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Abstract 

 

The construction sector is currently undergoing a shift from in-situ construction to 

modular building systems that take advantage of modern prefabrication techniques. 

Long established conventional on-site building construction practices are thus being 

replaced by processes imported from the manufacturing sector, where component 

fabrication takes place within a factory environment. In this context, similar to 

manufacturing industries, the productivity of building components fluctuates, owing to 

human error and machine malfunction. Since the site demand must always be met, 

outsourcing manufacturing is employed to supplement the uncertain self-production. 

As a result of these transformations, the current construction supply chains, which have 

focused on the delivery of raw materials to sites, are no longer apt and need to make 

way to new, strengthened, and time-critical logistics systems.  

Moreover, previous studies have indicated that construction site delays 

constitute the most significant cause of schedule deviations. Thus, the primary reasons 

for causing schedule deviation need to be identified. In reality, owing to the complex 

structure of construction projects and long execution time, non-conformance in 

schedules occurs by a chain of events. Therefore, this research intends to investigate 

the factors causing schedule deviation in construction projects and understand the 

cause-effect relationships between the events leading to delays by implementing fault 

tree analysis. 

The primary aim of this research is to develop mathematical models by mixed-

integer linear programming, two-stage stochastic programming and robust optimisation 

for revealing optimal logistic configurations for modular construction projects under 

various prevalent site demand perturbations. The models’ outputs encompass the most 

favourable manufacturing, storage, transportation and outsourcing schemes, along with 

considerations of the best consolidation centre location for yielding the lowest modular 

construction supply chain operational cost. The applications of case studies demonstrate 

that the proposed models are effective and can serve as the foundation for a decision 

support system that optimises modular construction logistics under operational 

uncertainty.  
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Chapter 1 Introduction  

 

1.1 Research background  

 

    Over recent years many governments have launched various initiatives to improve 

the efficiency of the construction industry in order to deliver high-quality residential 

buildings and large-scale infrastructures in a shorter time and a more sustainable 

manner. In terms of residential buildings, the UK government intends to build one 

million homes within six years for solving the housing crisis. In response to these 

initiatives, construction companies have started to implement the modularised 

construction technique to replace the long-established in-situ construction method.  

 

Offsite construction  

Offsite construction refers to the fabrication of building elements at a location other 

than their final installed site. The purpose of it is to improve the overall project 

efficiency and to ensure the quality of the building components. It is worth mentioning 

that the buildings delivered by the offsite construction method sit at its location 

permanently, but the project carried out by modular construction can be either 

permanent or relocatable.  

 

Modular construction 

    Modular construction refers to the usage of prefabricated building modules or 

components for assembling the main structure of buildings. The modules are produced 

in offsite manufacturing factories, then transported to construction sites and assembled 

into their final position. Modules of different types can be stacked in many different 

ways, allowing the construction of building and facility layouts in a wide variety of 

configurations and styles (Pan and Goodier 2011). 

    The finished modules can also be delivered with mechanical, electrical and plumbing 

(MEP) systems, as well as with interior finishes aside from the main structures. The 

new construction method is particularly prevalent in projects, which possess high 

repetitions in their superstructures, such as hotels, hospitals, student residences, refugee 

camps, barracks, and industrial facilities (Boyd et al. 2012). Construction companies 

would usually try to utilise similar sized and functional modules to assemble the whole 

project, while benefiting from much shorter construction time and lower costs. 
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Furthermore, modular building systems are often applied in remote and rural areas 

where conventional construction may not be reasonable or possible (Blismas et al. 

2006). 

    Modular construction allows the building structures and the site foundations to be 

built simultaneously, which not only reduces labour and supervision costs significantly, 

but also saves considerable construction time and the spaces on the site for storing 

materials or equipment (Meiling et al. 2012). In addition, all the prefabricated 

components are manufactured in the controlled environment of factories, so that the 

building quality can be significantly improved. One of the consequences of this 

production method is the accuracy improvement in the module production line, which 

in turn minimises unnecessary material wastes and makes the recycling of extra 

materials more effective (Blismas et al. 2006). Hence, the modular construction method 

is more environmentally friendly than the conventional in-situ method.  

    Another merit of modular construction lies in its flexibility. One can continually add 

modules to a building for increasing its vertical utilisation capacity or relocate and 

refurbish the existing modules for fulfilling various needs (Arif et al. 2012). In essence, 

modular buildings can be recycled and reused in different ways and locations. 

    The modular construction relies heavily on the use of computer-aided design (CAD) 

software during its design stage to benefit from the new emerging practice of design for 

manufacture and assembly (DfMA). The ultimate goal of this innovative practice is to 

ensure that all the modules are designed for rapid manufacturing, and they can be joined 

seamlessly onsite without any obstacles. 

 

Logistics  

     Logistics is the management of the flow of resources between the point of origin and 

the point of consumption in order to meet the requirements of customers or corporations. 

The resources operated in logistics can include physical items, such as materials and 

equipment, as well as abstract items, such as information and services (Schönsleben 

2016).  Based on the operating domain, logistics can be further classified into internal 

and external logistics (see Figure 1.1). Internal logistics deals with planning and control 

of material and information flow within the boundaries of specific domains such as 

manufacturing factories and construction sites. External logistics is relevant to the 

shipping process of the resources under management. It is necessary to have means to 

ensure that transportation processes are safe and economical (da Vinci 1998). Logistics 
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management has recently been infused by the idea of lean, i.e. logistics management 

requires businesses to look for streamlining processes by eliminating waste and non-

value added activities (Brumby 2014). 

 

Figure 1.1 Internal and external logistics. 

 

Construction logistics 

    In the construction sector, logistics involves many aspects and various activities, 

such as available resources assessment, lead time assessment, supply and demand 

planning, assembly scheduling and the management of raw material inventory, onsite 

equipment and construction wastes management (Xue et al. 2007).  

    Typically, a construction logistics manager will be responsible for managing all the 

elements in the construction supply chain. Their primary responsibilities will include 

the coordination of the workforce, raw materials and equipment at the construction site 

(Akintoye et al. 2000).  

    A logistics manager should have a project timeline, which plans all the above 

activities in advance, with the inventory of materials, equipment and labour required 

well prepared (Dainty et al. 2001). Due to the complexity of the logistics process, 

numerous dedicated discrete-event-simulation (DES) software tools have been 

conceived to analyse and optimise conventional construction logistics (Bu Hamdan et 

al.2015).   

    However, these software tools based on DES usually provide only probabilistic 

estimations of the results. In another word, the output of these tools including activity 

scheduling, construction critical path and the resource allocation are decided on the 

basis of the most-likely situation that may happen in the future. When corresponding 

measures or decisions are made according to this output, the circumstances that deviate 

from the most likely situation are not taken into account, not to mention providing 
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mitigation solutions. In this regard, these software tools may not be suitable for 

providing the optimal supply chain configuration and logistics arrangement strategies 

for construction projects with stochastic site dmeand and the fluchuating component 

productivity, because their outputs are incapable of offering the solutions that would 

always remains optimal under random realisation of the future (Hsu et al. 2018). 

Besides, the execution of DES is often time-consuming to get statistically significant 

results, and any deficiency in crucial probabilistic assumptions could cause the model 

to deviate from reality.  

    In this research, we employed an approach consisting of establishing mathematical 

models which describe the logistics system of construction and can reveal an optimised 

solution to the problem of identifying the best supply chain configuration. 

 

1.2 Research problem statement 

 

New supply chain structure in construction 

    Over recent years, the practice of modular construction has progressively entered the 

construction industry, replacing conventional in-situ construction methods.   

    The structure of the supply chain for traditional in-situ construction projects is 

usually composed of multiple raw material suppliers that directly deliver to 

construction sites, with seldom use of consolidation centres for temporary storage 

(Pryke 2009). In this paradigm, raw building materials are dispatched to sites on 

demand, in response to orders placed by the site. Therefore, the configuration of the 

overall supply chain is straightforward as all the information for decision making such 

as quantity and timing of materials can be obtained from the planned construction 

schedule (Vrijhoef and Koskela 2000). In the event of schedule deviations, which make 

the site material demands diminish, deliveries can always be temporarily held in 

supplier warehouses or stored in construction sites until they need to be used (Azambuja 

and O'Brien 2008). 

    On the contrary, in modular construction projects, building materials are rarely sent 

directly to sites. Instead, most materials are initially transported to the manufacturing 

facility where they are transformed into modular products and components (Rogers and 

Bottaci 1997; Lawson et al. 2014). The modular components leaving a factory are 

typically large and unwieldy, so they often need to be transported using specialised 

vehicles, via specific routes, at specific times (Li et al. 2014). This makes their shipping 
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a challenging task, especially when construction sites are situated in the urban areas 

(Azhar et al. 2013).  Moreover, urban settings incur the problem of very limited storage 

space, which makes warehouses or consolidation centres essential for temporary 

storage (Li et al. 2014), thus introducing the need for another layer for buffering in the 

supply chain structure (see Figure 1.2). Under this circumstance, determining the most 

appropriate warehouse location, which has never been a major concern in conventional 

construction projects, becomes a critical issue in the design of the logistics for modular 

construction projects. In summary, the adoption of modular construction practices 

introduces an additional layer of complexity, given the interaction between 

prefabrication, specialised shipping, inventory management and assembly processes. 

Figure 1.2 The logistic structure employed in the modular construction (left) and that of the 

conventional construction (right). 

 

The uniqueness of modular products 

    Due to the dependence on complex and unique production processes, as well as the 

production of tailor-made and project-specific products (e.g. modular products such as 

bathroom and kitchen pods), modular construction supply chains are often 

distinguished from the logistics arrangements encountered in other sectors and are often 

studied separately (De La Torre 1994). For instance, commonly adopted assumptions 

such as the ability to procure products at a higher price from other manufacturers when 

production fails to meet the demand, may not always apply to modular construction. 

This is of course unless the design of the modular component (e.g. prefabricated 

reinforcement concrete component or bathroom pods) is released to the outsourcing 

manufacturer in advance so that the company has time to manufacture the emergency 

supplementary products. An alternative solution to this unique situation would be 

building up an appropriate level of initial inventory before the commencement of the 

construction. Nevertheless, previous studies focused on construction supply chains 
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(Vrijhoef and Koskela 2000; Azambuja and O'Brien 2008; Pryke 2009) have never 

proposed an optimal scheme for handling a time frame both before and after the start 

of the construction works.  

    More so, the total quantity of modular products produced in the factory normally 

matches the demand from the construction sites, and consequently, the inventory will 

reach zero when a project ends. This is in contrast to the supply chains of ordinary retail 

products, where inventory needs to be preserved as safety stock. Furthermore, unlike 

ordinary retail products, the presence of further assembly operations in construction 

sites incurs additional costs upon product delivery, with significant penalties that also 

need to be taken into account in case the supply is stagnating. 

    As a result, there is currently an urgency to establish a new, strengthened, and time-

critical logistic system to help the implementation of modular construction practice. 

The model that best describes the new logistic system (i.e. the three-tier modular 

construction supply chain) must include all the unique characteristics mentioned above.  

 

Uncertainties owing to supply perturbations 

    Since modular construction employs factory-based production for composing 

prefabricated components, as many manufacturing industries, its production process 

can be affected by factors such the workers' productivity fluctuation and machine or 

equipment downtime (Azhar et al. 2013). Outsourcing of manufacturing is sometimes 

employed to overcome production insufficiencies brought about by productivity 

uncertainties (Nembhard et al. 2003). This solution is usually under the condition that 

the construction company undertaking the project is willing to release the design of 

modular components to another manufacturer, and the outsourcing factory is capable 

of producing the components in a designated time frame to overcome the insufficient 

productivity. 

    However, to meet the demand on site and minimise the total cost, the most favourable 

scheme for self-production and outsourcing should be enacted well before the start of 

construction works. Therefore, finding the optimal production planning for the modular 

construction projects under uncertain self-productivity is one of the crucial topics that 

needs to be investigated when constructing the new logistic model. 
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Uncertainties owing to demand perturbations 

    Owing to the unique features of construction projects, such as long execution period, 

complicated processes, high sensitivity to environmental influences, the diverse 

interests of the different stakeholders and the dynamic structure of project teams, the 

delivery of projects on time is usually challenging (Zou et al. 2007). In fact, the 

construction industry regards delays in construction schedules to be inevitable 

(Sambasivan and Soon 2007), and directly linked to additional costs (Sweis et al. 2008).  

    Their causes can generally be traced to factors internal to construction sites such as 

human errors and equipment failures as much as external factors such as extreme 

weather conditions (Gündüz et al. 2013). Previous studies have focused on the 

mitigation of construction delays in in-situ projects through supply chain interventions 

(Azambuja and O'Brien 2008) and also tried to identify the most critical factor for 

causing schedule deviations in these projects. As a result, they found that most factors 

would exert an impact on the demand in construction sites, which in turn causes 

fluctuations (e.g. the bullwhip effect) in the whole upstream supply chain. Thus, finding 

an optimal supply chain scheme under the influence of those adverse events on 

construction sites is an essential unsolved issue faced by the logistics of modular 

construction. In this context, the newly established logistic model should be able to 

provide corresponding strategies to deal with the undesired site-demand perturbation 

and meantime minimise the supply chain operational cost. 

 

Tracing the primary cause of delay 

    There are many reasons for causing lateness in construction. Undesired events could 

happen individually or simultaneously, and depending on the severity of the schedule 

deviation caused, different amount of penalties or liquidated damages are imposed on 

the responsible parties (Abdelgawad and Fayek 2011). In order to control or eliminate 

the obstacles to complete a project on time, the causes of construction delays have to 

be understood and mitigated.  

    Furthermore, undesired schedule delays can happen in the execution of in-situ 

construction projects as much as modular construction projects. If an optimal logistic 

configuration is going to be established for the newly emerging construction method, 

the factors for fluctuating the planned logistic schedule must be disclosed and these 

factors need to be quantified or illustrated through proper probability density functions 

to reveal their severity and probability of happening. Under this circumstance, the 
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optimisation models established in this research can adopt the quantified values as input 

parameters for yielding the most favourable supply chain response for minimising the 

overall operational cost. 

    In the industrial sector, the most common way for revealing delays is by holding 

meetings to discuss which party has consumed most of the float time between activities. 

Afterwards a problem report is issued based on the meeting records (Hamzah et al. 

2011). 

 

     Many studies of in-situ construction projects have been carried out in academia to 

understand the origin of lateness, but modular construction projects have not received 

much attention. The methods typically applied to understand delays are surveys 

conducted using interviews or questionnaires (e.g. Assaf et al. 1995; Gündüz et al. 

2013), and reviews of existing literature (e.g. Chan and Kumaraswamy, 1997; Aibinu 

and Odeyinka, 2006; Pethkar and Birajdar, 2015).  

    These studies or the current industrial practice generally regard all the causes of non-

conformance in construction schedules to be at the same level. In other words, it is not 

known if these causes are initiating, intermediate or symptoms. In this context, the 

cause-effect relationships between delay causes are missing. Furthermore, the 

importance of a delay factor is generally assigned subjectively by the participants of 

the questionnaire or survey in the study based on their personal experience. Thus, there 

is no systematic and objective way of judging how significant a delay factor is.  

    In reality, lateness in construction schedules results from a chain or sequence of 

events, i.e. all the delay factors in a construction project are connected not only 

chronologically but also logically. This is because all the stakeholders in a construction 

project are interacting dynamically with each other during the whole execution period. 

Thus, any undesired delay event must be triggered by intermediate events and these in 

turn are caused by primary events which should be identified, understood and blamed 

for.  

    It is well known that, without recognising the most fundamental cause of the delay, 

it will be very difficult to prevent the same type of schedule deviation to happen again 

in the future. Only eradicating the primary delay factors in a project can eliminate the 

chance for all the subsequent undesired events to happen. Thus, in order to effectively 

reveal the primary delay causes, a new paradigm has to be implemented which can 

disclose the cause-effect and chronological relationship between delays factors not only 
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systematically, but also objectively based on the available records of construction 

processes kept by the construction company. In this way, the company can comprehend 

what actions they should take for evading the undesired delay events and enhancing 

productivity in the construction sector. In another thread, the identification of primary 

delay factors is essential, because they can be taken as the source of uncertainty in the 

logistic model established for determining the optimal supply chain configuration for 

modular construction.  

Summary of the newly emerging logistic problem 

    The adoption of modular construction practices introduces an additional layer of 

complexity, given the interplay between manufacturing, transportation, storage and 

assembly processes. In other words, modular construction possesses the characteristic 

of both construction and manufacturing and a new tailored logistic process is 

necessitated for its future coherent operation.  

    Previous research on the supply chains of in-suit construction as well as general 

merchandise can only partially inform a new logistic model for modular construction 

as the aforementioned features require additional considerations. The logistic 

configurations of modular construction including the module manufacturing scheme, 

transportation plan and inventory strategies have rarely been considered and have not 

been studied at the same time to achieve holistic optimality for multiple-tier 

construction supply chains.   

    Hence, there is an urgency to establish a new, strengthened, and time-critical logistic 

systems to assist the implementation of modular construction practice. The model that 

best describes the newly emerging logistic system must consider the factory’s self-

productivity perturbation and the undesired events fluctuating the demand at 

construction sites. In summary, finding an optimal supply chain configuration which 

discloses the most favourable schemes for self-production, outsourcing, transportation, 

inventory and warehouse establishment under the influence of adverse events is an 

essential unsolved issue faced by the logistics of modular construction. 

 

1.3 Research aim and objectives 

 

    The overall aim of this project is to investigate construction delays and determine the 

optimal supply chain configuration for modular construction projects. The research aim 

is broken down into four objectives as follows. 
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Identify the root causes of construction delays 

    Investigation of the factors causing schedule deviation in construction projects to 

understand the causal relationships between the events leading to delays. The identified 

prevailing delay factors that are quantifiable can serve as the uncertain parameters in 

the developed mathematical models. 

 

Determine the optimal supply chain configuration under various demand uncertainties 

    Identification of the optimal production, transportation and inventory schemes for 

the whole construction period while considering stochastic demands on site.  

 

Determine the optimal consolidation centre location and achieve risk aversion 

    Identification of a warehouse location and a supply chain configuration which can 

always minimise the total supply chain operational cost regardless of which demand 

scenario occurs in the future. This is an extension of the previous aim for helping the 

logistics managers who possess a certain attitude toward risk aversion. In other words, 

they not only pursue the optimal supply chain configuration, but also want to hedge the 

budget overrun.  

 

Determine the optimal outsourcing and distribution schemes 

    Determination of a production scheme encompassing the best outsourcing quantities 

for multi-prefabricated components and the most appropriate duration of self-

production under the condition that the self-productivity within the factory is uncertain.  

This is an extension of focus from downstream of the modular construction supply 

chain to the problems occurring within the manufacturing facility. 

 

1.4 Methodology and overview of results 

 

    The most commonly recognised reasons for causing schedule deviations in 

conventional construction projects are revealed through a systematic analysis based on 

literature survey. Furthermore, a modular construction project which experienced 

lateness in its building process is investigated through the root cause analysis. Fault 

Tree Analysis (FTA), an established tool to root cause problems, is used to serve the 

purpose.  FTA uses a deductive approach to conduct a top-down analysis, in which an 

undesired event is investigated through a chain of lower-level events by using Boolean 
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logic to identify its primary causes. The identified primary delay factors are employed 

as the sources of on-site demand variations in the following research 

    Mathematical modelling techniques such as mixed integer linear programming, two-

stage stochastic programming and robust optimisation have been employed in this 

research to illustrate the new tailored logistic system for the modular construction 

projects which encounter various demand uncertainties. 

    The models proposed in this study, taking into account for the stochastic demands 

on site, are capable of identifying the best factory production plan, transportation 

quantity and showing the variation of inventory levels in all places. Risk aversion is 

achieved at the same time by making the solution less sensitive to the realisation of 

demand uncertainties. In addition, the best location for setting up a warehouse is also 

determined. 

    In another thread, this research addresses the problem of the logistic system under 

fluctuating production rates in the factory. A two-stage stochastic programming model 

is implemented for yielding a production scheme which includes the best outsourcing 

quantities for prefabricated concrete components and the most appropriate duration of 

self-production when facing uncertain productivity. In addition, a mixed-integer linear 

programming model is used to identify the most favourable schemes for distributing 

components manufactured by self-production and outsourcing and meanwhile while 

disclosing the change of inventory in the three tiers of the supply chain: prefabrication 

factory, warehouse and construction site. 

    The outputs of the models are expected to provide guidelines to the managers 

responsible for issuing supply chain configurations of modular construction projects. 

The project can be a newly developed plan to be executed in the future or an existing 

plans modified to account for recently revealed data. An overview of the objectives and 

their corresponding methodology and main results of the research is shown in Table 

1.1. 
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Objective Methodology Results Chapter 

Identify the root cause of making 

construction delays. 

Literature review 

Fault tree analysis 

The most prevalent delay 

factors are identified. 
3 

Determine the optimal supply chain 

configuration under various demand 

uncertainties for modular 

construction. 

Mixed-integer linear 

programming 

Two-stage stochastic 

programming 

The model outputs the 

best production, 

transportation and 

inventory scheme. 

4 

Determine the optimal consolidation 

centre location and achieve risk 

aversion under various demand 

uncertainties. 

