this case study: 

1. Roughness ofjack rod: The indicator "RNR" is used to denote the hydraulic jack 
rod condition regarding to rod surface finishing and smoothness, which is 
assigned the value —/ for rough, and / for smooth surface. 

2. Type of hydraulic oil: the indicator "OILTYPE" is used to denote the type of 
hydraulic oil is assigned I for the standard/manufacturer recommended type and — 
1 for other types. 

3. Dust: this factor is denoted by the indicator "DUST", and is assigned 1 for 
insignificant (less and soft material such as clay...) and —/ for significant 
(excessive and hard material like sand, quartz...) dust. 

4. Pollution (oil, gasoline, chemical water...): this 	parameter appears as a 
corrosion that accelerated the failure, and denoted with indicator "POLUTION", 
which is assigned value —1 for pollution existence and / for non-existence. 

5. Temperature: the temperature of parts and operating environment influences the 
abrasion and failure rate of the seals. The indicator "TEMP" is used to denote 
this covariate, and is assigned the value —/ for temperature above +35  °C  or 
below —15  °C,  and 1 for temperature between —15 to +35  °C.  

6. Operator's skill: this factor has much influence on failure rate of seals, and 
appears in the form of the hydraulic jack's interior oil pressure (excessive oil 
pressure at the time of lifting more than allowed load). The indicator 
"OPSKILL" is used to denote this factor and assigned the value / for skilled and 
—1 for inexpert operator. 

Collected data for time to failure (TTFs) of partial hydraulic seal, which used for failure 
rate estimation, is given in Table 1. 

Table I. Time to failure of hydraulic seal (in hour)  

Ser.  
No.  

TTF  
(hr)  

Ser.  
No.  

TTF  
(hr)  

Ser.  
No.  

TTF 
(hr)  

1 1505 11 1677 21 1849 
2 1337 12 1947 22 1767 
3 1627 13 1497 23 1496 
4 1926 14 1459 24 1419 
5 1758 15 1423 25 1975 
6 1419 16 1633 
7 1572 17 1361 
8 1429 18 1607 
9 1570 19 1529 
/0 1322 20 1577 
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For checking the IID (independent identical distribution) assumption for data (inherent 
assumption of the exponential reliability model, (Eq. No. 2), cumulative time to failures 
(TTFs) Vs cumulative failure number is plotted in Figure 7. 

30 
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.• 
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• 
• • 
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Figure 7. Showing no trend in the TTFs of hydraulic seals 

The plotted points have lain on a straight line. It implies that there is no trend in the 
failure data. 
Then the assumption of identical distribution for the TTFs under consideration is not 
contradicted. On the other hand, regarding to non-reparability of part we allow 
concluding data as independent. Same baseline hazard rate Ro(t)] for seals after failure 
and replacement have been assumed. The  SYSTAT  software was used for estimating the 
correspond value of a, and were tested for their significance on the basis of  p-value. In 
the other word, 1-p for a covariate indicates the importance of its for considerations in 
the model. 

Table 2 shows the estimates of a for the six covariates (t-ratio in this table indicates the 
t-test statistic for each covariate, uses for determining  p-value). 

The results show that the effects of three covariates (DUST, OPSKILL, OILTYPE) are 
significant at 10%  p-value. 
The best model for hazard rate of seal according to the result of the PHM analysis is: 

.1(t,z)= 4(0  x  exp(-0.783 DUST— 0.777 OPSKILL + 0.397 OIL TYPE) 	(4) 

To satisfy the proportionality assumption of the hazard rates, the plots of the logarithm of 
the estimated cumulative hazard rates against time should be simply shifted by an 
additive constant a, the estimate of the regression parameter a of the covariate which is 
taken as strata  (Kalbfleisch  and Prentice, 1980). 
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Table 2. Estimation of covariates 

Step number 0 
t-ratio 

Variables included: 
DUST 	 -2.678 
TEMP 	 0.056 
RNR 	 -1.240 
OILTYPE 	 1.104 
POLUTION 	 1.432 
OPSKILL 	 -2.586 