Robust optimisation 

The model outputs the 

best consolidation centre 

location and the risk 

mitigation supply chain 

configuration.  

5 

Determine the optimal outsourcing 

and distribution schemes under 

uncertain productivity. 

Mixed-integer linear 

programming 

Two-stage stochastic 

programming 

The model outputs the 

best outsourcing and 

distribution scheme. 

6 

Table 1.1 The overview of research objectives. 

 

1.5 Thesis outline and structure 

 

The thesis is structured in seven chapters as follows.  

    Chapter 2 reviews previous studies relevant to the fields of this research, including 

methods for investigating construction delays, multiple-tier supply chain integration, 

modelling techniques in supply chain configuration and outsourcing strategies under 

uncertain productivity.  

    Chapter 3 introduces an analysis of the most prominent delay factors in conventional 

construction projects. Furthermore, the fault tree analysis tool is applied to identify the 

root causes for schedule deviations in a modular construction project.  

    Chapter 4 presents a mixed-integer linear programming model and a two-stage 

stochastic programming model for determining the optimal supply chain configuration 

using both deterministic and stochastic approaches.  

    In Chapter 5, robust optimisation is performed for finding the best location for 

establishing the consolidation centre while determining the most favourable operation 

plan in a risk aversion manner for the modular construction supply chain.  

    Chapter 6 illustrates the mathematical models for finding the optimal outsourcing 

strategies when the self-production rate within the manufacturing facility is uncertain. 

Finally, Chapter 7 presents a general discussion, the conclusions and future works.  
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The flow chart of the thesis chapters is shown in Figure 1.3.  

Figure 1.3 Flow chart of the thesis chapters. 
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Chapter 2 Literature review 

 

    This chapter reviews previous studies regarding construction logistics and lateness, 

supply chain design, and modelling uncertainties in supply chains. The purpose is to 

establish a thorough understanding of the research works that have been carried out and 

to comprehend the methodologies that have been implemented.  

    The five main topics relevant to this research are reviewed in two main categories. 

The first category, focusing on understanding uncertainties in the construction supply 

chain, contains the following topics: (1) identification of the causes of schedule 

deviations in construction projects and the methods for revealing them; and (2) analysis 

of the undesired events by root cause analysis.  These two provide the background 

knowledge for the current research in Chapter 3. 

    The second category, focusing on methodologies for modelling and optimising 

supply chains, contains: (1) optimisation of the supply chain configuration and methods 

for integrating multiple tiers of the supply-demand system; (2) implementation of 

mathematical modelling for studying supply chains, and methods for handling supply 

chains subject to different kinds of uncertainties; and (3) uncertain productivity in the 

manufacturing facility and schemes for outsourcing. These three sections give a clear 

review about the methodological knowledge for chapter 4, 5 and 6 respectively. 

    The literature review in this chapter has informed the generation of a tailor-made 

logistic model for modular construction projects.  

2.1 Understanding the uncertainties in the construction supply chain 

 

    A construction project is considered to be successful when it is completed on time, 

within budget and all the stakeholders are satisfied with its quality (Gündüz et al. 2013). 

Completing projects within the contract time is often regarded as an indicator of 

efficiency (Chan and Kumaraswamy, 1997). However, unique features of construction 

projects, such as long execution period, complicated processes, high sensitivity to 

environmental influences, the diverse interests of the different stakeholders and the 

dynamic structure of project teams, often make the delivery of projects on time very 

challenging (Zou et al. 2007). Indeed, the construction industry generally regards delays 

to be inevitable (Aibinu and Odeyinka, 2006). In order to control or eliminate the 

obstacles to complete a project on time, the reasons for construction delays have to be 

understood. 
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2.1.1 Methods for identifying the causes of schedule deviations in construction 

projects 

 

    It is common practice in modern construction that specific material demands and 

delivery plans are prepared and defined at the design stage. However, there exist many 

factors that will ultimately lead to divergence from initially planned schedules. In this 

context, many studies have analysed the reasons for schedule deviation in in-situ 

construction projects. These investigations were carried out in different countries and 

on different types of projects. For example, Gündüz et al. (2013), investigating the 

factors causing construction delays for building projects in Turkey using literature 

review and interviews with experts identified a total of 83 distinct delay factors and 

categorised them into nine major groups. The relative importance index method was 

applied to quantify the delay factors recognised through interviews, and a fishbone 

diagram was constructed to classify the delay factors from the literature review. It 

should be noted that, among all the delay factors, over 90% are traceable to activities 

within construction sites, and the most prominent delay factors found in Turkey are 

inexperienced contractors, ineffective project scheduling and inappropriate site 

management.   

    Assaf et al. (1995) identified 56 delay factors in large building projects by means of 

survey and literature review. They then asked the participants to complete a 

questionnaire ranking the delay factors based on their severity and the frequency of 

happening. The result was further analysed by the statistic t-test with a 95% confidence 

to determine the correlation between the rankings of delay factors assigned by different 

stakeholders. They found that the delay factor rankings defined by the contractor and 

architectural design firms have very high similarity, but the raking given by the owner 

is very different from those of other stakeholders. Assaf and Al-Hejji (2006) tried to 

evaluate the time performance of large construction projects in Saudi Arabia by 

organising a field survey and a total of 57 contractors, consultants and owners were 

engaged. As a result, 73 causes were identified. The authors pointed out that different 

stakeholders have different attitudes toward lateness in construction projects, and as a 

result they assign dissimilar ranks of importance to the same delay factor. This 

considerably increased the difficulty of recognising the most influential delay factors 

in a construction project.  More so, the delay factors, which are identified through their 

level of impact and frequency of occurrence, vary among different project types and 
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construction areas.   

    Several studies of construction delays have been conducted in Jordan. Sweis et al. 

(2008) evaluated the late delivery of residential projects through data collected from 

published literature and interviews with project participants. A total of 40 delay factors 

were identified and based on one-way analysis of variance (ANOVA), the most 

common reasons for schedule deviations are financial difficulties faced by contractors 

and frequent changes of orders by the owner, while the least important factor is the 

alteration of government regulations and laws. Al-Momani (2000) investigated the 

cause of delay on 130 construction projects by interview and questionnaires which 

included residential housings, office buildings, schools, hospitals and communication 

facilities. The leading causes contributing to delays are changes in design by owners, 

inclement weather conditions, and late material deliveries. Odeh and Battaineh (2002), 

employing questionnaires followed by statistical analysis, found that the delay factors 

for construction projects in Jordan under traditional contracts are: over interference by 

owners, inexperience of contractors, late payment and improper project planning.  

       Carrying out research in Hong Kong, Chan and Kumaraswamy (1997) reported 83 

delay factors in building and civil construction projects by looking into previous studies 

which investigate construction delays in projects carried out in the south-east region of 

China. In total 147 questionnaires were collected from owners, consultants and 

contractors to investigate their attitude toward schedule deviation factors by utilising 

the relative importance index. The authors found that the leading causes for delays are 

poor site management, slow decision making, frequent change in design and rework 

owing to defects. Lo et al. (2006) sent out questionnaires to contractors and consultancy 

companies in Hong Kong to investigate construction delay factors whose importance 

was calculated by the average score method. The results indicated that the most 

commonly recognised delay factors among all stakeholders are contractors’ lack of 

capital, unforeseen geological conditions and inexperience of contractors.   

    As for Malaysia, Hamzah et al. (2011) looked into the reasons why construction 

projects cannot be finished on time by searching the construction delay literature and 

targeting construction projects in south-east Asia. The collected reasons were classified 

into two main categories: excusable and non-excusable. They were then used as the 

foundation for concluding whether a stakeholder should be responsible for causing a 

delay. In addition, questionnaires were sent to local consultancy companies and 

contractors to rank the collected reasons. Based on the returned questionnaires, the most 
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prominent delay factors identified are contractors’ financial difficulties, extreme 

weather conditions and lateness in revising and approving design documents by owners. 

Sambasivan and Soon (2007) also investigated the causes of delays in construction 

projects in Malaysia. They found a total of 28 distinct delay factors, which were 

classified into six groups. Among them, the most prevalent recognised delay factors 

regard the skill and experience of contractors. Their result was obtained from more than 

150 questionnaires collected from various stakeholders in the construction sector.  

    With regard to Nigeria, Aibinu and Odeyinka (2006) identified 44 delay factors in 

residential and office construction projects using a literature survey and a postal 

questionnaire. After implementing a Pareto analysis and statistic t-test on the outcome 

of the survey, they found that the leading reasons for non-compliance in the planned 

schedule are contractors and clients’ financial problems. For large building projects in 

Nigeria, Aibinu and Jagboro (2002) also found that the initially planned construction 

schedule is usually disrupted by financial problems or lack of funds. These delay factors 

are always ranked at top places in the questionnaire sent to contractors, architectural or 

engineering firms and owners.   

   Doloi et al. (2012) designed a questionnaire which listed 45 possible reasons for 

construction delays in India. The participants of their survey were architecture design 

companies and contractors, who were asked to assign importance to the listed delay 

factors. The result of the survey was analysed by the relative importance method, and 

it showed that delays in material delivery, non-availability of design drawings and 

contractors’ financial problems are the most frequent and severe causes. In Bangladesh, 

the general reasons for causing schedule deviations in large construction projects are 

inexperience of construction managers, low bidding price, financial problems by 

owners and inappropriate site management. These were identified from a high 

responding rate questionnaire targeting construction companies in the northern part of 

Bangladesh (Islam et al. 2015).  

    Pethkar and Birajda (2015) tried to understand what research methods have been 

applied to disclose the causes for late completion in construction projects. They 

reviewed studies conducted in the last ten years and found that most studies adopted 

questionnaires to gather delay factors from the stakeholders of the construction project. 

Furthermore, the relative importance index method is often employed to determine the 

significance of delay factors. Similarly, Zou et al. (2007), Abd El-Razek et al. (2008) 

and El-Sayegh (2008) performed literature reviews to collect common construction 
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delay factors in China, Egypt and United Arab Emirates, respectively.  

Alkass et al. (1996), Akintoye and MacLeod (1997), Bing (2005), Meng (2011), 

Braimah (2013), McCord (2015) and Parry (2015) conducted research, which involved 

sending out questionnaires and carrying out interviews with both contractors and 

consultancy companies in United Kingdom to investigate the reasons for construction 

delays. Their research outcomes indicated that aside from the contractor’s poor site 

management, other major reasons for schedule deviations are the owner frequently 

changing design, slow decision making and late payments to contractors. Choong Kog 

(2018) applied identical investigation methods in the US and discovered that the main 

reasons for project prolongations are: the owner changing project scope during 

construction, long waiting time for government permit approval and incomplete design 

drawings. 

     Overall it appears that the prevalent methods for studying delay factors are surveys 

conducted using interviews, questionnaires and reviews of published studies. A list of 

studies regarding schedule deviation in conventional construction projects is shown in 

Table 2.1.  The leading delay factors found by the studies listed in Table 2.1 are 

summarised in Figure 2.1. 
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Author Country Project type Methods applied Primary delay factors 

Abd El-Razek et al. (2008) Egypt CV LR, INTW 

Inexperience of contractor  

Inappropriate site management 

Inclement weather conditions 

Aibinu & Jagboro (2002) Nigeria BU INTW, QNR 

Financial problems  

Inappropriate site management 

Inclement weather conditions 

Aibinu & Odeyinka (2006) Nigeria BU INTW, QNR 

Financial problems  

Inappropriate site management 

Inclement weather conditions 

Akintoye & MacLeod (1997) United Kingdom CV INTW, QNR 

Inappropriate site management 

Owner’s changes in design 

Slow decision making 

Alkass et al. (1996) United Kingdom CV INTW, QNR 

Inappropriate site management 

Owner’s changes in design 

Late payment to contractors 

Al-Momani (2000) Worldwide CV INTW, QNR 

Owner’s changes in design 

Inappropriate site management 

Inclement weather conditions 

Assaf et al. (1995) Saudi Arabia CV QNR 

Inexperience of contractor  

Inappropriate site management 

Inclement weather conditions 

Assaf & Al-Hejji (2006) Saudi Arabia BU LR, QNR 

Owner’s changes in design 

Inclement weather conditions 

Inexperience of contractor 

Bing (2005) United Kingdom CV INTW, QNR 

Inappropriate site management 

Owner’s changes in design 

Slow decision making 

Braimah (2013) United Kingdom CV INTW, QNR 

Inappropriate site management 

Owner’s changes in design 

Slow decision making 

Chan & Kumaraswamy(1997) Hong Kong CV INTW, QNR 

Poor site management 

Slow decision making 

Frequent change in design 

Choong Kog (2018) United State CV INTW, QNR 

Owner’s changes in design 

Slow government permission 

Incomplete design drawing 

Doloi et al. (2012) India BU INTW, QNR 

Contractor’s financial problems 

Inappropriate site management 

Inclement weather conditions 

El-Sayegh (2008) 
United Arab 

Emirates 
CV INTW, QNR 

Inexperience of contractor  

Inappropriate site management 

Inclement weather conditions 

Gündüz et al. (2013) Turkey CV LR, INTW 

Inexperienced contractors 

Ineffective project scheduling  

Inappropriate site management   

Hamzah et al. (2011) Malaysia CV LR, QNR 

Inexperienced contractors  

Ineffective project scheduling 

Inappropriate site management 

Islam et al. (2015) Bangladesh CV INTW, QNR 

Low bidding price 

Owner’s financial problem 

Inappropriate site management 

CV: Civil engineering; BU: Building; LR: Literature review; INTW: Interview; QNR: Questionnaire. 

Table 2.1 A list of studies regarding the delay in the conventional projects  
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Lo et al. (2006) Hong Kong CV INTW, QNR 

Lack of capital 

Unforeseen geological conditions  

Inexperience of contractors   

McCord (2015) United Kingdom CV INTW, QNR 

Inappropriate site management 

Owner’s changes in design 

Slow decision making 

Meng (2011) United Kingdom CV INTW, QNR 

Inappropriate site management 

Owner’s changes in design 

Late payment to contractors 

Odeh and Battaineh (2002) Jordan CV INTW, QNR 

Owner over interference 

Inexperience of contractors 

Improper project planning 

Parry (2015) United Kingdom CV INTW, QNR 

Inappropriate site management 

Owner’s changes in design 

Slow decision making 

Sambasivan & Soon (2007) Malaysia CV INTW, QNR 

Clients’ financial problems 

Inclement weather conditions 

Inexperience of contractor 

Sweis et al. (2008) Worldwide BU LR 

Inexperience of contractor  

Inappropriate site management 

Inclement weather conditions 

Zou et al. (2007) China CV INTW, QNR 

Inexperience of contractor  

Inappropriate site management 

Inclement weather conditions 

CV: Civil engineering; BU: Building; LR: Literature review; INTW: Interview; QNR: Questionnaire. 

Table 2.1 (continues from the previous page) 

 

Figure 2.1   The most common delay factors recognised by the studies listed in Table 

2.1. The counts represent the number of studies that acknowledge a specific delay 

factor. 
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2.1.2 Analysing undesired events by root cause analysis methods 

 

    Compiling a list of delay factors and categorising and ranking them is an approach 

to develop an understanding of schedule deviation. However, it is important to 

acknowledge that almost every problem or incident must be caused by another event, 

especially in an industrial sector such as construction, which is known for its 

sophisticated and dynamic processes, and long execution time. Thus, a new approach 

is needed which can not only identify delay factors but also demonstrate their 

chronological and cause-effect relationships. 

    To this end, various methods have been developed to identify the causes of undesired 

events in a process or product and to prevent them from reoccurring. This is especially 

true when accidents are of large scale with unacceptable consequence, and their root 

causes must be revealed to minimise their probability of happening in the future (Sklet, 

2004).  Root-cause analysis (RCA) is one of the methods developed for fulfilling these 

goals (Wilson et al. 1993). Andersen and Fagerhaug (2006) consider RCA as a practice 

that looks deeply into the chain of events prior to an undesired event to identify its 

primary causes.  

    A widespread technique for RCA is fault tree analysis (FTA), which is used to carry 

out deductive investigations of the facts embedded in the tree (Sklet, 2004). The concept 

of FTA was first conceived in 1961 by H. A. Watson at Bell Laboratories by order of 

the U.S. Air Force (Ericson, 1999). In 1963, Boeing was the first commercial company 

to develop the FTA program for investigating failures in aircraft mechanical 

components. The fault tree has become a prevalent tool in RCA because it can easily 

visualise all the details of the factors involved in an undesired event and their cause-

effect relationships (Goodman, 1988; Joshua and Garber, 1992; Rausand and Hoyland, 

2004). Furthermore, FTA can measure the safety and reliability of a complex system 

through both quantitative and qualitative methods (Wang et al. 2013). The result of the 

FTA is capable of eliciting all the possible combinations of environmental factors, 

human errors, regular events and component failures that may result in a critical event 

in a system or product (Sklet, 2004). Consequently, the fault tree can efficiently direct 

the analysts to consider only the primary causes that contribute to the undesired events 

or system failures through the application of logical gates (Lee et al. 1985).  
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    FTA is now generally recognised as the most widely employed tree-shape analysing 

techniques in RCA (Katsakiori et al. 2009). It has been extensively implemented in 

various industries for safety assessment and risk analysis, including the nuclear power 

industry (NRC, 1981), space missions (NASA, 2002), marine engineering (Miri-

Lavasani et al., 2011), chemical engineering (Chang et al. 2002; Yuhua and Datao, 

2005), transportation (Xia et al., 2012) and mining (Iverson et al. 2001).  The basic 

structure of a fault tree is demonstrated in Figure 2.2. 

Figure 2.2 The basic structure and elements in a fault tree. 

 

    However, in the construction industry, there have been only a few studies on the 

application of the RCA method. Rosenfeld (2013) implemented the expand and focus 

technique to understand the primary causes of construction cost overrun. In the expand 

stage, the author gathered 146 potential causes from international literature and local 

construction experts. Then in the focus stage, the causes were carefully examined, and 

those with similar contents were combined. As a result, 15 independent universal 

primary causes for construction cost overrun were determined. A fishbone diagram was 

subsequently used to present the outcome. The causes with similar attributes or put 

forward by the same stakeholder were gathered in the same branch, but the logical 

relationship between the cost overrun causes was not further explored and illustrated. 

    Ramkumar and Gopalakrishnan (2014) sent postal questionnaires to consultant 

companies, contractors and project owners to investigate possible reasons for non-

conformance in the project schedule. They asked the respondents to rate the delay 

factors, and the rating scores were transformed into a relative importance index for 

ranking the delay factors. The authors stated that the top ranking delay factors are the 

root causes behind schedule deviation. However, the result of this research does not 

exhibit any logical relationship or correlation between the identified delay factors.  

    Tiware and Kulkarni (2013) used questionnaires to reveal the main reasons 

provoking alterations in residential construction projects in India. The factors collected 
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were ranked based on their mean score assigned by the survey participants and further 

structured in a risk assessment matrix, which considers both their frequency of 

occurrence and the severity of disruption of the original schedule. As a result, the clarity 

of design drawings and the quality of labour were identified as the root causes of 

process variation.  

    Abdelgawad and Fayek (2011) stated that the construction industry is characterised 

by many risks and uncertainties in every phase of the project lifecycle. In order to 

perform risk management effectively, they devised an analytic method, which 

combines the FTA tool with failure mode effect analysis, event trees and fuzzy logic. 

Their model is capable of quantifying experts’ linguistic opinions toward different 

kinds of risks and further calculates the expected monetary value of every risk event 

expected to happen. However, in this research the FTA acted only as a tool to 

parameterise linguistic expressions, and the relationship between various risks was not 

explicitly presented. 

    Shahhosseini et al. (2018) carried out research in developing countries to understand 

the primary causes why construction projects fail to be completed within the planned 

budget and schedule. FTA was implemented to find the most prominent cause. The 

authors discovered that the owner and contractor’s financial problems were the leading 

issues. However, their fault tree contains only three tiers with the undesired event at the 

top. The cause-effect relationship is not clearly indicated, because all the factors related 

to the same attribute, regardless of their roles as either the cause or the effect in a 

delayed process, are gathered in the same branch and placed at the same tier in the tree 

(e.g. factors such as late payment to the contractor and its cause, that is the owner’s 

financial problem, are put under the client related branch within the same tier of the 

tree). Thus, the outcome of the fault tree is more a classification of the reasons 

contributing to construction risks than an actual in-depth analysis.   

    Swarna and Venkatakrishnaiah (2014) constructed three fault trees to analyse the 

leading causes of schedule, cost and quality deviations, respectively. They indicated 

that there are numerous reasons why these undesired events occur and the industry 

should improve the overall strategies for risk management. The subject and the 

conditions of the research, however, were not well delineated. For instance, the type of 

project, the construction region, the project duration and the total project price were not 

stated. Therefore, the boundary of the fault tree is blurred, because no tangible scope or 

coverage is specified for what data should be used to construct the fault tree. Under this 
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circumstance, every factor can be placed at the bottom of the tree, and their importance 

is not differentiated.  

     Root cause analysis has also been employed to investigate the safety of building 

structures. Battikha (2008) used the RCA method to identify the causes of collapse in 

construction projects. RCA was carried out by treating collapse as the ultimate event 

and connect it with non-conformances in structural quality observed by experts, which 

were further linked to the possible reasons that caused them. Photos of a collapsed 

building were scrutinized to observe the pattern of crack propagation on the loading 

structures. Then the failed structure and the original structural design were compared 

and discussed. Based on this information, the cause-effect relationship between the 

collapsed structure and the core reasons was visualised by establishing a tree-like 

diagram, which connects the inappropriate structure design to the observed cracks in 

the building. Burhan (2010) also built a fault tree by examining problematic site photos 

and consulting experts. The purpose of their research was to identify the reasons for 

punching shear failure in a commercial building. 

 

2.2 Methodologies for modelling and optimising supply chains with uncertainties 

 

    When any delays occur on the construction site, the material demands will decrease 

momentarily, and the project duration will have to be extended, incurring additional 

costs (Sweis et al. 2008). Since delays in construction schedules have been 

acknowledged to be almost inevitable (Sambasivan and Soon 2007), and changes in the 

demand often have a severe impact on the upstream logistics (Assaf and Al-Hejji 2006), 

taking the demand uncertainty into account during schedule planning, therefore, 

becomes crucial.  

    Feng et al. (2000) proposed a technique for predicting demand uncertainties on the 

construction site through a probabilistic analysis of historical data. They also found that 

only a few studies have been conducted for pursuing the optimal site activity scheduling 

while taking the stochasticity into consideration. Therefore, a hybrid approach which 

integrated simulation techniques with genetic algorithms was proposed to solve the 

time-cost trade-off problem under uncertainties.  

    In essence, demand variation in construction materials can often be conceived in a 

stochastic form or a random variable with a known probability density function (Feng 

et al. 2000; Barraza et al. 2004; Lee 2005). The most prevalently employed probability 
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density functions for representing the variability of material demand in a project include 

normal, uniform, beta, and exponential distributions (AbouRizk and Halpin 1992). 

These distributions are usually established by combining reasons for causing schedule 

deviations with their severity toward the original demand. In this research efforts have 

been made to illustrate these demand uncertainties in mathematical models and identify 

the optimal solutions, so as to effectively mitigate the extra cost incurred when building 

a new logistic system for modular construction. (Hsu et al. 2017a).  

 

2.2.1 Solving the problems of incoordination between organisations in the supply 

chain 

  

    Supply chains are commonly modelled as dynamic and time-dependent systems 

involving multiple interacting parties. Careful coordination is considered essential 

across organisational boundaries to create seamless and value-added processes for 

fulfilling all customer needs (Akkermanns et al. 1999; Min and Zhou 2002; Mula et al. 

2010). 

    In the conventional supply chain design, activities such as production scheduling, 

inventory management and distribution scheme are planned and optimised separately 

because they are managed by different departments in the company. Nevertheless, in 

the current competitive business environment, enterprises are looking for methods to 

minimise costs and improve their service level at the same time. For this purpose, 

integrating various activities in the supply chain can be an approach to enhance the 

overall performance, i.e. establishing extensive coordination among different stages in 

the supply chain. In this context, a mathematical model for illustrating the supply chain 

as a whole should be developed so that its optimal solution can serve as the foundation 

for tactical decision making (Moons et al. 2017). 

    It should be noted that, in almost every supply chain, customers, distributors, and 

suppliers have different and occasionally conflicting objectives. For instance, 

customers predominantly concern their demand being fulfilled on time; distributors aim 

at dispatching all the goods within minimum vehicle run, while suppliers focus on 

producing products at the lowest cost with demand fulfilment as a secondary goal. 

Hence, an integrated approach necessitates all stakeholders’ objectives be jointly 

considered and linked together. In this circumstance, a holistic analysis which considers 

all tiers of the supply chain should be well-placed to reveal the logistic configuration 
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that maximises the profit of every stakeholder (Poirier 1999). 

    Supply chains integrating multiple operations/ stakeholders have been previously 

explored and modelled. For example, Chandra and Fisher (1994) pointed out that in 

supply chain design, the activities in different echelons should be considered 

simultaneously to achieve high overall efficiency. In their research, a factory that 

manufactures multiple types of products was chosen as the case study, and its 

production schedule, inventory level and distribution scheme should be optimised to 

fulfil the customers’ demand. The supply chain was modelled in two ways.  One treated 

the production, inventory and vehicle routing as separate optimisation problems, while 

the other one coordinated all these activities in a single model. The total operational 

cost in the second modelling method was 20% lower compared to the first modelling 

method. The results clearly suggest that the company should consider an organisational 

change to support the integration in the supply chain configuration. 

    Coelho and Laporte (2014) also suggested that decisions in production planning, 

shipment scheduling and inventory management should be modelled in a single 

problem statement. In their study, a mixed integer linear programming model was 

constructed to solve the integrated inventory control and vehicle routing problem for a 

three-echelon supply chain, with the aim of fulfilling all the customers’ demand while 

minimising the total operational cost. An exact solution was obtained by using branch-

and-cut algorithm for implementing the model in CPLEX. The model’s output 

optimally determined each item’s delivery and sale schedules based on the trade-off 

between various costs and the revenue from selling.  

    Lei et al. (2006) developed a model which considered production, inventory, and 

distribution synchronously. In their study, the most appropriate operation schedules 

needed to satisfy constraints including customer demand, vehicle capacity and 

production limits. The authors modelled the integrated supply chain by using the mixed 

integer programming, and a two-phase solution approach was proposed. In the first 

phase, the model was solved only considering the direct shipments between the 

production facility and the customers, while in the second phase, the inefficiency 

brought by the indirect shipment was further calculated. They concluded that the two-

phase method is able to coordinate the production, inventory, and transportation 

operations simultaneously for the entire planning horizon without relaxing any 

constraints. 
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    Elimam and Dodin (2013) suggested that a successfully implemented supply chain 

should unify all the flow of goods and information, among multiple production and 

distribution facilities.  The authors proposed to combine the production and distribution 

operations into one integrated supply chain, which encloses all the stakeholders over 

multiple tiers. For realising this aim, a mixed integer programming model was built to 

capture the trade-off between various operational costs and the revenue from selling. 

The model output provides the most favourable production plan, distribution modes 

and inventory levels to ensure the most appropriate coordination among all stakeholders. 

    A recent review by Díaz-Madroñero et al. (2015) summarised the research trend in 

studying supply chain integration. The authors classified the literature based on the 

aspects of production, inventory and routing, as well as on the objective functions and 

solution approaches. They found that the general goal of these studies was to address 

the following questions: (1) how many items to manufacture; (2) when to visit each 

customer; (3) how much to deliver to a client during a visit; and (4) which delivery 

routes to use. There was also a commonly adopted requirement in these earlier studies 

which was the absolute satisfaction of customer demands. Another critical finding was 

that most of the integrated supply chain design problems were modelled using mixed 

integer linear programming (MILP). The total operational cost of the supply chain was 

usually set as the objective function in the mathematical model. In terms of solution 

approaches, beyond exact solution techniques, optimal solutions were often determined 

using either meta-heuristics or decomposition heuristics (Díaz-Madroñero et al. 2015; 

Hsu et al. 2017a, b).  

    It is worth noting at this point that the supply chains of modular construction have 

many specific and unique features that set them apart from those of conventional 

construction and general logistics operations. These are reflected in the design of the 

models presented in this paper.  

 

2.2.2 Solving the problems of the supply chain facing stochastic demand 

 

    Various methods have been proposed to deal with uncertainties in supply chain 

design, such as stochastic programming, fuzzy set theory, robust optimisation and 

dynamic stochastic programming (Felfel et al. 2015). Among them, the two-stage 

stochastic programming has been commonly adopted, because it can capture different 

types of uncertainties, which may occur in the supply chain (Keyvanshokooh et al. 

2016). Moreover, it can output the optimal supply chain configuration in terms of 
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production planning, inventory management, capacity planning and routing (Garcia-

Herreros et al. 2014).   

    Many supply chains with demand uncertainties were modelled by the technique of 

stochastic programming. Badri et al. (2016) developed a scenario-based two-stage 

stochastic programming model to deal with a four-echelon and demand uncertain 

supply chain system. The objective of the model was to reveal the most favourable 

strategic schemes for minimising the total operational cost and improving the overall 

sustainability. The model was implemented in CPLEX while considering 25 possible 

demand scenarios, and an exact solution was found within a reasonable computational 

time on a personal computer. 

    Ierapetritou and Pistikopoulos (1996) sought the optimal production lot quantities 

when customers’ demands were uncertain. The problem was modelled by two-stage 

stochastic programming with an objective function for minimising the total operational 

cost and the expected penalty cost incurred by the unmet customer demand. The 

perturbation of the customer’s demand was described by a continuous probability 

distribution function. The function was then further discretised into discrete scenarios 

which could be employed as the input of their stochastic programming model. Under 

this circumstance, a holistic consideration could be carried out for all the possible 

situations that might happen in the future. 

    Tsiakis et al. (2001) addressed the optimal design of a multi-echelon supply chain 

network with demand uncertainties. The network was modelled mathematically as a 

stochastic linear programming optimisation problem. The decision variables are the 

location and capacity of warehouses, the transportation rates, links in the network and 

the production rates. The objective is to minimise the total annualised cost of the 

network.  

    MirHassani et al. (2000) implemented a two-stage stochastic programming model to 

find out the optimal network design and tactical planning in a multiple-echelon supply 

chain with uncertain demand. The uncertainties in their research were illustrated as 

discrete scenarios. Owing to a large number of scenarios; Bender decomposition 

technique was adopted to accelerate the solution process. The authors claimed that a 

two-stage stochastic programming model combined with a set of future scenarios could 

provide answers to what-if questions for decision makers.  

    Two-stage stochastic programming was also proposed to optimise the design of a 

multi-product, multi-period and multi-site supply chain under demand uncertainty. 
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Gupta and Maranas (2003) incorporated clients’ demand uncertainties into a multi-site 

supply chain design problem. They employed the two-stage stochastic programming 

approach to model the supply chain because the actual demands were unknown at the 

beginning of the production process. In this context, the manufacturing quantities of 

each kind of product were taken as the first stage decision variables, which need to be 

decided before the actual demands were revealed. Subsequently, the logistics decisions 

were regarded as the second stage decision variables, and they were optimised for each 

demand scenario. Moreover, a penalty cost was introduced to address the unmet 

demands.  

    Leung et al. 2006 intended to optimise the configuration of a supply chain whose 

demand was not only uncertain but also fluctuated with the economic environment. In 

their research, the stochastic programming approach was proposed to determine the 

optimal medium-term production plans for each type of product at each manufacturing 

facility, and the demand uncertainty was represented by a probability distribution for 

each time period. The objective function was composed by the production, inventory, 

workforce hiring/layoff and penalty costs. The decision made in the first stage was the 

production quantities at all factories, and the decisions in the second stage regarded the 

workforce hiring/layoff and inventory management strategies. The effectiveness the 

model was tested on a multinational garment company in Hong Kong.  

    Supply chains with different forms and/or sources of uncertainties could also be 

modelled by two-stage stochastic programming to pursuit their best configuration and 

resilience strategies. For example, Schütz and Tomasgard (2011) suggested using a two-

stage stochastic programming approach to model the meat industry supply chain in 

Norway, whose demand is always fluctuating owing to various environmental 

disruptions. In their model, the production volume for each type of product was decided 

at the first stage, while the delivery quantity and the inventory level were evaluated in 

the second stage. The objective function was to minimise the expected overall 

operational cost for all possible demand scenarios. In addition, a sensitivity analysis 

was carried out for revealing which parameter has the highest influence on the total cost 

of the whole system.  

    Klibi and Martel (2012) studied the resilience of supply networks by constructing 

several stochastic programming models based on different case study parameters 

obtained from the manufacturing industries in the north-east part of USA. The decision 

variable in the study was the location of the depot centres, and the resilience of supply 



39 

 

network was further evaluated under various extreme natural disasters. The model’s 

outcome provided the optimal supply network design which can minimise the adverse 

effects brought by the force majeure.   

    Mirzapour Al-e-Hashem et al. (2013) implemented a multi-objective stochastic 

programming model for minimising the total operational cost and its variance while 

maximising the labour productivity. The demand and labour productivity were both 

fluctuating in their research and presented as pre-defined distributions. Because of the 

computational complexity, the model was solved by a hybrid algorithm that was a 

combination of several mathematical methods, and numerical examples were 

implemented to demonstrate the validity of the model.  

    The uncertainties and disruptions in the supply chain are usually illustrated in each 

scenario which represents a situation that may happen in the future. However, when the 

stochasticity is addressed via a set of discrete scenarios, the traditional stochastic linear 

program cannot guarantee the objective function value will remain “close” to the 

optimal for any realisation of the scenario (Bai et al. 1997; Yu and Li, 2000). Therefore, 

Mulvey et al. (1995) proposed a robust optimisation model which is capable of 

generating solutions that are progressively less sensitive to the perturbations in the 

scenario set. 

    The robust optimisation has been implemented in many works dealing with the 

stochasticity in supply chain design and production planning problems. Pan and Nagi 

(2010) adopted a scenario approach to handle the uncertainties in demand, with the aim 

of minimising the logistic costs associated with all supply chain members. The 

formulation was a robust optimisation model with three components in the objective 

function: expected total costs, total cost variance due to demand uncertainties, and 

expected penalties for demand unmet. The model was solved by a heuristic method for 

obtaining near-optimal solutions. The same approach was used by Gutiérrez et al. 

(1996) to generate a supply chain configuration that is close-to-optimal for every 

demand scenario. 

    Leung and Wu (2006) and Leung et al. (2007) developed a robust optimisation model 

to solve a multi-site production planning problem with uncertain demand. The overall 

objective was to minimise the costs of production, inventory and hiring/layoff 

workforce. Furthermore, the trade-off between the solution robustness and the 

effectiveness of the model was demonstrated by adjusting the weights of the variance 

and penalty terms.  
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    Building upon previous research, this study adopts a two-stage stochastic 

programming and robust optimisation approaches for the simultaneous consideration 

of the various stochastic elements affecting the modular construction supply chain 

configurations.  

    Since modular construction has both characteristics of construction and 

manufacturing, decisions on the most favourable production scheme could be made in 

the first stage, while considering the expected transportation, inventory, assembling and 

the penalty costs that may occur under all demand uncertainties in the second stage. 

Moreover, further attention has been made for assuring that the model output is always 

near to optimal no matter which scenario is realised. It, therefore, merits the 

development of a tailored integrated logistics model that targets explicitly modular 

construction. A list of studies regarding the methods for modelling the supply chain 

with stochastic parameters is shown in Table 2.2.   

  



41 

 

Author 
Uncertain 

parameters 

Decision  

variables 

Modelling 

method 

Solution 

method 

Badri et al. (2016) Customer demand 
Production planning 

Inventory management 
2SP 

Branch and bound 

algorithm 

Garcia-Herreros et al. (2014) Customer demand 

Production planning 

Inventory management 

Shipping scheme 

2SP 
Branch and bound 

algorithm 

Gupta and Maranas (2003) Customer demand 

Production planning 

Inventory management 

Shipping scheduling 

2SP 
Branch and bound 

algorithm 

Gutiérrez et al. (1996) Customer demand 

Production planning 

Inventory management 

Shipping scheduling 

RO 
Branch and bound 

algorithm 

Ierapetritou and Pistikopoulos (1996) Customer demand 
Production planning 

Inventory management 

Shipping scheme 
2SP 

Branch and bound 

algorithm 

Klibi and Martel (2012) Customer demand 

Warehouse location 

Warehouse capacity 

Supply chain resilience  

2SP 

MSP 

Bender 

decomposition 

Leung et al. (2006) Customer demand 

Production quantity 

Workforce hiring/layoff 

Inventory management  

2SP 
Branch and bound 

algorithm 

Leung et al. (2007) Customer demand 

Production planning 

Workforce hiring/layoff 

Inventory management 

Shipping scheduling 

RO 
Branch and bound 

algorithm 

Leung and Wu (2006) Customer demand 

Production planning 

Workforce hiring/layoff 

Inventory management 

Shipping scheduling 

RO 
Branch and bound 

algorithm 

MirHassani et al. (2000) Customer demand 

Production planning 

Inventory management 

Shipping scheme 

2SP 
Bender 

decomposition 

Mirzapour Al-e-Hashem et al. (2013) Customer demand 
Labour productivity 

Production planning 

Inventory management 
2SP 

Problem specific 

heuristic algorithm  

Pan and Nagi (2010) Customer demand 

Production planning 

Inventory management 

Shipping scheduling 

RO 
Problem specific 

heuristic algorithm 

Schütz and Tomasgard (2011) Customer demand 
Production planning 

Inventory management 
2SP 

Branch and bound 

algorithm 

Tsiakis et al. (2001) Customer demand 

Production planning 

Inventory management 

Shipping scheme 

Warehouse location 

Warehouse capacity 

2SP 
Bender 

decomposition 

Yu and Li (2000) Customer demand 

Production planning 

Inventory management 

Shipping scheduling 

RO 
Bender 

decomposition 

2SP: Two stage stochastic programming; MSP: Multiple stage stochastic programming; RO: Robust optimisation 

Table 2.2 A list of studies regarding the methods for modelling the supply chain with 

stochastic parameters. 
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2.2.3 Solving the problems of uncertain productivity in module manufacturing by 

outsourcing 

 

    Since modular construction possesses the characteristics of both manufacturing and 

construction, the production rate of modular products in the prefabrication factory, like 

many manufacturing factories, can be affected by factors such the workers' productivity 

fluctuation and machine/equipment downtime (Azhar et al. 2013). To meet the demand 

on site, the outsourcing manufacturing is often employed to overcome the production 

insufficiency brought about by the above-mentioned productivity uncertainties 

(Nembhard 2003). Therefore, for minimising the total cost, a most favourable scheme 

for self-production and outsourcing should be enacted well before the start of 

construction works.  

    Previous studies indicated that the productivity in the manufacturing factory within 

a finite time horizon generally can be expressed as a bell-shaped curve indicating how 

frequent a production level can be reached (Baily et al. 1992; Bartelsman and Phoebus 

1992). If the target productivity is located on the right side of the curve, which is fairly 

common, in most situations the production rate would fall below the expectation. Under 

this context, if the demand is to be met, the usage of outsourcing production often is 

inevitable. 

    Many studies have been conducted to understand the strategies for outsourcing in the 

manufacturing industry. Ross and Westerman (2004) stated that the firm should 

establish a holistic outsourcing plan for minimising the total investment cost at the 

preparation stage. By employing an appropriate portion of outsourcing production can 

lower the total operational cost, because of the efficiency improvement owing to 

parallel manufacturing (Barthelemy 2001; Aksin et al. 2008). Alvarez and Stenbacka 

(2007) also identified that partial outsourcing is the most profitable strategy to take 

under high market uncertainty. Real option theory has been extensively adopted to 

establish an executable plan for outsourcing. It is employed for determining whether or 

not to use outsourcing and revealing the most favourable timing for initiating the 

outsourcing when market demand is uncertain (Kogut and Kulatilaka 1994; Moon 

2009; Nembhard 2003).  

    For the construction companies engaging in a modular construction project, the self-

owned factory often is not as fully equipped and experienced as professional ones. 

Besides, constructing the building components in a factory environment with standard 
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manufacturing sequence and rigorous quality control system are still unfamiliar to most 

of the construction companies (Lawson et al. 2014). Thus, the uncertainty lies in both 

self-production of modular components and the demands on site. Under this context, 

the optimisation of the project’s operational plan needs to further enclose the best time 

and quantity to place orders with outsourcing manufacturer and the schemes for 

distributing these outsourced components (Hsu et al. 2017b). 

 

2.3 Research gaps 

 

      In summary, the above review clearly shows that in construction projects the logical 

and chronological connection between the causes and effects of delays has not been 

systematically studied, i.e. the results of questionnaires and literature surveys 

conducted in academia cannot effectively elicit the causal relationship between various 

unearthed delay factors.  

     Moreover, methods to identify and mitigate the primary root causes of lateness in 

construction schedules also have never been fully implemented. In previous research, 

root cause analysis tools were only applied to small-scale construction projects and the 

information regarding delay was not collected systematically, i.e. the root cause 

analysis has not been conducted in a rigorous and in-depth manner, and the 

implementation of logical gates between undesired events was also missing.  

     Thus, this research suggests the need to not only identify delay factors but also 

demonstrate their chronological and cause-effect relationships. To help visualise the 

casual and chronological relationship between various factors causing schedule 

deviation in construction projects a novel method is proposed in Chapter 3. Specifically 

the research employed the fault tree analysis in a formal way to identify the primary 

delay factors in a large infrastructure project using systematically collected data. 

    The optimal configuration for a three-tier modular construction supply chain 

including a manufacturing factory, a storage facility, and construction sites has not been 

studied before. Previous research on the supply chains of in-situ construction as well as 

general merchandise can only partially inform a new logistic model for modular 

construction as the special features of modular construction projects require additional 

considerations.  

    In another thread, we should point out that most of the commercial software packages 

for construction supply chain scheduling and resource allocation are executed based on 
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the most likely demand situation given by DES (discrete event simulation), i.e. all the 

planning decisions are made by deterministic analysis, instead of premeditating the 

holistic future stochasticity of the project. Therefore, construction planning is usually 

carried out in a deterministic manner, and often without fully considering the various 

sources of uncertainty that might affect the execution of a project in various ways and 

degrees. Under this circumstance, there exist no guarantees that the resulting 

construction plans will ensure that project costs remain within original budgets should 

large deviations in site demand rates and schedule occur during execution. 