Step number 1  
I-ratio  

Variables Included: 
0.007 	 DUST 	 -2.698 	0.007 
0.955 	 RNA 	 -1.240 	0.215 
0.215 	 OILTYPE 	 1.205 	0.228 
0.270 	 POLUTION 	 1.531 	0.126 
0.152 	 OPSKILL 	 -2.728 	0.006 
0.010 	 Variables excluded: 

TEMP 	 0.056 	0.955  

Step number 2 
t-ratio 

Variables included: 
DUST 	 -2.760 
RNR 	 -2.025 
POLUTION 	 1.438 
OPSKILL 	 -2.803 

Variables excluded: 
TEMP 	 -0.480 
OILTYPE 	 1.212 

"P"  

0.006 
0.043 
0.150 
0.005 

0.631 
0.226 

Step number 3 

Variables included: 
DUST 
RNR 
OPSKILL 

Variables excluded: 
TEMP 
OILTYPE 
POLUTION 

t-ratio 

-2.820 
-1.376 
-2.872 

0.227 
1.088 
1.474 

0.005 
0.169 
0.004 

0.820 
0.277 
0.140 

Step number 4  
I-ratio  

Variables included: 
DUST 	 -2.630 
OPSKILL 	 -2.672 
Variables excluded: 
TEMP 	 -0.732 
OILTYPE 	 1.705 
POLUTION 	 0.195 
RNR 	 -1.394 

Final Model Summary 

Parameter 
DUST 
OPSKILL 
OILTYPE 

Parameter 
DUST 
OPSKILL 
OILTYPE 

Step number 5 
t-ratio 

Variables included: 
0.009 
	

DUST 
	 -2.831 
	

0.005 
0.008 
	

OPSKILL 	 -2.802 
	

0.005 
OILTYPE 
	

1.670 
	

0.095 
0.464 
	

Variables excluded: 
0.088 
	

TEMP 
	

0.316 
	

0.752 
0.845 
	

POLUTION 
	

1.013 
	

0.311 
0.163 
	

RNR 	 -0.500 
	

0.617 

Estimate 
	S.E. 	t-ratio 	p-value 

-0.783 
	

0.277 
	-2.831 
	

0.005 
-0.777 
	

0.277 	-2.802 
	

0.005 

	

0.397 
	

0.238 
	

1.670 
	

0.095 

95.0 * Confidence Intervals 
Estimate 	Lower 	Upper 
-0.783 	-1.325 	-0.241 
-0.777 	-1.320 	-0.233 

	

0.397 	-0.069 	0.862 

Therefore; the plots should be approximately parallel and separated appropriately 
corresponding to the different values of the regression parameter a, if the proportionality 
assumption is correct as is seen for example in Figure 8 (Kumar and Klefsjö, 1994). 

With assuming 3000 hour as a mean time to failure for this part (seal) (as recommended 
by manufacturer), and applying the exponential reliability model as a common model in 
analyzing of system characteristics, the constant baseline hazard rate is given by: 

1 	1  
20 0= 	= 	3.33e-4 

MTTF 3000 
(5) 
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Survival Plot 
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Figure 8. An example (DUST covariate) of graphical test for proportionality assumption 
of the hazard rates 

In this case study, the loader operators are almost expert, and hydraulic oil is standard 
and adapted to manufacturer recommendations. Dust in this mine due to the nature of 
rocks, is excessive. So according to this condition: 

.1(t,z)= 3.33e-4  x  exp(-0.783x (-I) — 0.777x I + 0.397  x  1 	4.98e-4 	(6) 

The predictable number of required seal in one working year (two working shift per day) 
with respect to 2007 hours as a mean time to failure of seals with 90% confidence of 
accessibility when it is required, is equal to:  

N (4.98e —4 x 5450 x 2)x  
0.90 = exp(-4.98e —4 x 5450 x 2)x E 

x.o 	X! 
(7)  