 

2.4 Closing remarks 

 

    As it currently stands, the delay factors in construction projects are commonly 

investigated employing surveys based on interviews or questionnaires. With these 

methods, the logical and chronological relationships between delay factors are usually 

hidden. In reality, construction projects have unique traits such as multiple and dynamic 

stakeholders, environmental sensitivity and long execution periods, which contribute to 

delays being triggered by a sequence of events.  

    When delays occur, the actual progress of the project lags behind the original 

schedules. Material demands will, therefore, decrease, and project duration will have to 

be extended, incurring additional costs. Since delays in construction schedules are 

almost inevitable, and changes in the demand often have a severe impact on the 

upstream logistics, their effects must be carefully taken into consideration. 

    Therefore, this research intends to propose a mathematical model which accounts for 

stochastic demands on site, and its output is capable of identifying the optimal factory 

production plan and transportation scheme, and revealing the change of inventory in 

the factory, warehouse and site for multiple time horizons. In this context, the 

deficiency of the majority of logistics planning in the construction sector which is 

carried out based on deterministic analysis and DES tools can be mitigated. The 

recommended model solutions can be of great value to managers responsible of either 

issuing plans to be executed in the future or making changes to existing plans to account 

for recently revealed data. 
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Chapter 3 Identification of the most prominent delay factors in 

construction 

 

    In this chapter, the most commonly recognised reasons for schedule deviation in 

conventional construction projects are revealed through a systematic analysis of the 

literature. Since all the collected references are predominantly focused on conventional 

construction projects, the information they provided cannot be directly used for 

generating possible disrupted demand scenarios in the new logistics model for modular 

construction projects. For this reason, a modular construction project which 

experienced lateness in its building process is investigated through the fault tree 

analysis method to disclose the leading delay factors as well as their cause-effect 

relationships and chronological orders. The primary delay factors identified in the fault 

tree analysis must be quantifiable before they can be utilised in mathematical models 

accounting for onsite demand uncertainties. Here, quantifiability means their 

probability of occurrence and impact toward the original assembly schedule can be 

estimated.   

 

3.1 Identification of the delay factors in conventional construction projects 

 

3.1.1 Data collection 

 

    The keywords used to perform the literature search were: “delay factor + 

construction”, “delay in construction”, “construction schedule delay” and “construction 

+ delay”. The search was carried out in the database of Google Scholar, American 

Society of Civil Engineer library (ASCE library) and the library of the Imperial College 

London. A total of 22 articles were collected. Among these, 19 are journal papers from 

journals such as “International Journal of Project Management”, “Journal of 

Construction Engineering and Management” and “Journal of Management in 

Engineering”. The other three are conference papers. In addition, 16 were published 

after 2006. The information obtained from these references thus can reflect recent 

research tendencies in schedule deviation in the architecture, construction and 

engineering industries.  
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3.1.2 Methods for classifying delay factors  

 

    Each reference proposes a list of construction delay factors, which are classified into 

various groups based on the authors’ judgement. Since each reference has its own 

classification method, and the classification groups are named differently, a delay factor 

can be categorised into different group in different article. Often, a delay factor is also 

named differently in different articles. Therefore, this research proposes a more 

integrated and comprehensive way of classification. It consists of four categories, 

which are further divided into 12 groups (please refer to the leftmost two columns of 

Table 3.1). The 4 categories are: 

 

1. Stakeholders: Factors related to the people responsible for carrying out the 

construction (e.g. consultant, contractor and owner/client). 

2. Social-economic conditions: Factors related to government regulations toward land 

use and construction licence permission, adverse circumstances in economics or the 

financial condition of the stakeholders, and the safety regulation and attitude 

regarding the labour union. 

3. Stages: Factors related to the various stages and operations in construction projects 

(e.g. design, plan, equipment, management/operation, materials/resource, 

technology). 

4. Environment: Factors related to the environment such as weather and geological 

conditions.  

 

    Figure 3.1 presents a chart that shows the relationship between the 12 groups in our 

classifications. In order to show the validity and versatility of the proposed 

classification, a comparison has been made with the classifications in the twenty-two 

references (Table 3.1). Note that each reference is assigned a number (from 1 to 22). 

As shown in the table, our method embraces all the classification groups mentioned in 

the references, while previous studies lacks one or more groups. The last column in the 

table gives the count of each classification group, which represents the number of 

articles having recognised a specific group in their classification. The counts of all the 

groups except one (i.e. the economic/finance/market-related factors) are greater than 

17, indicating that the groups in our classification are generally well acknowledged in 

the literature.  
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The group of economic/finance/market-related factors (only 9 counts) includes 

factors such as fluctuation of currency rate, interest rate, inflation rate and changes in 

economic conditions. The low count probably can be explained by that these 

fluctuations often are not large enough unless the time span of the construction project 

is especially long, or the project happens to be implemented in the middle of an 

economic crisis. 

 Note that all the delay factors under their original groups have been carefully 

checked to make sure that they fulfil the criteria of the groups created in the new 

classification. As an illustration, Figure 3.2 shows the relationship between our 

classification groups and those used in Ref. 17 (Barlish et al., 2013). The contents of 

some groups are expanded on the right side of the figure. As shown in the figure, Ref. 

17 uses “Operational and managerial” as the name of one of their classification groups, 

which includes four delay factors: 1) Projects manager’s responsibilities are ill-defined; 

2) Consultant’s poor managerial strategies and procedures; 3) Consultant lack of 

competence and skills; and 4) Consultant lack of organizational stability. However, 

after examining these delay factors, the group is reallocated to the “consultant-related” 

group in our classification. The reassignment is based on the nature of the delay factors. 

The new classification method has been applied to each of the 22 collected references 

and the results are presented in the Appendix N. 

Figure 3.1 The relationship between the 12 groups in the proposed classifications 
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Table 3.1 The 4 categories and 12 groups used in the proposed classification method 

(the leftmost two columns) and the comparison of the classification groups of the 

proposed method with those of the 22 references. 

Reference Assaf et al. 1995 Chan & Kumaraswamy 1997 Odeh & Battaineh 2002 Fang et al. 2004 Long et al. 2004 Abdul-Rahman et al. 2006

Reference number [1] [2] [3] [4] [5] [6]

Category
                  Country 

Group
Saudi Arabia Hong Kong Jordan China Vietnam Malaysia

Change-related

 factors
Owner

Contractor

Consultant

Financing-related

 factors

Government-related

 factors

Contractual

 relationships-related

 factors

Change-related factors

Financing-related

 factors
Contractor

Change-related

 factors
Project

Scheduling and 

controlling-related

 factors

Contractual

 relationships-related

factors

Change-related factors Consultant

Environment

Project

Owner

Project

Coordination

Financier

Externality-related factors

Change-related factors

Consultant-related

Contractor-related

Design-related 

Caused by third parties

Human related

Scheduling and 

controlling-related 

factors

Contractual 

relationships-related

factors

Government-related

 factors

Environment-related

 factors

Scheduling and

 controlling-related

 factors

Environment-related

 factors

Material-related factors

Client-related factors

Contract-related factors

Labour-related factors

Material-related factors

Contract-related factors

Contractural 

relationship-related

  factors

Externality-related

 factors

Contractural 

relationship-related

 factors

Externality-related factors

Project

Owner

Project-related factors

Equipment-related factors

Financier

Coordination

Project

Contractor

Coordination

Environment

Environment

Material-related

 factors

Contractual 

relationships-related

 factors

Material-related factors

Social-

economic 

conditions 

Stakeholders

Contractor-related factors

Labour-related factors

Project-related factors

Design-related factorsContractual 

relationships-related

factors

Design-related factors

Contractor-related 

factor

Phases/

Stages

Government/Legal/

Regulation-related 

factors

Human/safety/

security-related 

factors

Consultant-related 

factor

Project-related 

factors

Equipment-related 

factors

Labour-related 

factors

Equipment related factors
Equipment-related 

factors

Consultant- related factors Consultant-related

Human-related factors

Contractor-related

Contractor

Contractor

Owner-related

Equipment-related

 factors

Material-related

Manpower-related Labour related factors

Environment

Owner/client-related 

factors
Owner-related factors

Environment-related factors

Economic/Finance/

Market-related 

factors

Environmental/

Natural-related 

factors

Externality-related 

Consultant

Owner

Contractor

Design

Equipment 

Labour 

Material

Financial/

economic

Human

Environment

Project

Authority 

Coordination

Environment
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Table 3.1 (continues from the previous page). 

  

Reference Aibinu & Odeyinka 2006 Assaf & Al-Hejji 2006 Lo et al. 2006 Sambasivan & Soon 2007 Zou et al. 2007

Reference number [7] [8] [9] [10] [11]

Category
                  Country 

Group
Nigeria Saudi Arabia Hong Kong Malaysia Australia/China

Architect-related

Structural engineer-related

Services engineer-related

Contractor-related

Architect-related Consultant-related

Structural engineer-related

Services engineer-related

Contractor-related Contractor related

External factor Resource related

Contractor-related Resource related

Risks related to 

subcontractors/ 

suppliers

Project related

Engineer related

Contractor related

Client related

Human behaviour related

Externality-related factors

Project-related 

Client-related factors

Material-related factors

Contract-related factors

Contractural

 relationship-related

 factors

Contractural 

relationship-related

 factors

Risks related to

 clients

External issues

Risks related to

 projects

Risks related to

 government

External issues

Safety related risks

Consultant-related

Owner-related 

Contractor-related

Design-related

Quantity surveyor-related

Client-related

Subcontractor-related

Contractor-related

Suppliers-related

Engineer related

External factor

Labour-related

Externality-related factors

Labour-related factors

Material-related

 factors

External-related 

Client related

Contractor related

Engineer related

Social-

economic 

conditions 

Stakeholders

External factor

Design-related factors

Contractor-related 

factor

Phases/

Stages

Government/Legal/

Regulation-related 

factors

Human/safety/

security-related 

factors

Consultant-related 

factor

Project-related 

factors

Equipment-related 

factors

Labour-related 

factors

Project-related 

Equipment-related 

External-related 

Material-related

Consultant-related

Equipment-related factors

Externality-related factors

External factor

Contractor-related

Risks related to

 labours

Risks related to

 consultant

Risks related to

 contractors

Risks related to

 designers

Environment

Owner/client-related 

factors

Economic/Finance/

Market-related 

factors

Environmental/

Natural-related 

factors

External-related External factor
Environment related

 risks

External factors 

Client related

External factors 

Engineer related

Contractor related

External factors 
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Table 3.1 (continues from the previous page). 

  

Reference Abd El-Razek et al. 2008   El-Sayegh 2008 Sweis et al. 2008 Hamzah et al. 2011 Doloi et al. 2012 Barlish et al. 2013

Reference number [12] [13] [14] [15] [16] [17]

Category
                  Country 

Group
Egypt United Arab Emirates Jordan Malaysia India USA

Process related

Site related

Process related

Human related

Authority related

Site related

Process related

Project related

Human related

Technological

Human related

Technical issues

Caused by 

third parties
Site related

Process related

Technical issues

Technical issues

Authority related

Political

Sociocultural

Legal/regulatory

Environmental

Safety-related factors
Operational and

 managerial

Security-related factors Sociocultural

Human-related factors Job site related

Job site related

Human related

Owner-

related

Contractor-

related

Project-

related

Caused

 by third parties

Project related

Consultant-related

 factors

Owner-related factors

Contractor-related

 factors

Labour-related 

factors

Material-related

 factors

Government-related

 factors

Human-related

 factors

Environment-related

 factors

Technological

Design

Acts of God

Owner

Equipment

Contractor

Design

Consultant- 

related 

factors

Project-related 

Government

Labour-related 

factors

Caused 

by third parties

Caused by 

third parties

Material-related

 factors

Political

Owner-related

 factors

Contractor-related

 factors

Design-related

 factors

Equipment-related 

factors

Social-

economic 

conditions 

Stakeholders

Human

Design-related 

factors
Design-related factors

Contractor-related 

factor

Phases/

Stages

Government/Legal/

Regulation-related 

factors

Human/safety/

security-related 

factors

Consultant-related 

factor

Project-related 

factors

Equipment-related 

factors

Labour-related 

factors

Financial/

economic

Equipment-related

 factors

Government-related

 factors

Material-related

 factors

Consultant-

related

Operational and 

managerial

Consultant-

related

Act of God

Financial/economic
Economic-related

 factors

Contractor-

related

Technical issues

Project related

Consultant

Material

Labour

Environment

Owner/client-related 

factors
Clients/owner

Environment-related

 factors

Economic/Finance/

Market-related 

factors

Environmental/

Natural-related 

factors

Environment Site related

Authority related
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Table 3.1 (continues from the previous page). 

 

  

Reference Gündüz et al. 2013 Nadu 2014 El-Karim et al. 2015 Islam et al. 2015 Pethkar & Birajdar 2015

Reference number [18] [19] [20] [21] [22]

Category
                  Country 

Group
Turkey India Egypt Bangladesh Nigeria Count

Engineering

 and Design

Project management

Schedule

Owner

Project management

Contractor related Site location Contractor

Scheduling and

 control techniques 

related 

Contractor

Design related

Engineer related

Plan related

Site location

Political

Site related
Site location

Environmenta

Site location

Managerial

Consultant

Managerial

Materials

Owner

Manpower and

 resources

Owner

Project 

Human

Project related

Rules and 

Regulation

Owner related

Labour

Material

Consultant related

Plan related

Authority related

22

22

18

21

22

Owner-related

 factors

Equipment-related

 factors

Project-related

 factors

Contractor-related

 factors

Design-related

 factors

Human-related 

Sub-surface

Financial

Project management

Economic

Project related

Externality-

related factors

Labour related

Rules and

 Regulation

Manpower and

 resources

Material-related

 factors

22

22

Engineering

 and Design

Equipment

Social-

economic 

conditions 

Stakeholders

Externality

-related factors

18

Design-related factors

Contractor-related 

factor

Phases/

Stages

Labor

Labor

Government/Legal/

Regulation-related 

factors

Human/safety/

security-related 

factors

Consultant-related 

factor

Project-related 

factors

Equipment-related 

factors

Labour-related 

factors

17Equipment related

Material related

Manpower and

 resources

Site related

Environmental

9
Externality-

related factors

Labour

Contractor

Design

Consultant- related

 factors

Material-related 

factors

Labour-related 

factors

Consultant

Environment

Owner/client-related 

factors
22

Site related

Economic/Finance/

Market-related 

factors

Financial

Environmental/

Natural-related 

factors

22
Externality-

related factors
Environment

Government
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Figure 3.2 An example showing how the delay factors listed in Ref.17 are reclassified. 

 

3.1.3 Methods for ranking the delay factors 
 

    Two methods were used to carry out the analysis of delay factors. 

Methods 1  

 

    The delay factors listed in each of the 22 references were reclassified based on the 

new proposed classification method which contains four categories and 12 

classification groups. Among the 22 references, the minimum number of distinct delay 

factors listed is 26 and the maximum is 83 factors. On average, 43 distinct delay factors 

are provided by each reference with a standard deviation of 15.    

    In each group, conceptually similar factors were merged into one delay factor, and 

the number of the factors that are combined into this single delay factor is counted. For 
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example, as shown on the right side of Figure 3.3(a), in the group of consultant-related, 

there are 16 delay factors collected from the 22 references having the same meaning, 

thus these factors are combined into a single delay factor named as “Consultant’s 

inadequate supervision and management”, which received 16 counts. In the consultant-

related group a total of 15 distinctive delay factors have been identified. There are 

totally 106 delay factors identified and distributed across the 12 classification groups.  

    It should be noted that a single reference can provide more than one delay factor that 

conceptually possesses a similar meaning. As shown in Figure 3.3(b), in the 

Environmental/Natural-related group, 27 delay factors are conceptually similar. 

Therefore, they are pooled into a single delay factor named “Inclement weather and 

natural disaster”. Among these 27 factors, 4 are contributed by Ref. 8. They are namely: 

“Hot weather effect on construction activities”, “Rain effect on construction activities”, 

“Wind damage” and “Snow”.  

    An overall ranking for all the delay factors can then be established based on their 

counts. This method relies on the idea that a common delay factor should expect a high 

frequency of recognition. In contrast, an uncommon factor would have only a low 

frequency. The detailed counting results using Method 1 is presented in the Appendix 

O. 

Figure 3.3 (a) An example showing how conceptually similar delay factors collected 

from different references are merged.  
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Figure 3.3 (b) An example showing that a single reference (such as Ref. 8) can 

provide more than one conceptually similar delay factor.  

 

The result of the ranking is shown in Table 3.2 which lists only the factors whose 

count is greater than 10. Based on the compiling principle of these references, the 

factors with high frequency of mention generally have a high frequency of occurrence 

and/or severity, i.e. those ranked in the front of the list are perceived as prevalent delay 

factors in construction.     

 

Table 3.2 The delay factors whose count are greater than 10 as ranked by method 1. 

Rank Factor name Count Group Rank Factor name Count Group 

1 Inclement weather and natural disaster 27 Environment 18 Design errors 15 Design 

2 Inexperienced contractors 26 Contractor 18 Rework due to errors 15 Contractor 

2 Owner change design/order 26 Owner 21 Delay in approval of shop drawings 14 Consultant 

4 Poor management of subcontractors 23 Contractor 21 Unqualified/inexperienced workers 14 Labour 

5 Delay in permits and licenses 22 Government 21 Consultant lack of experience 14 Consultant 

6 Delay in material delivery 20 Material 24 Delay in performing inspection and 

testing 
13 Consultant 

7 Changes in government regulations  19 Government 24 Shortage of equipment 13 Equipment 

7 Accidents during construction 19 Human 24 Shortage of materials 13 Material 

7 Improper construction methods  19 Contractor 27 Lack of data for estimating activity 

duration 
12 Consultant 

10 Unexpected geological conditions 18 Environment 27 Contractors financing problem 12 Contractor 

10 Ineffective planning by contractor 18 Contractor 27 Legal disputes between various party 12 Protect 

12 Poor site management  17 Contractor 27 Poor means of contracting 12 Project 

12 Delay in contractors’ payment 17 Owner 31 Suspension of work by owner 11 Owner 

14 Slowness in decision making 16 Owner 31 Inadequate specifications 11 Design 

14 Delays in subcontractors' works 16 Contractor 31 Equipment breakdown 11 Equipment 

14 Poor supervision and management  16 Consultant 31 Shortness of original contract duration 11 Project 

14 Labour shortage 16 Labour 35 Delay in site delivery 10 Owner 

18 Poor communication between parties 15 Human     
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Methods 2  

   In 11 out of the 22 references the delay factors are ranked by importance. They all 

used the Relative Importance Index (RII) method to determine the importance of the 

various causes of the delays. The RII values (Kometa et al. 1994; Sambasivan and Soon 

2007) for each delay factor are calculated using the following equation: 

 

where: 

RII = the relative importance index of a delay factor 

W = summation of the weight (i.e. ranging from 1 to 5) given to that factor by 

questionnaire respondents  

A = the highest weight (i.e. 5 in this case) 

N = total number of questionnaire respondents.  

The RII value has a range from 0 to 1 (0 not inclusive); the higher the RII, the more 

important is the cause of delay. In other words, the rank assigned to the delay factors in 

the 11 references is based on the numerical values generated by the RII method. 

    The idea behind Method 2 is that a very important delay factor should be ranked at 

the top of the list in every reference. Thus, its “average rank” would be relatively small. 

(e.g. the delay factor “owner changes design/order” ranked 2nd in Ref. 1, 3rd in Ref. 

12, 2nd in Ref. 14 and 2nd in Ref. 19. Thus its average rank value is 2). It is worth 

noting that the ranking given in each reference is based on the responses of many 

questionnaires and interviews. Therefore, the “average rank” from the 22 references 

may be regarded as the outcome of a voting by hundreds of construction managers and 

consultants, therefore representing their common recognition of severity and frequency 

of happening toward a certain delay factor.  

    In order to integrate the results of the 11 references, the following procedures were 

performed. The delay factors in each reference are classified using the proposed 

classification method. For illustration purposes, all the delay factors collected from the 

11 references that are consultant-related are listed in the leftmost column of Table 3.3. 

Their corresponding ranks in each reference are also provided. The delay factor “Late 

in reviewing and approving design documents” is ranked 33rd in Ref. 18, 13th in Ref. 

9 and 16, 1st in Ref. 1, 16th in Ref. 10, 8th in Ref. 13 and 17th in Ref. 12. However, 

this delay factor is not listed in Ref. 19, 7, 14 and 4. The results of applying Method 2 

for the remaining classification groups are presented in the Appendix P. 
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    For a fair evaluation of the ranks of the delay factors, each factor should have 11 rank 

scores. Thus, the delay factors that are not listed in a specific reference were assigned 

a score that equals to the highest rank+1 for that reference. This is because if a specific 

delay factor is not listed, it is considered to be insignificant by that reference, and thus 

is reasonable to rank it last. For example, the highest rank in Ref. 19 is 37, and the delay 

factor “Late in reviewing and approving design documents” is not mentioned in Ref. 

19, so it assigned a rank value of 38. Similarly, the highest rank in Ref. 7, 14 and 4 are 

44, 38 and 32, so the values 45, 39 and 33 are assigned to this delay factor, respectively. 

Delay factor name 

in the consultant-related group 

Delay factors' rank assigned by the reference 

Reference number 

18 9 19 1 16 7 14 10 13 12 4 

Late in reviewing and approving design documents 33 13 38 1 13 45 39 16 8 17 3

3 
Delay in performing inspection and testing 7 30 38 28 45 5 25 23 43 21 3

3 
Inaccurate site investigation 46 30 38 32 35 45 39 29 43 26 3

3 
Lack of experience of consultant in construction projects 28 30 30 36 45 45 22 29 43 5 3

3 
Inadequate project management assistance 33 30 38 23 45 45 18 29 43 33 3

3 Delay in approving changes of work by consultant 66 30 38 56 25 22 39 29 43 33 3

3 
Conflicts between consultant and design engineer 26 30 38 56 45 45 27 29 43 28 3

3 
Waiting for sample materials approval 84 30 38 7 45 45 19 29 43 10 3

3 
Improper project feasibility study 84 30 30 16 45 45 39 29 43 33 3

3 
Preparation of scheduling and revisions by consultant 84 30 38 18 45 45 39 29 43 33 3

3 
Poor site management and supervision by consultant 84 6 38 56 45 24 39 19 43 33 2

9 
Inaccurate bill of quantities 84 29 35 28 45 45 39 29 43 33 3

3 Poor organisation of consultant 84 30 38 16 45 45 27 29 43 13 3

3 
Lack of data in estimating activity duration and resources 84 30 21 46 45 45 39 22 43 11 3

3 
Poor application of quality control 84 30 24 41 45 45 8 29 43 31 3

3 
Consultant or architect's reluctance for change 84 30 38 56 27 45 14 29 43 33 3

3 
Poor organisational structure for client or consultant 84 30 38 56 39 45 39 29 43 33 3

3 Total number of delay factors listed 83 29 37 55 44 44 38 28 42 32 3

2 Table 3.3 The ranks of the delay factors in the consultant-related group assigned by 

the 11 references. The numbers in bold are the original ranks issued by the references, 

and those in light grey are the ranks assigned to missing delay factors. 

 

    To have equal weight on each reference, the ranks given by each reference were 

individually normalised as follows: 

Normalised Rank

=
(The factor′s original  rank) − 1

(The largest rank + 1 in that specific reference) − 1
× 99 + 1 

    For example, the highest rank in Ref. 18 is 84, and the delay factor “Late in reviewing 

and approving design documents” is ranked 33rd, so its new rank after normalisation 

is: [(33-1)/ (84-1)] x 99+1 = 39.17. The result of the normalisation of the ranks listed 

in Table 3.3 is presented in Table 3.4. The table also shows the average of the 11 rank 

scores for each delay factor in the consultant-related group. The ranking of these delay 

factors in a group is determined by the average scores (see the rightmost column).  
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Delay factor name 

in the consultant-related group 

Normalised rank from the reference Average 

rank  

score 

Ranking 

in the 

group 

Reference number 

18 9 19 1 16 7 14 10 13 12 4 

Late in reviewing and approving design documents 39  43  100  2  29  100  100  55  19  52  100  58.1  1 

Delay in performing inspection and testing 8  100  100  50  100  11  64  79  100  64  100  70.6  2 

Inaccurate site investigation 55  100  100  57  78  100  100  100  100  79  100  88.0  10 

Lack of experience of consultant in construction projects 33  100  79  64  100  100  56  100  100  15  100  77.1  3 

Inadequate project management assistance 39  100  100  41  100  100  46  100  100  100  100  84.2  5 

Delay in approving changes of work by consultant 79  100  100  100  56  49  100  100  100  100  100  89.4  11 

Conflicts between consultant and design engineer 31  100  100  100  100  100  69  100  100  85  100  89.5  12 

Waiting for sample materials approval 100  100  100  13  100  100  49  100  100  30  100  81.0  4 

Improper project feasibility study 100  100  79  29  100  100  100  100  100  100  100  91.6  13 

Preparation of scheduling and revisions by consultant 100  100  100  32  100  100  100  100  100  100  100  93.8  14 

Poor site management and supervision by consultant 100  20  100  100  100  53  100  66  100  100  88  84.2  6 

Inaccurate bill of quantities 100  97  92  50  100  100  100  100  100  100  100  94.4  15 

Poor organisation of consultant 100  100  100  29  100  100  69  100  100  39  100  85.2  7 

Lack of data in estimating activity duration and resources 100  100  55  82  100  100  100  76  100  33  100  86.1  8 

Poor application of quality control 100  100  63  73  100  100  21  100  100  94  100  86.4  9 

Consultant or architect's reluctance for change 100  100  100  100  60  100  36  100  100  100  100  90.5  12 

Poor organisational structure for client or consultant 100  100  100  100  87  100  100  100  100  100  100  98.8  16 

Table 3.4 The normalised ranks of the delay factors in the consultant-related group 

from the 11 references. 
 

 

        An overall ranking for all the delay factors can then be established based on the 

values of the average scores. Table 3.5 shows a list of the top 20 delay factors with the 

smallest values of average scores, arranged in order of increasing average value and 

decreasing importance. 

Rank Factor Name 
Average 

score  
Group 

1 Owner change design/order 30.14 Owner 

2 Delays in contractors' progress payments by owner 33.01 Owner 

3 Delay in material delivery 44.27 Material 

4 Slowness in decision making 45.45 Owner 

5 Inexperienced contractors 47.53 Contractor 

6 Poor management of subcontractors 48.01 Contractor 

7 Unreliable subcontractors 49.01 Contractor 

8 Shortage of materials 55.75 Material 

9 Delay in permits and licenses 56.07 Government 

10 Poor site management  56.52 Contractor 

11 Late in reviewing and approving design documents 58.05 Consultant 

12 Contractor's financing problem 58.78 Contractor 

13 Labour shortage 59.14 Labour 

14 Unqualified/inexperienced workers 61.08 Labour 

15 Ineffective planning by contractor 61.13 Contractor 

16 Unexpected geological conditions 62.22 Environment 

17 Shortness of original contract duration 63.43 Project 

18 Client’s financial problems 65.85 Owner 

19 Rework due to errors 66.89 Contractor 

20 Inclement weather and natural disaster 67.16 Environment 

Table 3.5 The top 20 delay factors from Method 2. 
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3.1.4 Discussion 

 

    Two methods have been used to find the top delay factors in conventional 

construction. Method 1 is based on the number of references in the literature that 

recognise the studied factor, while method 2 integrates the ranking from different 

references. There are multiple overlaps between the top delay factors identified by the 

two methods. Nine out of the top ten delay factors emerged from method 2 appear also 

in the list of top 18 factors from method 1. For example, the factors ranked between 1st 

and 5th using method 2 are listed as the 2nd, 12th, 6th, 14th and 2nd factors in method 

1, respectively (see Table 3.6). It should be noted that the two delay factors “Owner 

change design/order” and “Inadequate contractor experience” both received 26 counts, 

so they both ranked 2nd in method 1(see Table 3.2). This suggests that both methods 

are capable of identifying the most prominent and prevalent delay factors. 

 

Rank in Method 2 Factor Name Rank in Method 1 

1 Owner change design/order 2 

2 Delays in contractors' progress payments by owner 12 

3 Late delivery of materials 6 

4 Slowness in decision making 14 

5 Inadequate contractor experience 2 

6 Poor management of subcontractors 4 

7 Unreliable subcontractors 14 

8 Shortage of materials 22 

9 Delay in permits and licenses 6 

10 Poor site management and supervision 11 

11 Late in reviewing and approving design documents 20 

12 Contractor's financing problem 24 

13 Labour shortage 14 

14 Unqualified/inexperienced workers 21 

15 Poor project planning and scheduling by contractor 10 

16 Unexpected surface and subsurface conditions 10 

17 Shortness of original contract duration 31 

18 Client’s financial problems 36 

19 Rework due to errors 18 

20 Poor communication and coordination between parties 18 

21 Unfavourable weather conditions 1 

Table 3.6 The top 21 delay factors identified by method 2 and corresponding ranks 

identified by method 1.  

 

    However, method 1 evaluates each delay factor by inspecting whether it r has been 

acknowledged in a study or not. In other words, this is a two-level grading system: 

include/exclude, and each factor is assessed only 22 times. No consideration is given to 

the question whether an included delay factor is ranked first or last in that study. On the 
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other hand, method 2 is based on the opinions of a large number of the stakeholders in 

the construction field, because each reference can have tens or even hundreds of 

questionnaire respondents, and a five-level grading system is normally adopted. Thus, 

in terms of scoring, method 2 is much detailed and delicate than method 1. However, 

in method 2, the ranks provided in the collected references were given by a diverse 

selection of project stakeholders. In this context, the importance of a delay factor is 

assigned subjectively by the participants to the questionnaire or survey in a study and 

solely based on their personal experience. This highlights that neither of the two 

methods provides an objective assessment.  

     The first five delay factors identified through method 2 are now discussed in more 

details. While presenting these delays it is noteworthy that we also discuss their ease of 

quantification and how they have been considered in the reaming studies undertaken in 

this project.   

    Delay factors 1 and 2 and 4 are considered first because they are all owner dependent, 

and then delay factors 3 and 5. The delay factor “Owner change design/order” is ranked 

first in Table 3.6. Owners or clients are the persons who fund the whole construction 

project, and once the building is finished, it will be handed over to them. Thus, they 

have every right to ask for alternations during the construction process. However, in 

most cases clients reveal their intentions to introduce a change only through word 

description. The designers then need to modify the original design, and structural 

engineers need to perform again the structural analysis. This is followed by issuing a 

new version of budget statement, new critical path for the construction schedule and 

new invoices for the client to pay for the additional charge. In the meanwhile, the 

contractors would be asked to alter or even stop their current works during the period 

of change. The whole process may need to repeat until the client is satisfied, and the 

whole construction project will experience serious delays. In the construction sector 

modern computer-aided techniques such as building information model (BIM) can help 

resolve this problem. The owners/clients can see what the building exactly looks like 

through 3D virtual model simulation at the design stage and modify the model until 

satisfied.  

The delay factor in the second place is “delays in contractors' progress payments by 

owner”. In every construction project, when the contractors reach the progress 

milestone, an invoice will be issued to the owner. If the payment is delayed, the 
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contractors may not have sufficient funds to carry out the subsequent construction 

works. 

The delay factor that is ranked fourth is “Slowness in decision making”. Since the 

lifespan of a building is very long, the owners/clients tend to make decisions seriously 

and cautiously to ensure their future requirements are met. This usually happens at the 

design stage, and the clients need to spend a long time to find the balance point between 

their needs and the budget limit. 

    It is worth noting that, among the top five delay factors, the above-mentioned three 

factors are all caused by owners. Hence, a conclusion can be drawn that, on the 

punctuality of the project, the owner plays a key role. The project owner’s vision, 

decision-making speed and financial condition all have profound influences toward the 

execution fluency of construction projects. We should point out that the frequency and 

degree of severity of these three delay factors are hard to be quantified for the purpose 

of using them as parameters of uncertainty in a mathematical model that describe the 

construction process.  

The third leading delay factor is “Late delivery of materials”. Any late delivery would 

force the schedule to be postponed or altered, thus stressing the need of careful design 

of the logistic configuration. Transportation time, however, can be easily expressed by 

a probability distribution and the schedule disruption on the site can then be presented 

as a function of lateness in material delivery. Thus, this delay factor has been quantified 

according to previous studies for forming the disrupted construction scenarios in the 

mathematical models developed in chapter 4, 5 and 6. 

 The fifth place is occupied by the delay “Inadequate contractor experience”. The 

contractors play very major and critical roles in the middle and late stages of the project.  

They are also the host of the construction site, because all the labour and equipment are 

under their management. Their wrongdoings surely have serious impacts. In response 

to this, this research has considered the negative effects brought by the fluctuation of 

construction worker’s efficiency and the probability for equipment running into 

mechanical failures. Furthermore, the contractors’ works are mostly carried out in an 

open environment on the site, so the weather condition would have tremendous 

influences on efficiency. Therefore, the disruptions owing to inclement weather (ranked 

first in method 1) such as strong wind and heavy rainfall are modelled as sources of 

uncertainties in this research. 
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3.2 Application of root cause analysis to reveal the causes of delays in 

construction projects 

 

    It is a fact that in construction projects delays are not only disruptive but also 

expensive. Thus, the reasons for schedule deviation need to be identified. In previous 

research delay factors were determined predominantly through surveys (Assaf and Al-

Hejji 2006; Gündüz et al. 2013). In these studies, the reasons for schedule deviation 

were identified through the point of view of the stakeholders in construction projects. 

In addition, delay factors are typically considered individually and are presented at the 

same level. In other words, the cause-effect relationships between delay factors are 

missing. Furthermore, the importance of a delay factor is generally assigned 

subjectively by the participants in a study based on personal experience. Thus, there is 

no systematic and objective way of judging how significant a delay factor is. 

    In reality, owing to the complex structure of construction projects and long execution 

time, non-conformance in schedules must occur by a chain of events.  Hence, all the 

delay factors in a construction project are actually connected not only chronologically 

but also logically. This is because all the stakeholders in a construction project are 

interacting dynamically with each other during the whole execution period. Thus, in 

order to effectively reveal the primary delay causes, a new paradigm has to be 

implemented.     

    The aim of this section is to investigate the factors causing schedule deviation in 

construction projects and understand the cause-effect relationships between the events 

leading to delays. Fault tree analysis (FTA) is an established tool to root cause problems 

compared to the fishbone diagram and the influence diagram. Since fault tree adopts 

logical gates for illustrating the relationship between the underlying events and the 

reasons for causing them, it can provide more insightful information than the other two 

aforementioned root-cause analysis methods.  In addition, FTA looks deeply into the 

chain of events leading to a problem to identify its primary cause through multiple 

iterations of cause-effect analysis.   

    In this study, FTA was applied to a modular construction project that experienced 

significant delays. The analysis identified multiple delay factors, and showed how they 

are linked from the primary causes to the ultimate event. A comparison was performed 

between FTA and the conventional deduction method based on log books employed by 

most construction companies.   
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3.2.1 Methodology 

    The following sections introduce the case study upon which the research is based, 

the data collection method and the modelling technique used to analyse delays. 

 

3.2.2 Background to the case study 

 

    A modular construction project to develop a large public infrastructure was studied 

to understand the causes of the delays that occurred during its execution. The 

infrastructure is mainly composed of precast concrete structural components such as 

beams and walkways. Each component is about 10-meter long and weighs more than 8 

tons. The scheduled construction duration was 53 weeks. During the execution of the 

project, different delays were experienced. The most severe delay, totalling 17 weeks, 

occurred at the stage of manufacturing the building components.  

    The project involved collaboration between five leading companies, see Figure 3.4. 

The design and build of the public infrastructure were awarded to a large construction 

company (Company A), which subcontracted various design work and operations to 

other partners. In particular, the design of the main structural components was 

subcontracted to a design and consultancy company (Company B). The detailed design 

of the structural components was assigned to a company specialised in CAD (computer-

aided design) (Company C). The design and manufacture of the moulds were 

undertaken by a small manufacturing company (Company D). Finally, some operations 

were outsourced to a manufacturing company with expertise in precast concrete 

(Company E). The relationship between the five companies is presented in Figure 3.4, 

and the numbers from 1 to 8 represent the time sequence of activities occurred in the 

project. 
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Figure 3.4 The relationship between the stakeholders in the case study. 

 

    A modular construction project was selected in this study because the building sector 

is currently undergoing a shift from in-situ to modular building systems. Figure 3.5 

shows the difference in construction stages between the two methods. Modular 

construction produces building components in a factory environment, and the 

manufacturing generally takes place simultaneously with the site preparation and 

foundation works, which often results in a reduced project duration.  

    Under this context, modular construction projects, compared to in-situ construction 

projects, not only could have a different set of prevailing delay factors, but they could 

also be delayed by new causes owing to different logistic configurations and 

construction techniques. To our knowledge, despite many studies in in-situ construction, 

there is no study focused on the reasons for causing schedule delay in modular 

construction projects. 
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Figure 3.5 A comparison of the timelines of stick built and modular construction. 
 

 

3.2.3 Data collection methods 

 

    To understand the root causes of the delays occurred in the modular construction 

project presented above, project data was collected from the collaborating company. 

The data include a face to face interview with the project manager and two project 

documents. The interview was semi-structured and lasted approximately 60 min. 

During the interview, notes were taken by the first author. The documents include a 

problem report consisting of two pages of A4 in Word format and an events log report 

in Excel format. The problem report is mainly composed of short bullet points 

presenting the events that caused the project to deviate from its original timeline. A 

representative example of the problem report is shown in Table 3.7.  

Design Intent & Programme 

- T1* – planned design intent release 

- Late design release from Designer – assumed release on T2 

- T3 – final construction issue design received, 17 weeks late from T1 

Detailing & Moulds 

- Commitment from the project team to approve drawings within five days not actioned 

- Forced to order the first mould in March based on preliminary drawings 

- The opportunity to produce detailed drawing at the factory was missed 

- Forced to seek external detailers due to the programmed delay 

- External detailers draw in 2D – not compatible with the production plan 

- Design change for all walkways a week before planned first cast 

Manufacture & Install 

- Change of install sequence on T4 

- Lack of clarity on tolerances of reinforcement resulting in extra time spent fixing steel 

- Factory outputs lower than planned 

- Change of install sequence on T5 

- Additional resource consumed to cope with changes in programme 

*T# denote the date in which the designated event happened. 

Table 3.7 Fragment of the problem report obtained from the construction company. 
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Schedule deviations that occurred in the manufacturing factory and on-site were logged 

by the construction company as events in spreadsheets. Fragments of the spreadsheets 

are shown in Table 3.8 and 3.9, respectively. The timelines of the events in Tables 3.7, 

3.8 and 3.9 are given in Figure 3.6. 

 
Date Issue with  Summary Description of Issue 

S1 Factory Wrong delivery sequence The last delivery arrived first, and it arrived at 10 am 

S2 Factory Late delivery 11 am delivery late 

S3 Factory Panels have surface blemishes Panels have surface blemishes 

S4 Factory Load missing beams A beam was not delivered today 

S5 Factory Wrong delivery Lorry driver collected the wrong load from factory 

S6 Factory Beam cast incorrectly Cantilevered beams cast with no grout tubes 

S7 Factory Late delivery The walkway arrived at 12 pm 

S8 Factory Late delivery The beam arrived at 12 pm 

S9 Factory Beam cast incorrectly The beam cast with insufficient cover at one end 

S10 Site Winded off cranes Winded off from 10.30am, installed 4 out of 12 

S11 Factory Poor finish beams Factory carried remedial works to repair cracks 

S12 Factory Poor surface finish on walkways Walkway surface finish was poor 

Table 3.8 Fragment of the building site events log report. 

 

 
Date Description Required Control 

F1 Walkway had no bullnose finish Bullnose finish to be reformed 

F2 Poor finish on walkway surface Ensure brush finish has proper attention 

F3 Site found cracking on beams Factory confirms beams are safe and have no long-term effect 

F4 Site found a walkway wrongly cast The walkway was wrongly tagged but correctly cast 

Table 3.9 Fragment of the factory events log report. 

Figure 3.6 Timelines of the design, site and factory events. 
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3.2.4 Modelling method: Fault tree analysis  

 

    The FTA technique was adopted to model the chain of events that occurred during 

the execution of the construction project to study and deduce the primary causes of the 

delays. FTA was selected among other RCA techniques because of its widespread use 

in industry. The purpose of constructing a fault tree is to establish a thorough 

understanding of the logic leading to the top undesired event via a tangible record of 

systematic analysis. A fault tree is generally composed of multiple tiers. As shown in 

the example in Figure 3.7, the undesired event is at the top of the tree. The intermediate 

events that trigger the undesired event are located in the middle part of the tree, and at 

the bottom of the tree, there are the primary events. In addition, the logical relationships 

between events are indicated by specific logical gate symbols. The AND-logical gate 

indicates that the event in the tier above would be triggered when all the events in the 

tier below happen. Differently, the logical OR-gates means that if any one of the events 

in the tire below happens, the event in the tier above will be triggered. 

Figure 3.7 The structure of a fault tree. The logical symbols (AND and OR-gates) are 

defined on the right side of the figure. 

 

    According to Wilson (1993) and Andersen and Fagerhaug (2006), the first step in 

constructing the FTA is to define the undesired event for which causes are to be 

identified. In this study, the undesired event is “the construction project cannot be 

completed by the contract calendar date”. The boundary of the FTA was defined as all 

the stakeholders and places involved in the construction project under study. The 

second step is to determine the immediate necessary and sufficient events that result in 

the top event and draw the logical symbols, which best describes the relationship 

between them. Once the undesired event is resolved into its immediate causes, the third 

step is to treat each intermediate event as an intermediate level top event, and determine 

its immediate, necessary and sufficient causes, while resolving the logical relationships 
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between causes. This will be repeated until the primary causes are identified. Note that 

the level of resolution of the fault tree, which is represented by its level of detail, is 

determined by the quantity and the quality of data obtained from the construction 

company. 