N 8 (units/Y/loader) 

In the ideal circumstance, where no covariate existing, the required number of seals is 
equal to:  

N  (3.33e — 4 x 5450  x 2)x  
0.90 --- exp(-3.33e —4 x 5450 x 2) x E 

x! 
N ", -• 6 (units/Y/loader) 

In comparison the number of required seals in both conditions, with or without 
considering the operating environmental factors' affect, the significance of these factors 
and their role in actual life of parts is appeared. We can also conclude for optimizing of 
system organization with respect to real life factors, operating environmental parameters 
should be taken into account in process management of system/machine. 
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7. Inventory management requirements 

Lead-time is one of important factors in the inventory management. This factor has 
influence on when and how many/much should order to minimize inventory cost and 
maximize the availability of parts when is required. On the other hand the criticality of 
parts is also another important factor in decision making about its quantity in warehouse. 
Then we can evaluate and classify the spare parts in term of lead-time (which represents 
indirectly geographical location of system) and criticality (Table 3). 
The number of stars for each item indicates the importance of the item to consider and 
pay more attention for its availability when required. Since the studied loader's model in 
our case study is Volvo, many dealers in different parts of world are offering this part to 
sale. With considering a dealer in Sweden, due to the distance between operating location 
(Iran) and dealer, and also the criticality of part, it can be classified in the SLm***  
category. 

Table 3. Classification of spare parts (adapted from Sheikh et al., 2000) 

Criticality 
Lead-time 

Low Moderate High 

Short Ssi. Ssm Sal 

Moderate SML Smm 
..* 

SMH 

Long SLL SLM 
, 	**. 

3LH 

Another option is that the user decide to purchase from local dealers, then it can be 
classified in the SHm*  category. 
With assumption the cost of one seal equal 500  SEK,  the cost of ordering one lot equal 
300  SEK,  and the annual holding cost equal 15% of the part cost, the economic order 
quantity with respect to annual demand rate (8) is (Krajewslci and Ritzman, 1999): 

EOQ _ 
1
12DS 12 x 8 x 300 

re 8 (Units/loader) 	(9) 
\ H 	75  

This is the quantity which with that the total inventory cost will be minimum. For the 
"continuous review  (Q)  system" as inventory position controlling and management, we 
need to calculate the "reorder point". The "reorder point" is equal to the sum of average 
demand during lead-time and safety stock. The safety stock is calculated based on the 
confidence level of cycle service and the number of standard deviations from mean. If 
average lead-time in this case is 45 days, and assume 90% confidence level of cycle 
service, then: 

cr D(lyear) — 	— 
3/5450 

 •••z• 1.65 (Units/loader) 	 (10) = 2007 

Reorder point= dxL+o-,  x  .j.,4:1)(p„)  =0.667x 1.5+0.1375  x  1.5"2 x 1.645 2 (U. /L.) 

(11) 
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It means whenever the inventory position reaches 2 units/loader (1 unit/loader, is safety 
stock), we should order 8 units/loader. 

8. Conclusion 

In the beginning, one attempts to make a product as reliable as possible, with less 
maintenance needs and cheap, But this approach is not feasible mainly due to 
technological limitations. Then the design for maintenance alternative becomes mooted, 
and this option demand that the reliability and maintainability characteristics with 
supportability issues like required spare parts of the product should be taken in account. 
Using the reliability techniques can optimize the forecasting and calculating for required 
spare parts during the product life. 
The reliability analysis of the hydraulic seal failure time data shows that the environment 
in which the machine/system is used, plays a critical role in reliability and consequently 
availability characteristics of machine, and some times cause more spare parts 
requirements. These covariates cause the hazard rate increase. Then the formulation and 
selection of a covariate is very important in the sense that the statistical inferences are 
based on the covariates considered. However, we can optimize it with modifying some 
effective parameters, such as user/operator training, and use of high performance material 
such as low friction composite or abrasion resistant polyurethane which enhance the 
performance characteristics of the seal and leading to a longer seal life. 
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