 

Data analysis method: construction of the Fault Tree 

The construction of the fault tree was carried out in three steps: 

 (1) Identification of the delay factors. 

 (2) Organisation of the delay factors based on the date and their cause-effect relationship. 

 (3) Linking of the delay factors by drawing logic gates.  

The delay factors were identified by combing data from the events log report and the 

problem report, as well as the written record from the face-to-face interview with the 

project manager. For instance, items mentioned in the problem report (see Table 3.6) 

such as “Late design release from Designer”, “The opportunity to produce detailed 

drawing at the factory was missed”, and “Design change for all walkways a week before 

planned first cast” are all captured as causes of the delay in the overall construction 

schedule. Similarly, items listed in the events log report (see Tables 3.7 and 3.8) such 

as “A beam was not delivered today”, “Lorry driver collected the wrong load from the 

factory” and “Winded off from 10.30am, installed 4 out of 12” are also recognised as 

delay factors. 

    The chronological links between the identified delay factors were obtained from the 

events log report, which has recorded the date of each event. More so, the cause-effect 

relationship, as well as the logical connection between events at different tiers of the 

fault tree, were derived from the interview with the project manager and by logic 

deduction. In many instances, the relationships between delay factors could also be 

extracted from the linguistic expressions documented in the problem report and events 

log report. For example, in the statement “Forced to seek external detailers due to the 

programmed delay”, the wording “due to” is a clear indication of the cause-effect 

relationship. Similarly, in the statement “Additional resource consumed to cope with 

changes in the programme”, the wording “to cope with” is also a hint of the connection 

between the time and monetary resources devoted to deal with this unplanned 

circumstance and all the possible reasons for trigging this alternation in the assembly 

sequence.  
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Evaluation method  

    The comparative evaluation between the results given by the combined problem 

report, events log report and the FTA model was performed. The numbers of nodes and 

the logical links identified in the fault tree that are absent in the conventional problem 

and events log reports were calculated to measure the extent of the outperformance that 

FTA can deliver. With this approach, we can clearly comprehend the fault tree’s 

capability of capturing and visualising implicit information in the form of nodes and 

relationship between the various delay factors in different locations and at different 

times and understand how they contribute to the ultimate schedule delay. 

 

3.2.5 Case study using fault tree analysis 

 

    The fault tree constructed as part of the case study is shown in Figure 3.8. It is 

composed of two main branches. The left branch explains the delays arising within the 

construction site and the right branch illustrates the delays happening within the 

manufacturing factories. The primary causes are found in between the fourth and 

seventh tier below the top undesired event. Every event shown in the fault tree 

represents a factor for causing schedule deviation in this case study and their 

chronological relationship is externalised from bottom-up in all branches.  

    The left main branch further breaks down into two sub-branches. The one on the left-

hand side describes why the original construction schedule was incorrect, while the one 

on the right-hand side presents the reasons for not fulfilling the original construction 

schedule.  

    The right main branch is composed of three sub-branches, which depict, from left to 

right, why the moulds for the prefabricated components had to be sent back to the 

manufacturer, why the production capacity in the factory was insufficient, and why the 

production quantity was below target.   

For the two delay events presented in the grey-shaded boxes in Figure 3.8, remedy 

measures were taken by the construction company, which, however, resulted in further 

delays. These are captured by two additional FTA branches presented in Figure 3.9. 

The primary causes for the delays traced through the FTA, as shown in the bottom tiers 

of the branches in Figures 3.8 and 3.9, are numbered 1 through 12, and listed in Table 

3.10.  
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    As presented in the fault tree, “Components were not delivered as expected” is the 

undesired event. The primary causes of such event were found to be mainly associated 

with lack of information and inexperience. This could be attributed to the fact that many 

technologies and operations employed in modular construction are relatively new to the 

various parties involved. 

    Lack of information and experience led, for example, to inaccurate scheduling of the 

module assembly process, which then forced the assembly sequence to be changed 

twice (primary delay factor 1 and 2). Lack of manufacturing experience and clear 

understanding of the client’s requirements by the designers resulted first in ill design of 

the walkways and beams, and then in incorrect design of the moulds (primary delay 

factor 8 and 9). As a result, the moulds had to be sent back to the manufacturer for 

revision. This seriously slowed down the production of modular components. 

Furthermore, the design of the walkways and beams was not delivered on time, which 

further delayed the mould design and the start of the component production, leaving 

insufficient time to make the amount of components requested by the site. 

Figure 3.9 The fault tree analyses for the delays caused by the remedies to address the 

events presented in the grey-shaded boxes in Figure 3.7 The primary delay factors 

identified are circled by oval-shaped frames and numbered 
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No. Primary Delay factors 
Responsible 

company 
Group 

1 Lack of experience by schedule engineers A Exp. 

2 Lack of information at scheduling time A Exp. 

3 Inclement weather conditions External FM. 

4 Traffic congestion between factory and site  External FM. 

5 No tag system built for identifying each component A Mgmt. 

6 Lack of experience in making components in the factory by manuf. operators A Exp. 

7 No effective quality check mechanism for finished components  A Mgmt. 

8 Requirements were not understood by designers B,C Exp. 

9 Lack of experience in design for manufacturing by the designers B,C,D Exp. 

10 Construction company changed the design  A Exp. 

11 Fluctuations in workers’ productivity A Exp. 

12 Inadequate information exchanged between parties A,B,C,D,E Mgmt. 

Exp: experience related; Mgmt: management related; FM: force majeure related    

Table 3.10 The primary delay factors found in the case study. 

   In addition, the manufacturing operators in Company A lacked the experience in 

making structural components in a factory environment (primary delay factor 6). For 

instance, defects were found on the surfaces of many finished components, 

reinforcements were not properly installed in some components, and other components 

were not produced in accordance with the detail design drawings. When these faults 

were identified on the site, the non-compliant components had to be sent back to recast. 

The inexperience of the manufacturing operators in Company A also led to fluctuations 

in productivity (primary delay factor 11), resulting in production below the target 

quantity. 

    The delay was also caused by the lack of a systematic management plan in Company 

A. Without a strict quality check mechanism for finished components, components with 

defects were sent to the site and got rejected, causing waste in time and resources 

(primary delay factor 7). It is noteworthy that some defects identified were aesthetic 

rather than structural and the rejection was unjustified. Furthermore, most structural 

components may look alike in appearance, but they can have slight differences in size 

and shape. Without an effective tagging system for identifying such differences, wrong 

components were sent to the site on the wrong date (primary delay factor 5).   

    Other factors that contributed to the lateness of the project are strong winds which 

forced the crane to stop operating (primary delay factor 3) and the traffic congestion 

between the factory and the site that made the delivery on time rather challenging 

(primary delay factor 4).   

    Interestingly, the attempts to correct the two delays (shown in the grey-shaded boxes 

in Figure 3.8) were also affected by inexperience and insufficient communication 
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between the parties. As shown in Figure 3.9, insufficient information was given to the 

outsourcing manufacturing company (Company E), and much time was needed to 

provide explanations, slowing down the production of the modular components 

(primary delay factor 12, the left path in Figure 3.9). Similarly, not enough information 

for producing the drawings of the moulds was provided to Company C, causing the 

delay in receiving the detail drawings (primary delay factor 12, the right path in Figure 

3.9). Since modular construction is still a novel building method to most practitioners 

in the sector, we can also see from Table 4 that 7 out of 12 primary delay factors are 

experience related. 

 

3.2.6 Recommendations to address the primary delay factors 

 

        Lack of experience with the schedule engineers and insufficient information for 

establishing the construction schedule could be improved by using a more sophisticated 

scheduling method. For instance, the program evaluation review technique (Olawale 

and Sun 2010) generally applied for construction scheduling could be integrated with a 

discrete event simulation (DES) (Tako and Robinson 2012). In this context, the output 

of the DES could provide the probability that a pre-determined schedule is realised in 

the future, helping in the design of a more feasible schedule. 

    The schedule deviations due to unfavourable weather, lateness in transportation and 

productivity fluctuation can be minimised by employing a carefully designed supply 

chain configuration between the factory and the site. The supply chain could be 

modelled by mathematical programming (e.g. linear programming or stochastic 

programming) considering the uncertainties in both manufacturing and assembly. 

    A quality control system could be implemented at the factory to make sure that all 

the finished components comply with the detailed design and have no unacceptable 

defects. In addition, the site manager could involve in the quality checking process to 

assure that all the components delivered are ready for assembly. Moreover, to reduce 

wrong or missing deliveries, radio frequency identification (RFID) tags could be 

applied to finished components to identify when and where they are located.  

    Given that the project involved multiple companies, a digital platform could be 

established to support the communication between the parties and supplemented with 

periodical face to face meetings. Furthermore, minutes of the meetings should be 

captured and a record preserved to clarify the responsibility of each party when disputes 
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arise.  

 

3.2.7 Evaluation of the fault tree analysis method 

 

 In the fault trees in Figures 3.8 and 3.9 there are a total of 43 event nodes, and 40 

logical links (33 nodes and 32 links in Figure 3.8, and 10 nodes and 8 links in Figure 

3.9) representing the holistic schedule delay incident occurred while completing the 

infrastructure project studied in this research. A detailed analysis of the information 

sources behind the FTA nodes and links showed that only 23 event nodes and 14 logical 

links are explicitly stated in the written records accounting for 53% and 35% of the 

entire information space respectively (see Table 3.11). The remaining events and the 

logical relationships were retrieved from the face-to-face interview with the project 

manager and then embedded into the fault tree by implementing the procedures 

introduced in section 3.4. 

Method FTA  
Conventional 

method 

Conv. meth. 

/FTA (%) 

Node 43 23 53 

Link 40 14 35 

Table 3.11 A comparison of the quantity of information captured by FTA and 

conventional methods 

 

    It is essential to recognise what events were not captured in the events log and 

problem reports. The problem report listed many causes of delay, but it acknowledged 

that the schedule delay was caused only by: (1) the late release of the design of the 

structural components, which was subcontracted to the design and consultancy 

company (Company B); and (2) a misunderstanding of the design by the company 

responsible of producing the detail design of the structural components (Company C).  

     Compared to the FTA presented in section 4, the conclusions of the problem report 

did not capture the delay owing to adverse events on site, nor the delay happened during 

the manufacturing and transportation process. These delays were, however, captured in 

the events log report, which indicates that not all the schedule deviation incidents 

recorded in the events log report were discussed in the problem report. Furthermore, 

the delays incurred by the remedy actions were also not explicitly covered in the 

problem report. In conclusion, the report was found to lack a systematic and structured 

approach to capturing the full picture of the delay problem. The logic and cause-effect 

relationship between the incidents are also difficult to infer.  
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    Keeping an event log is a common practice in every construction site and factory. In 

our study the events happened in the building site were recorded but not classified into 

different categories. Also, the events log report did not indicate how events happened 

and who should be responsible, nor identify which event had a higher priority to be 

resolved. The same situation occurred in the events log for the factory. There was no 

comprehensive and holistic record of the production process and the undesired issues 

that happened. The event logs of the building site and factory also have the potential to 

act as raw data in the search for causes of schedule deviation. At present construction 

companies tend to file a problem report directly and perhaps also intuitively based on 

event logs without conducting further detailed analysis (Hamzah et al. 2011). Instead, 

they should attempt to make use of tools such as FTA to deduce the primary causes. 

    Table 3.12 presents a comparison between the FTA tool and the practice employed 

by the construction company with respect to the investigation of delay factors. The 

items listed in Table 3.12 were obtained from Andersen and Fagerhaug (2006), who 

have generalised the most common features of the methods used for finding reasons 

causing undesired events. The most important benefit of employing the FTA is that it 

can reveal the cause-effect relationship between the delay factors in a tangible structure 

with chronological order. It also discloses that some delay factors are more influential 

than others by implementing a rigorous logical deduction. Furthermore, the delay 

factors, which happened in different locations (e.g. building site and factory) can be 

captured in different branches of a single fault tree, thus clearly and concisely showing 

the whole picture of how they contribute to the top undesired event. The remedial 

actions for the adverse event can be illustrated by the fault tree as well.  

    In contrast, the practice adopted in the industry is such that delay events are typically 

scattered on different pages of an event log and even in different spreadsheets or books, 

making it extremely difficult to unbiasedly identify the real primary cause of delays 

without using a tool as the FTA. 

     Using the FTA tool, this research mapped multiple delay factors, which were traced 

all the way to their primary causes as shown in Figure 3.8 and 3.9. This approach to 

modelling shows that some delay factors possess greater significance than others as 

shown in Table 3.10. 

 

 



75 

 

Table 3.12 The comparison between the FTA and the common practice. 

 

3.2.8 Discussion 

 

    Most of the previous studies on the delay factors in the construction industry have 

compiled lists and categorised the factors identified (Assaf and Al-Hejji 2006; Gündüz 

et al. 2013; Pethkar and Birajda 2015). However, recognising an important delay factor 

does not provide substantial help in problem-solving. This is because all the delay 

factors in a construction project are connected both chronologically and logically. The 

problem can only be effectively resolved by tracing a delay to its primary causes and 

removing them.  

    For example, late delivery of building materials at sites has been listed as a leading 

delay factor in many literatures. Nevertheless, late delivery can be triggered by many 

causes, and all of them can be traced back to their primary causes as exhibited by our 

FTA. This study demonstrates that FTA is a powerful tool for analysing a complex 

network of delay events in a construction project, and identifying the roots of the delays. 

    Swarna and Venkatakrishnaiah (2014) and Shahhosseini et al. (2018) also used FTA 

to investigate the most prominent reasons for causing construction cost overrun. Their 

research outcomes have proven that FTA not only can disclose the primary reasons 

through logical deduction, but also can visualise the chronological order of major 

adverse events that happened during the project execution. Nevertheless, the subject 

and the conditions of the study of Swarna and Venkatakrishnaiah (2014) were not well 

delineated, i.e. the boundary of the fault tree is blurred, thus no tangible scope or 

coverage is specified for what data should be used to construct the fault tree. Under this 

circumstance, the importance of factors is hardly differentiated. The fault tree of 

Shahhosseini et al. (2018) was oversimplified (contains only three tiers), and all the 

factors related to the same attribute, regardless of their roles as either the cause or the 

effect, are gathered in the same branch and placed at the same tier in the tree. Thus, the 

Information revealed FTA Common practice 

The cause-effect relationship between delay factors V  

The logical relationship between delay factors V  

The chronological order of the delay factors V V 

The significance (importance) of delay factors V  

The stakeholders responsible for the delay V V 

The classification of delay factors  V V 

Alert that can elicit prompt responses  V 

Display delay factors that happened in different locations and at 

different time altogether 

V  
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outcome of the fault tree is more a classification of the reasons contributing to 

construction risks.  

     Consequently, to obtain a result of the fault tree analysis in high quality and 

reliability, the rules for constructing fault trees have been strictly followed in this 

research, and the data involved in undesired incidents are collected as detailed as 

possible during the face to face interview with the cooperation construction company.  

    Modular construction has several unique features that distinguish it from 

conventional in-situ construction. As a result it owns a different set of prevailing delay 

factors. Since the production of modular components in a factory is carried out 

concurrently with the construction works on site, the design must be finished at a much 

earlier stage than that required in in-situ projects, making timeliness and accuracy the 

two most critical requirements in modular construction projects. Actually, this has 

become one of the major reasons to constrain many projects from adopting the modular 

construction method (Blismas et al. 2005; Alazzaz and Whyte, 2015). In our case study, 

a large part of the delay factors is design related. The ill design along with its correction 

and the late submission of the design drawings all seriously slowed down the project. 

For the same reason, design changes by the construction company could be especially 

problematic in modular construction (primary delay factor 10). 

    It is also worth noting that modular construction has both the characteristic of 

manufacturing and construction, so it possesses some delay factors which are absent in 

in-situ construction. Among these there are, for instance, the lack of a holistic quality 

management system for finished products in the manufacturing factory, and the lack of 

tagging and tracking techniques implanted on modular components to prevent mistakes 

in the shipping process.  

    In addition, the remote location of a specialised manufacturing factory from 

construction sites, and unusually bulky cargos which have to be shipped using 

specialised vehicles via specific routes, all make transportation especially uncertain in 

modular construction. Table 3.13 lists the delay factors found in the modular 

construction project of our case study, and also shows which of these factors are unique 

to the modular construction and which are shared with the in-situ construction. The 

information regarding the in-situ construction delay factors is from Table 3.6. 
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Delay factors Modular In-situ 

Lack of experience by schedule engineers V V 

Lack of information at scheduling time V V 

Inclement weather conditions V V 

Lateness in module/ material delivery  V V 

No tag system built for identifying each component V  

Lack of experience in making components in the factory  V  

No effective quality check mechanism for finished components  V  

Requirements were not understood by designers V V 

Lack of experience in design for manufacturing by the designers V  

Construction company changed the design  V V 

Fluctuations in site workers’ productivity/ equipment efficiency V V 

Inadequate information exchanged between parties V  

Table 3.13 The delay factors identified in modular construction project, and their 

commonality and uniqueness with in-situ construction. 

 

3.3 Closing remarks 

 

    In order to understand the most prevalent reasons for causing lateness in conventional 

in-situ construction projects, a systematic literature survey was conducted and two 

analysing methods have been employed to disclose the leading delay factors. Method 1 

is based on the number of references in the collected literature that recognise the studied 

factor, while method 2 integrates the ranking from different references. 

     Compiling a list of delay factors, categorising and ranking them based on their 

impact and frequencies can develop an understanding toward the schedule deviation. 

However, in practice, to completely prevent delay from occurring, additional 

information is needed, i.e. the primary root causes of delay must be identified. Such 

knowledge can be obtained through analysis of the cause-effect and chronological 

relationships between various delay factors. 

    Fault tree analysis was applied to identify the primary delay factors in a modular 

construction project. It has revealed that some delay events are more important than 

others, and clearly showed the cause-effect relationships among them. The results of 

fault tree analysis based on the case study presented in this chapter indicate that lack of 

experience in the design and operations employed in the new and emerging modular 

construction method is the primary reason for causing schedule deviation. Moreover, 

some other unique delay factors to modular construction were observed in the 

prefabricated infrastructure project studied, such as the lack of a holistic quality 

management system, and tagging and tracking systems for finished products. Changes 

in the component design and the uncertain transportation time for shipping modular 

components are other examples of critical delay factors. 
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The outcome of the fault tree analysis has been presented to the cooperating 

construction company for validating the correctness of the logical and cause-effect 

relationships. The company consented that, comparing to the problem report and event 

logs adopted by the company nowadays, the FTA tool is capable of providing more 

insightful and meaningful information regarding the late delivery of a project, and 

would like to put it to use in the future.  

    In the following chapters, we present models that are explicitly designed to deal with 

uncertainty in demand at construction sites incurred by various delay factors. In the 

study, five major delay factors typically occurring at construction sites are employed in 

scenario generation. They are inclement weather, namely heavy precipitation and strong 

wind, lateness in module delivery and the fluctuations in both labour productivity and 

equipment efficiency. The unfavourable weather condition has received the highest 

count in the investigation method 1. Late module/ material delivery has been ranked in 

top positions in both method 1 and 2, and low labour productivity and crane/equipment 

failure also got high ranks in both investigation methods. It should be noted that the 

above mentioned delay factors are recognised in both in-situ and modular construction 

methods (see Table 3.13). Furthermore, all these delay factors are quantifiable and can 

be predicted by probability distribution functions based on the historic metrological 

data and or site event logs generated by the site manager.  
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Chapter 4 Modelling the modular construction supply chain 

 
 

    Over recent years the practice of modular construction, using the design for 

manufacturing and assembly (DfMA) method, has progressively entered the 

construction industry replacing the traditional stick-built approach to construction. The 

benefits of modular construction come from manufacturing building components in a 

factory environment, where higher efficiencies and quality can be achieved, the need 

for space to store materials or equipment on site is reduced, and the assembly process 

is significantly shortened (De La Torre 1994; Lawson et al. 2014). 

     Supply chains for in-situ construction projects are usually composed of multiple 

material suppliers who make direct deliveries to construction sites. Within this 

framework, various raw building materials are delivered to the site on a specific date 

by following the orders placed by the main or sub-contractors (Pryke 2009). On the 

other hand, raw building materials employed in modular or prefabricated construction 

projects are dispatched to manufacturing factories in the first place, where they go 

through sophisticated prefabrication process and become modular components waited 

for being shipped to the site (Lawson et al. 2014; Li and Xue 2014).  This structural 

and sequence alternation in construction supply chain introduces the need to have close 

coordination among manufacturing, transportation, inventory management and 

assembly sequence. Due to these interdependencies, any operational deviations are 

expected to reverberate across the various sectors of the system, ultimately resulting in 

significant variations in construction schedules (Hsu et al. 2018).  

     The optimal configuration for a three-tier modular construction supply chain 

including a manufacturing factory, a storage facility, and construction sites has rarely 

been studied before. Previous research on the supply chains of in-situ construction as 

well as general merchandise can only partially inform a new logistic model for modular 

construction as the aforementioned features require additional considerations. This 

research aims to address this knowledge gap by establishing a mathematical model to 

optimise logistics processes in modular construction. 
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4.1 Deterministic model constructed by mixed integer linear programming (MILP) 

 

    Previous studies have indicated that construction site delays constitute the largest 

parts of the causes of schedule deviations. Therefore, we seek to determine how factory 

manufacturing and inventory management should be adapted to variations in demand 

on the construction site. To build a solid foundation, this study starts with the simplest 

approach. A mathematical model in deterministic manner is introduced in this section 

for capturing the logistics characteristics of modular construction covering the three 

common tiers of operations: manufacturing, storage and construction. It should be 

noted that the modular construction supply chain has never been modelled as a three-

tire supply chain by mixed integer linear programming in previous studies. Therefore, 

the researches for modelling logistics and supply chain in other industries can only be 

partially consulted, because the modular construction possesses the characteristic of 

both construction and manufacturing.   

    The model is built by MILP and implemented in CPLEX. The output of the model is 

aiming to recommend the most favourable supply chain configuration under fluctuating 

site demand. The applicability of the developed MILP model is tested on the following 

two situations: 

 

Situation 1: Dealing with uncertain demands at the construction sites  

    Given that the demand at the construction site is uncertain, the daily demand was 

discretised using the three-point estimation technique to divide the demand into 3 

possible levels on each day. The generation of scenarios then was done by listing all 

the possible combinations of daily demand levels within the time period of a project. A 

screen was conducted to eliminate invalid scenarios. A specific version of the CPLEX 

code computed the expected daily demands and its probability of occurrence. These 

data were then used in finding the optimal daily production rates and the initial 

inventory which can give rise to the lowest operational cost of the construction project 

under study.  

 

Situation 2:  Dealing with demands undergoing abrupt disruptions  

    When a sudden undesired incident occurs on the construction site making the demand 

drop, the logistic system needs to come up with a new manufacturing scheme as soon 

as possible. However, it is impossible for the factory to make a reaction on the same 
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day, simply because there is insufficient changeover time for the factory to adopt a new 

manufacturing rate, the production rate on that day would adhere to the originally 

planned rate. In the meantime, it is worth noting that the scheme for inventory 

consumption and storage also has to be altered. For yielding an emergency plan, another 

version of CPLEX code was built which is capable of eliciting the optimal production 

rate and revealing the change of inventory level right after the disruption.  

 

4.1.1 Assumptions and model formulation 

 

    This section introduces the assumptions behind the deterministic model and its 

formulation.  

 

Assumptions 

    The assumptions adopted in this model are to represent the characteristics of logistic 

operations in modular construction projects.  

1. The factories are assumed to be able to manufacture several types of modular 

products for a range of projects simultaneously.  

2. Additional costs are incurred when production rates are boosted, i.e., paying a 

higher unit production price at a higher production rate, when more labour and 

equipment are necessitated and employed.  

3. The manufactured items should be transported to warehouses, given component 

sizes and limited inventory holding space in the factory. 

4. Since most modular products are tailor-made for a project, the overall production 

quantity would match the total demand exactly. 

5.  The modular products are transported from the warehouse to construction sites 

according to the daily demand for each product at each location on a just-in-time 

basis, because construction sites have very limited storage space and inventory 

protection facilities.  

6. For reducing the computational complexity, we assume that only a single type of 

room module can be loaded on a truck. 

7. The model anticipates that delays may occur during construction and this may have 

a serious impact on the upstream logistics. 

    Uncertainty in demand generally can give rise to mismatch of supply and demand, 

which has two opposite effects, the production may either be in excess or shortage of 

the modular products. In modular construction, the lack of modular products cannot be 
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made up through purchase orders from other companies. In this study, the shortage 

problem is solved by building up a suitable amount of initial inventory. The structure 

of the modular construction supply chain and its relationship with the parameters 

adopted is shown in Figure 4.1.  

Figure 4.1 The structure of the three-tire supply chain and its relationships with the 

parameters in the MILP model. 

 

MILP model formulation 

 

    The objective of the model is to minimise the overall operational cost of the supply 

chain, which includes the costs of production, transportation, inventory and assembly. 

As such, the model seeks to determine optimal daily production rates and initial 

inventory quantities that can deliver the lowest overall operational cost. The following 

notation is used: 

 

Indices 

𝑡 Working days of the construction project;   𝑡 ∈ T, T = {1, 2, …., NMD} 

𝑖 Construction sites;   𝑖 ∈  𝐼, I is the set of sites 

𝑗 Product types;  𝑗 ∈ 𝐽, 𝐽 is the set of product types 

  

Parameters 

𝑁𝑀𝐷 Total period of construction in days 

𝐷𝑡𝑖𝑗 Demand of product j at site i on day t  

𝐴𝐶𝑗 Assembly cost of product j  
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𝑆𝐹𝑖 The fix overhead at the construction site i per day 

𝑉𝑂𝐿𝑗 Volume of product j in m3 

𝑊𝐼𝐶 Inventory cost per m3 per day in warehouse 

𝑊𝐶𝐴𝑃 Maximum inventory capacity in warehouse in m3 

𝑀𝑅𝑀𝑗 Maximum manufacturing rate of product j per day 

𝑀𝐹 The fix overhead of the factory per day 

𝑀𝑉𝑗  Basal unitary (variable) cost for  manufacturing one unit of product j 

𝐴𝐷𝐽𝑗  Adjustment factor of the unitary cost of product j, when production 

rates are boosted 

𝐷𝐹𝑊 Distance between the factory and the warehouse in km 

𝐷𝑊𝑆𝑖 Distance between the warehouse and the site i in km 

𝑇𝐶 Transportation cost per truck per km 

𝑁𝐿𝑗  Quantity of product j can be loaded onto a single truck  

  

Decision variables 

𝑚𝑡𝑗 Manufacturing rate of product j per day at factory on day t 

𝑛𝑡𝑗 Quantity of inventory of product j in warehouse on day t 

𝑛𝑡=0,𝑗 Quantity of initial inventory of product j in warehouse  

 

 

Objective function: 

Minimise: 𝑇𝑂𝐶 = 𝐹𝑃𝐶 + 𝑉𝑃𝐶 + 𝐼𝐶 + 𝑇𝐶𝐴 + 𝑆𝐶𝐴 (4) 

𝐹𝑃𝐶 = 𝑀𝐹 ∙ 𝑁𝑀𝐷+ 𝑀𝐹 ∙ 𝑀𝑎𝑥 (
𝑛0𝑗

𝑀𝑅𝑀𝑗/2
)        ∀ 𝑗 ∈ 𝐽         (4.1) 

𝑉𝑃𝐶 = ∑ ∑ 𝑚𝑡𝑗 ∙ 𝑀𝑉𝑗 ∙ [1 + 𝐴𝐷𝐽𝑗 ∙ (
𝑚𝑡𝑗

𝑀𝑅𝑀𝑗
)] 

𝑗∈𝐽𝑡∈𝑇

+ ∑ 𝑛0𝑗 ∙ 𝑀𝑉𝑗 ∙ [1 + 𝐴𝐷𝐽𝑗 ∙
1

2
]

𝑗∈𝐽

 (4.2) 

𝐼𝐶 = ∑ ∑  𝑛𝑡𝑗 ∙ 𝑉𝑂𝐿𝑗

𝑗∈𝐽

∙

𝑁𝑀𝐷

𝑡=0

𝑊𝐼𝐶 (4.3) 

𝑇𝐶𝐴 = ∑ ∑
𝑚𝑡𝑗

𝑁𝐿𝑗
∙ 𝑇𝐶 ∙ 𝐷𝐹𝑊

𝑗∈𝐽𝑡∈𝑇

+ ∑ ∑ ∑
𝐷𝑡𝑖𝑗

𝑁𝐿𝑗
∙ 𝑇𝐶 ∙ 𝐷𝑊𝑆𝑖 + ∑

𝑛0𝑗

𝑁𝐿𝑗
∙ 𝑇𝐶 ∙ 𝐷𝐹𝑊

𝑗∈𝐽𝑗∈𝐽𝑖∈𝐼𝑡∈𝑇

 (4.4) 

𝑆𝐶𝐴 = ∑ 𝑆𝐹𝑖

𝑖∈𝐼

∙ 𝑁𝑀𝐷 + ∑ ∑ ∑ 𝐷𝑡𝑖𝑗

𝑖∈𝐼

∙

𝑡∈𝑇𝑗∈𝐽

𝐴𝐶𝑗 (4.5) 

     
     

    The objective is to minimise the total operational cost (TOC) in Equation (4), which 

is composed of various costs. Equations (4.1) and (4.2) calculate the fixed and variable 

production costs (FPC and VPC) for producing all types of products, respectively. The 

cost for manufacturing the initial inventory is also considered in the second terms of 

the respective equations. Note that the initial inventory is assumed to be produced at 

the half maximum production rate (an approximate average rate) before the demand on 
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the site is initiated. This assumption is based on the fact that the production line may 

run parallelly for other projects as well. Thus, only a fractional manufacturing capacity 

could be used for preparing the initial inventory. Equation (4.3) calculates the inventory 

cost (IC) at the warehouse for all time. Equation (4.4) calculates the transportation cost 

(TCA) for moving products from the factory to the warehouse, from the warehouse to 

all the construction sites, and for moving the initial inventory from the factory to the 

warehouse, in the three terms, respectively. The number of truck for shipping modules 

have been rounded to the next highest integer by a ceiling function. The linearization 

of this function is presented in the Appendix D on page 199 line 180-183 and page 201 

line 255-256. Equation (4.5) calculates the site fix cost and the assembly cost (SCA) for 

assembling all types of products on all sites. 

 

Subject to: 

0 ≤ 𝑚𝑡𝑗 ≤ 𝑀𝑅𝑀𝑗      ∀ 𝑡 ∈ 𝑇, ∀ 𝑗 ∈ 𝐽         (4.6) 

∑ 𝑛𝑡𝑗 ∙ 𝑉𝑂𝐿𝑗 ≤ 𝑊𝐶𝐴𝑃     ∀ 𝑡 ∈ 0 𝑡𝑜 𝑁𝑀𝐷

𝑗∈𝐽

 (4.7) 

∑ 𝑚𝑡𝑗 + 𝑛0𝑗 = ∑ ∑ 𝐷𝑡𝑖𝑗

 𝑖∈𝐼𝑡∈𝑇𝑡∈𝑇

     ∀ 𝑗 ∈ 𝐽  (4.8) 

𝑛𝑡𝑗 = 𝑛𝑡−1,𝑗 + 𝑚𝑡𝑗 – ∑ 𝐷𝑡𝑖𝑗

𝑖∈𝐼

      ∀ 𝑡 ∈ 𝑇, ∀ 𝑗 ∈ 𝐽  (4.9) 

𝑛𝑡𝑗 ≥ 0     ∀ 𝑡 ∈ 0 𝑡𝑜 𝑁𝑀𝐷, ∀ 𝑗 ∈ 𝐽  (4.10) 

    Constraint (4.6) states that the manufacturing rate of each type of product is within a 

pre-defined range. Constraint (4.7) ensures that the sum of the volume of all inventory 

products is smaller than the warehouse capacity for all time. Constraint (4.8) makes 

sure that the production of modular products follows the demand on the sites. Constraint 

(4.9) represents the balance of inventory. Constraint (4.10) stands for the non-negativity 

of inventory.  

4.1.2 Case study and model applications 

This section introduces the case study adopted to demonstrate the applications of the 

proposed deterministic model. 
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Case study: bathroom pods for residential building 
 

    The specification of the problem instance was drawn from a project carried out by an 

industrial collaborator. The case study involves integrating the manufacturing facility, 

the storage facility and three constructions sites to enable efficient delivery and 

assembly of two types of bathroom pod in a residential development. The three 

construction sites are working concurrently in the same area, and are assumed to have 

the same project duration for simplicity. The total demand on each site is 12 pods of 

each type. The room module shipping is contracted to a transportation company who 

has adequate flatbed lorries for conveying the finished modules. The input parameters 

used in the mathematical model and their values are shown in Table 4.1. The values 

were supplied by the logistics team of the cooperating company through telephone 

interviews.   

 

Data Names Values 

Number of construction sites 3 sites 

Type of modular bathroom pod Pod A; Pod B 

Maximum number of pod can be assembled 4 pod A/day; 4 pod B/day 

Assembly cost for modular products £250/Pod A;  £200/Pod B 

Construction site fix cost (overhead) £1600/day 

Maximum storage capacity at warehouse 1600 m3 

Inventory cost at warehouse £2/m3 

Volume of the modular products 10 m3/Pod A; 5 m3/Pod B 

Distance between factory to warehouse 30 km 

Distances between warehouse to sites 6,7,8 km for 3 sites 

Transportation cost  £1.73/km 
Number of pods can be loaded on a truck  2 Pod A/truck; 4 Pod B/truck 

Manufacturing factory fix cost (overhead) £2200/day 

Maximum manufacturing rate 10 Pod A/day; 10 Pod B/day 

Variable manufacturing cost £800/Pod A; £600/Pod B 

Adjustment factor for variable manufacturing cost 0.5 for Pod A; 0.6 for Pod B 

Table 4.1 The parameters of the case study.  

 

Dealing with uncertain demands at the construction sites  

    As discussed in the previous chapter, many incidents can happen at the construction 

site causing lateness in schedule and drops in demand. However, modular product 

requirements are always given in discrete integer number. Thus it is not realistic to 

represent the fluctuating demand as a continuous probability distribution. Rather it 

seems more simple and appropriate to model this uncertainty using the three-point 

estimation technique (Keefer and Bodily 1983). The daily demand from each 

construction site is assumed to have three different levels:  



86 

 

1. Optimistic: the demand is higher than expected, so the working schedule is ahead of 

the original plan.   

2. Normal: everything goes as originally scheduled.  

3. Pessimistic: the working schedule is behind of the original plan, due to disruptions 

happening on the site, which in turn causes the demand to be lower than expected. 

For demonstration purposes, the daily demand for one type of pod on each construction 

site has the following three levels (there are totally three construction sites and two 

types of pods): 

1. Optimistic demand level: maximum 4 pods/day (probability of occurrence, p=0.25); 

2. Normal demand level: maximum 3 pods/day, (p=0.5); 

3. Pessimistic demand level: maximum 2 pods/day, (p=0.25). 

In this framework, the site has the option to assemble either 4, 3, 2, 1 or 0 modules/day 

under the optimistic condition; By the same token, under the normal condition, the 

option includes 3, 2, 1 or 0 modules/day, and 2, 1 or 0 modules/day under the 

pessimistic condition. 

    If construction lasts for 6 days, there should have 36= 729 possible combinations of 

daily demand. However, some of the scenarios assemble more than the target number 

of 12 pods. An adjustment has been carried out to assure that in every valid scenario 

only the exact target number of pods are assembled on site within the designated time 

period, i.e. the works on site stop when targets are reached in those scenarios which 

have assembly capacity higher than the target numbers.  After the process, 60 distinct 

valid scenarios are identified and they are partially shown in Table 4.2. For each of 

them, the daily demands for one type of pod on each site for the 6 working days are 

also listed. The occurrence probability of each scenario was calculated based on the 

probability of the demand levels on each of the 6 days.   

Table 4.2 Valid demand scenarios. 

 Scenario No. Day 01 Day 02 Day 03 Day 04 Day 05 Day 06 Sum Probability 

01 4 4 4 0 0 0 12 1.56% 

02 4 4 3 1 0 0 12 3.13% 

03 4 3 4 1 0 0 12 3.13% 

04 3 4 4 1 0 0 12 3.13% 

05 4 4 2 2 0 0 12 1.56% 
. 
. 
. 

55 3 2 2 2 2 1 12 0.20% 

56 2 3 2 2 2 1 12 0.20% 

57 2 2 3 2 2 1 12 0.20% 

58 2 2 2 3 2 1 12 0.20% 

59 2 2 2 2 3 1 12 0.20% 

60 2 2 2 2 2 2 12 0.10% 
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    A version of the CPLEX code was created which can process one valid scenario at a 

time, and calculate the optimal daily manufacturing rate and initial inventory. The code 

can make repeated run automatically to obtain the solutions for all 60 scenarios. A 

summary of resulting statistics is given in Figure 4.2, which shows the distribution of 

60 valid scenarios in various costs. These figures provides the holistic pictures of the 

spread and boundary of various costs upon the realisation of different demand scenarios. 

By consulting these data, project managers can have a clear picture about what is the 

most likely execution cost for running the project under demand uncertainties.   

Figure 4.2 The (a) inventory cost, (b) production cost, (c) transportation cost, and (d) 

the total cost distributions of the 60 distinct valid scenarios (in £). 

 

        Feng and Ryan (2016) stated that a practical way to reduce the number of scenarios 

is to represent scenarios with similar attributes by their expected values. Under this 

context, to support decision making, this research has used the CPLEX solver to 

compute the expected values of the daily demands over the sixty valid scenarios (the 

formula for generating the expected demand is presented in Appendix D on page 196 

line 65-67). The expected total daily demand for the two types of bathroom pod on the 

three construction sites is shown in Table 4.3 (row 3). The CPLEX code then generates 

the corresponding optimal initial inventory (row 6, day 0) and daily production rate 

(row 4). Constraints have been added to make sure that the solution can fulfil the 

demands of all sixty scenarios, and all their inventory levels reach zero at the end of the 

project. As the manufacturing factory can only produce bathroom pods in integer 
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numbers, the solutions for the production rate were rounded (row 5). The variation of 

daily inventory in the expected scenario is also shown (row 6, day 1-6). 

 

Day 0 1 2 3 4 5 6 

Pod type A B A B A B A B A B A B A B 

Expected Demand  -- -- 9 9 9 9 9 9 7.36 7.36 1.61 1.61 0.03 0.03 

Production rate -- -- 5.60 5.60 6 6 6.4 6.4 0 0 0 0 0 0 

Production rate 

(rounded)  
-- -- 6 6 6 6 6 6 0 0 0 0 0 0 

Inventory level 18 18 14.6 14.6 11.6 11.6 9 9 1.64 1.64 0.03 0.03 0 0 

Table 4.3 The optimal responses suggested by the model under the expected demand. 

 

Dealing with abrupt disruptions 

     Another CPLEX code was built to address abrupt changes in the demand on sites. 

Here abrupt disruptions refer to unexpected events, which have negative consequences 

on the original construction schedule.  

To demonstrate an abrupt disruption, we assumed a scenario in which a strong wind 

appears unexpectedly on day 2 of construction, and there is no sign of stopping over 

the next few days. As a result, the assembly rate drops to one half of its original value. 

The demand and the outputs of the model (including the optimal initial inventory and 

daily production rate) for the original scenario are shown in the upper half of Table 4.4. 

Here we assume that originally 4 type-A and 4 type-B bathroom pods are assembled in 

each of the three construction sites per day. In total, 36 type-A and 36 type-B bathroom 

pods are assembled in three days (see row 4).  

    The new scenario (disrupted) is presented in the lower half of Table 4.4. The 

disrupted demand profile is shown in row 8 (day 2-5). Since the strong wind happens 

abruptly on day 2, the factory does not have enough changeover time to adopt a new 

production rate until day 3. The program thus sticks to the original production rate on 

day 2 and then calculates the optimal production rates for day 3 and beyond. The 

variation of the inventory level is given in the last row. 
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Day 0 1 2 3  4 5 

Original Scenario (no-delay) 

Pod type A B A B A B A B A B A B 

Demand -- -- 12 12 12 12 12 12 -- -- -- -- 

Production rate -- -- 6 6 6 6 6 6 -- -- -- -- 

Inventory level 18 18 12 12 6 6 0 0 -- -- -- -- 

New Scenario (abrupt disrupted) 

Demand -- -- 12 12 6 6 6 6 6 6 6 6 

Production rate -- -- 6 6 6 6 2 2 2 2 2 2 

Inventory level 18 18 12 12 12 12 8 8 4 4 0 0 

Table 4.4 Demand and output for the original and abrupt disrupted scenario. 

 

4.1.3 Discussion 

 

    The deterministic model developed in this study is able to deal with two kinds of 

demand situations. The first situation is to handle uncertainties in the product demand 

on sites. When the demand for any product is taken as uncertain, it is often thought of 

as being in a range, which can be represented in the form of a probability distribution. 

This needs to encompass all of the possible future values, including the optimistic, most 

likely and pessimistic values.  

    In practice, the estimation of an uncertain quantity is often achieved using the three-

point estimation technique, i.e. assigning the optimistic, most likely and pessimistic 

values, along with their probabilities of happening (Keefer and Bodily 1983). Its 

simplicity makes it a widely used estimation method in the field of management. We 

have adopted such technique in this study and generate a weekly (6-days) scenario list 

based on the three daily demand levels.  

    One of the simplest solutions to the problem with uncertain parameters is by 

introducing their expected values as representatives. In this way, the problem becomes 

deterministic, and can be solved succinctly. Our model can help a factory set up the best 

weekly production plan based on the expected scenario which represents a weighted 

average of all possible outcomes. This can be a very practical application.  

    The second situation is to deal with abrupt demand variations on sites. Accidents 

inevitably happen, and a logistic system must be able to respond and find the best 

solution in the shortest time. Our model imitates the real situation, in which the 

production plan is not changed until the very next day after the disruption, due to 

insufficient changeover time in the factory for adopting a brand new manufacturing 

scheme at once. The model, which can reveal a new production plan in response to the 

abrupt demand change, thus can be of great help to managers whose responsibility is to 



90 

 

make decisions for production planning in a short time frame.      

    The deterministic model is designed to help the factory to handle the foreseeable and 

abrupt disruptions on sites. This can have many practical applications in the 

construction industry. Note that factors for causing disruptions, as disclosed in Chapter 

3, can be of many different types, from bad weather conditions based on the forecast 

data to advanced notices of a shortage of certain building components, to the absence 

of crew members. The level of impact on the original assembly schedule and their 

frequency of occurrence should be the two criteria for determining which delay factors 

should be included in the mathematical models.  

    Although the deterministic model can provide the most favourable production 

scheme for each demand scenario including the expected one, the realisation of the 

future site demand is still uncertain. In this context, the logistics manager cannot 

guarantee that implementation of the MILP model can always lead to the minimum total 

operational cost when the project is executed. The MILP model also cannot not tell 

what recourse action should be taken when a certain future path has been laid.  

    In order to establish a holistic consideration for all the uncertainties and the 

stochasticity in the site demand, this research, as shown in the following section, has 

further developed stochastic programming models to reveal the optimal supply chain 

configuration for serving as guidance in both short-term and long-term planning. 
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4.2 Stochastic model constructed by the two-stage stochastic programming  

 

    A specific version of mathematical model is established in this section for the design 

and optimisation of the logistic processes in modular construction covering three tiers 

of operation: manufacturing factory, consolidation centre and a construction site in the 

urban setting, while the site demand is fluctuating.  

    This is done by a two-stage stochastic programming to capture the demand variations 

within a finite time horizon. Using the model outlined in this section we seek to 

determine the most appropriate factory manufacturing scheme before and after the 

commencement of the construction works by considering all the possible demand 

scenarios simultaneously. Furthermore, the best transportation scheme and the change 

of inventory in all places can also be accessed by the model output as well. 

    The model was evaluated using a case study from the residential construction sector. 

The application showed that the model can be of great value to managers responsible 

for either issuing plans to be executed in the future or making changes to existing plans 

to account for recently revealed data. 

 

4.2.1 Two-stage stochastic programming    

    Stochastic programming (SP) is a mathematical modelling framework for optimising 

problems that involve uncertain data elements. This is in contrast to the deterministic 

optimisation problems which are formulated with known parameters. However, the 

problems we face in the real world always include noisy parameters. The data with 

uncertainty are usually represented as probability distributions in SP, and they often are 

further discretised into a finite number of possible future scenarios by using the 

techniques such as Monte Carlo sampling, sample average approximation or n-point 

estimations. The main purpose of discretisation is to make the SP model can be solved 

with reasonable computational time and resource.  

    The two-stage SP model is the most prevalent way for modelling the optimisation 

problem with uncertain parameters. Here the decision maker takes some action in the 

first stage based on the information at hand. Afterwards, a random event occurs 

affecting the outcome of the first-stage decision. A recourse decision can then be made 

in the second stage to compensate for any negative effects that might have been 

experienced as a result of the first-stage decision. The optimal policy from such a model 

is composed of a single first-stage policy and a collection of recourse decisions defining 

https://en.wikipedia.org/wiki/Linear_program
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which second-stage action should be taken in response to each random outcome. 

Stochastic programming has applications in a broad range of areas ranging from finance 

to transportation to energy optimisation.  

The classic two-stage linear stochastic programming problems can be formulated as: 

min  𝑐𝑇𝑥 + 𝔼[𝑄(𝑥, 𝛺)]  (4.11) 

  subject to:  

𝐴𝑥 = 𝑏 (4.12) 

𝑥 ≥0                      (4.13) 

 

where 𝑄(𝑥, 𝛺) is the optimal value of the second-stage problem, which is defined as 

follows: 

min  𝑞(𝛺)𝑇𝑦 (4.14) 

  subject to: 

𝑇(𝛺)𝑥 + 𝑊(𝛺)𝑦 = ℎ(𝛺)       (4.15) 

𝑦 ≥0                      (4.16) 

  

    Let 𝑥 ∈ ℜ𝑛1 represents the first-stage decision variable vector, and  𝑦 ∈ ℜ𝑛2 be the 

second stage decision variable vector. 𝔼 refers to the operator for calculating the 

expected value. 𝛺 represents the uncertain data, and thus q(𝛺), T(𝛺), W(𝛺) and h(𝛺) 

are the noisy parameters regarding to the second-stage problem. Eq. (4.12) is the 

constraint whose coefficients are fixed and free from noise, Eq. (4.14) represents the 

objective function for second-stage problem; while Eq. (4.15) is the constraint whose 

coefficients are noise-sensitive. Eq. (4.13) and (4.16) ensure non-negativity of vectors. 

    The formulation of the above two-stage SP problem usually assumes that the second-

stage uncertain data 𝛺 can be described as a random vector of a known probability 

distribution. This could be justified in many situations. For example, 𝛺 could contain 

information derived from historical data or realisations of a simulation model whose 

outputs are stochastic.  

    To solve the two-stage stochastic problem numerically, one often needs to assume 

that the random vector 𝛺 has a finite number of possible realisations, called scenarios. 

The data elements with uncertainties can then be expressed by a set of scenario: i.e. 

𝛺 =  {1, 2, 3, . . . , 𝑆}.  In this context, for each scenario 𝑘 ∈ 𝛺 , the coefficients 

https://en.wikipedia.org/wiki/Finance
https://en.wikipedia.org/wiki/Transportation
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associated with the uncertain elements are denoted as {𝑞𝑘, 𝑇𝑘, 𝑊𝑘, ℎ𝑘} with a fixed 

probability of occurrence 𝑝𝑘, and ∑ 𝑝𝑘 = 1𝑆
𝑘=1 .  

    With the number of scenarios being finite, the two-stage stochastic linear programs 

can alternatively be modelled as large linear programming problems. This formulation 

is often called the deterministic equivalent linear program. In this context, we can 

minimise the expected value of the objective function, subject to the constraints from 

all scenarios as follows: 

   𝑀𝑖𝑛  𝑐𝑇𝑥 + ∑ 𝑝𝑘

𝑘∈𝛺

(𝑞𝑘
𝑇𝑦𝑘) 

= 𝑀𝑖𝑛  𝑐𝑇𝑥 + 𝑝1(𝑞1
𝑇𝑦1) + 𝑝2(𝑞2

𝑇𝑦2) + 𝑝3(𝑞3
𝑇𝑦3) + ⋯ 𝑝𝑆(𝑞𝑆

𝑇𝑦𝑆) 

 

Subject to 

𝐴𝑥 = 𝑏  

𝑇1𝑥 + 𝑊1𝑦1 = ℎ1         

𝑇2𝑥 +           𝑊2𝑦2 = ℎ2         

𝑇3𝑥 +                     𝑊3𝑦3 = ℎ3         

  ⁞  

𝑇𝑆𝑥 +                                  𝑊𝑆𝑦𝑆 = ℎ𝑆         

𝑥, 𝑦𝑘 ≥0       ∀ 𝑘 ∈ 𝛺  

 

    Here, we have a different second-stage decision variable 𝑦𝑘 for each scenario 𝑘. It 

should be note that the first-stage decision variables 𝑥 is the same in every scenario 

because a decision must be made in the first-stage before we know which scenario will 

be realised in the second stage. As a result, the constraints which only contain the first-

stage decision variable only need to be specified once, while the remaining constraints 

must be formulated separately for each scenario. Thus, the total number of constraints 

of the two-stage stochastic programming problem will be determined by the number of 

the scenario. 

    In the two-stage SP we aim to minimise the cost 𝑐𝑇𝑥 for the first-stage plus the 

expected cost from the second-stage decision. The second-stage problem can be simply 

viewed as an optimisation problem which describes the best corresponding action we 

should take when an uncertain scenario is revealed. Or we can consider its solution as 
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a recourse action, where the term 𝑊𝑘𝑦𝑘 compensates for a possible insufficiency of the 

system (i.e. 𝑇𝑘𝑥 ≤ ℎ𝑘) and 𝑞𝑘
𝑇𝑦𝑘 is the cost of this recourse action.  

 

4.2.2 Assumptions and model formulation 

 

    This section introduces the assumptions used in the development of the stochastic 

mathematical model, its structure and implementation which are based on the 

framework illustrated in the previous section. A case study with an application of the 

technique to a problem instance from an industrial setting is discussed in the following 

section.  

    A complete list of indices, parameters and variables is provided in the Appendix A. 

As discussed in the introduction, the key distinguishing trait of projects using the 

method of “Design for Manufacturing and Assembly” is that most of the construction 

components are produced in an off-site manufacturing facility (hereafter referred to as 

factory for simplicity).  

 

Assumptions and model formulation regarding the manufacturing factory: 

 

1. The factory can manufacture all types of modular products j ∈ J (where J is the set 

of modular products) for supporting multiple ongoing construction sites i ∈ I (where 

I is the set of construction sites).  

 

2. The factory has a fixed daily overhead (MF) which exists regardless of its 

production quantity.  

 

3. The factory fix production cost (FPC) is the product of the fixed overhead and the 

overall factory manufacturing duration for the whole project, which encompasses 

the period of time for preparing the initial inventory, which can last for IID days, 

and the period after construction starts, which runs for CMD days. The days are 

counted by indices p (p∈ P, where P = 1, 2 … IID) during the preparation phase, 

and t (where t = 1, 2 ... CMD) in the construction phase. 

 

4. For the production in the factory, this research assumes that every kind of modular 

product has a basal unitary manufacturing cost (MVj), a maximum daily 

manufacturing rate (MRMj), which cannot be exceeded, and an adjustment factor 
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(ADJj), which reflects the rise of MVj as the daily production rate approaches MRMj 

due to the deviation from the most economical marginal variable production cost.  

 

5. The variable production cost (VPC) is composed of two parts. The first part regards 

the initial inventory, which is obtained by summing up the daily quantity of each 

kind of modular products 𝑚𝑝𝑗
𝐵  (B denotes “before construction starts”) produced in 

the initial inventory preparation period multiplied by MVj.  

 

6. The second term is for the production after construction starts, and is calculated 

using a method similar to the first term, except that 𝑚𝑝𝑗
𝐵  is replaced by the daily 

production quantity in this time period, 𝑚𝑡𝑗.   

 

7. MVj needs to be adjusted for the resource utilization ratio: 𝐴𝐷𝐽𝑗(𝑚𝑝𝑗
𝐵 /𝑀𝑅𝑀𝑗). Thus 

VPC for each kind of modular product during the initial inventory preparation stage 

is denoted: 𝑚𝑝𝑗
𝐵 ∙ 𝑀𝑉𝑗 ∙ [1 + 𝐴𝐷𝐽𝑗(𝑚𝑝𝑗

𝐵 /𝑀𝑅𝑀𝑗)].  

 

It should be noted that the decision variable 𝑚𝑝𝑗
𝐵  and 𝑚𝑡𝑗 are scenario independent (i.e. 

the first stage decision variables). This is because in modular construction projects the 

manufacturing scheme must be planned ahead, owing the raw materials need to be 

ordered and derived to the manufacturing factory by various suppliers and the metallic 

formworks for building the prefabricated concrete components needs to adjusted and 

assembled before the production starts.  

     Therefore, to come up with an overall production scheme for each kind of modular 

product that can always remain optimal no matter which demand scenario happens in 

the future is valuable for the construction company in logistics planning. In another 

thread the decision variable regarding to the initial inventory level and the shipping 

quantity before the assembly process starts are also scenario independent, because there 

is no uncertainties on the site during that period.    

 

Assumptions and model formulation regarding the construction site: 

 

1. Although assembly schedule for modular products is fixed at the end of the planning 

phase, this research anticipates that delays may occur during the assembly process, 

yielding uncertainties in daily demand for modular products.  
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2. The case study presented later in this paper focuses on the site demand variation 

aroused from the following disruptions: inclement weather, workers’ productivity 

fluctuations, late transportation and crane’s operation reliability issues.  

 

3. The delay factors are all assumed to be independent to one another and characterised 

by their occurrence probability.  

 

4. By considering all these disruptions simultaneously, a set of possible demand 

scenarios can be generated. In this study, 𝐷𝑠𝑡𝑖𝑗  represents the demand for modular 

product j on day t (t∈ 𝑇 where T= 1, 2 ... LWD) for site i in scenario s (s∈ S, where 

S is the set of demand scenarios).  

 

5. It is assumed that each demand scenario has a probability 𝑆𝑃𝑠 of happening and 

each scenario has a working duration (𝐷𝐷𝑠) for reaching the assembling target. This 

duration may be different in each scenario owing to different level of disruptions. 

The longest working duration among all scenarios is denoted as LWD. 

 

6. The site fix cost (𝑆𝐹𝐶𝑠) in each scenario is the sum of the product of the working 

duration (𝐷𝐷𝑠) and the site overhead (SFi) for each site.  

 

7. The total assembly cost (𝐴𝐶𝑠) is determined by summing up  𝐷𝑠𝑡𝑖𝑗 ∙ 𝐴𝐶𝑗 for each 

day, each site and each product, where ACj is the cost for assembling one unit of 

modular product j.  

 

8. The extra operational cost on site (hereafter referred to extension cost, 𝐸𝑋𝑠 ) is 

incurred in a scenario when the daily demands on site are not met, then the site is 

forced to operate beyond the originally planned working period to assemble the late 

delivered modules, provoking an extra site fix cost. 

 

Assumptions and model formulation regarding the inventory management: 

 

1. In this research, manufactured items for building up the initial inventory before the 

start of the construction are only stored in the warehouse, given that the storage 

spaces at the factory are usually occupied by other projects during this period of 

time, and no inventory protection is available on site. Under this circumstance, the 
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quantity of initial inventory in the factory (𝑛𝑝𝑗
𝐵𝐹) and sites (𝑛𝑝𝑖𝑗

𝐵𝑆 ) are zero before the 

commencement of construction, and the initial inventory in the warehouse (𝑛𝑝𝑗
𝐵𝑊) 

increases daily.  

 

2. The product holding cost in the initial inventory preparation phase (𝐼𝐶𝐵) is the sum 

of the daily cost for storing the initial inventory of each product, which is expressed 

as 𝑛𝑝𝑗
𝐵𝑊 ∙ 𝑉𝑂𝐿𝑗 ∙ 𝑊𝐼𝐶, where 𝑉𝑂𝐿𝑗 is the volume of modular product and WIC is the 

daily unitary storage cost in the warehouse.  

 

3. The inventories of each product at the factory, warehouse and sites on each day after 

construction starts are demand scenario specific, and denoted as 𝑛𝑠𝑡𝑗
𝐹 , 𝑛𝑠𝑡𝑗

𝑊  and 𝑛𝑠𝑡𝑖𝑗
𝑆 , 

respectively.  

 

4. The daily inventory cost of each product in each scenario in this time period is 

composed by the inventory costs within the factory (𝑛𝑠𝑡𝑗
𝐹 ∙ 𝑉𝑂𝐿𝑗 ∙ 𝐹𝐼𝐶) , warehouse 

(𝑛𝑠𝑡𝑗
𝑊 ∙ 𝑉𝑂𝐿𝑗 ∙ 𝑊𝐼𝐶) and site (𝑛𝑠𝑡𝑖𝑗

𝑆 ∙ 𝑉𝑂𝐿𝑗 ∙ 𝑆𝐼𝐶), where FIC and SIC are the daily 

unitary storage costs in the factory and site, respectively. The summation of the 

daily storage cost of each product in each place gives the total inventory cost in 

each scenario (𝐼𝐶𝑠).  

 

5. It is worth noting that, since most modular products are tailor-made for a project 

with exact quantity, 𝑛𝑠𝑡𝑗
𝐹 , 𝑛𝑠𝑡𝑗

𝑊  and 𝑛𝑠𝑡𝑖𝑗
𝑆  are expected to be exhausted by the end of 

the project.  

 

6. Assumptions have been made that the total volumes of inventory cannot exceed 

their respective storage capacities in the factory (FCAP), warehouse (WCAP) and 

site (SCAPi) at all time. 

 

 The decision variable 𝑛𝑠𝑡𝑗
𝐹 , 𝑛𝑠𝑡𝑗

𝑊  and 𝑛𝑠𝑡𝑖𝑗
𝑆  are scenario specific (i.e. the second stage 

decision variables), because the inventory levels after the site assembly process starts 

will vary differently according to the site demand scenario. 
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Assumptions and model formulation regarding the inventory management: 

    

1. All modular products are transported from the warehouse to construction sites 

according to the daily demand for each product at each location on a just-in-time 

basis.  

 

2. The number of truck needed daily for transporting each product is calculated by 

dividing the daily transportation quantity from the warehouse to the site (𝑡𝑠𝑡𝑖𝑗
𝑊 ) by 

the quantity of product that can be loaded onto a single truck (𝑁𝐿𝑗
𝑊) running in this 

sector. 

 

3.  The transportation cost from the warehouse to the sites in each scenario (𝑇𝐶𝑊𝑆𝑠) 

then is determined as the sum of the product of the truck numbers, the distance in 

between (DWSi) and the unitary transportation cost (CWS) of each day, each site 

and each kind of modular product.  

 

4. The transportation costs for moving products from the factory to the warehouse in 

the initial inventory preparation phase ( 𝑇𝐶𝐹𝑊𝐵 ) and the construction phase 

( 𝑇𝐶𝐹𝑊𝑠) are calculated in the same manner using the corresponding variables and 

parameters: the daily transportation quantities of each kind of product in the 

preparation phase (𝑡𝑝𝑗
𝐵𝐹)  and construction phase (𝑡𝑠𝑡𝑗

𝐹  ),  the truck loading 

quantity(𝑁𝐿𝑗
𝐹) , the moving distance (DFW) and the unitary transportation cost 

(CFW).   

 

The decision variables with regard to the module shipping quantity after the site 

assembly process starts are also scenario specific, because different site demand 

scenarios can only be fulfilled by adopting different transport scheme. 

 

Objective function 

    The objective of the model presented in this section is to minimise the total supply 

chain operational cost 𝑇𝐶  required during the time period to build up the initial 

inventory and complete construction projects. TC as defined by Eq (4.17) is, therefore, 

the sum of the following cost terms:   

• The fixed and variable manufacturing costs (𝐹𝑃𝐶 and VPC).  

• The inventory cost for holding inventory in a warehouse in the initial inventory 
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preparation phase (𝐼𝐶𝐵). 

• The inventory cost for holding products in a factory, warehouse and sites within each 

demand scenario in the construction phase ( 𝐼𝐶𝑠). 

• The transportation costs for moving products from the factory to the warehouse and 

from the warehouse to all sites within each demand scenario in the construction phase 

( 𝑇𝐶𝐹𝑊𝑠 and  𝑇𝐶𝑊𝑆𝑠).  

• The transportation costs for moving products from the factory to the warehouse in 

the initial inventory preparation phase (𝑇𝐶𝐹𝑊𝐵). 

• The total site fix cost and assembly cost within each demand scenario (𝑆𝐹𝐶𝑠 and 𝐴𝐶𝑠).  

• Anticipated extension costs within each demand scenario (𝐸𝑋𝑠).  

Minimise:  

𝑇𝐶 =  𝐹𝑃𝐶 + 𝑉𝑃𝐶 + 𝑇𝐶𝐹𝑊𝐵 + 𝐼𝐶𝐵 + ∑ 𝑆𝑃𝑠 ∙ ( 𝐼𝐶𝑠 +  𝑇𝐶𝐹𝑊𝑠+𝑇𝐶𝑊𝑆𝑠+𝑆𝐹𝐶𝑠 + 𝐴𝐶𝑠 + 𝐸𝑋𝑠)

𝑠∈𝑆

 (4.17) 

FPC= 𝑀𝐹 ∙ 𝐶𝑀𝐷 + 𝑀𝐹 ∙ 𝐼𝐼𝐷       (4.18) 

𝑉𝑃𝐶 = ∑ ∑ 𝑚𝑡𝑗 ∙ 𝑀𝑉𝑗 ∙ [1 + 𝐴𝐷𝐽𝑗 ∙ (
𝑚𝑡𝑗

𝑀𝑅𝑀𝑗

)] 

𝑗∈𝐽

𝐶𝑀𝐷

𝑡=1

+ ∑ ∑ 𝑚𝑝𝑗
𝐵 ∙ 𝑀𝑉𝑗 ∙ [1 + 𝐴𝐷𝐽𝑗 ∙ (

𝑚𝑝𝑗
𝐵

𝑀𝑅𝑀𝑗

)]

𝑗∈𝐽𝑝∈𝑃

 (4.19) 

𝐼𝐶𝐵 = ∑ ∑ 𝑛𝑝𝑗
𝐵𝑊  ∙ 𝑉𝑂𝐿𝑗 ∙ 𝑊𝐼𝐶

𝑗∈𝐽𝑝∈𝑃

 (4.20) 

 𝐼𝐶𝑠  = ∑ ∑ 𝑛𝑠𝑡𝑗
𝐹 ∙

𝑗∈𝐽𝑡∈𝑇

𝑉𝑂𝐿𝑗 ∙ 𝐹𝐼𝐶 + ∑ ∑ 𝑛𝑠𝑡𝑗
𝑊 ∙

𝑗∈𝐽𝑡∈𝑇

𝑉𝑂𝐿𝑗 ∙ 𝑊𝐼𝐶 + ∑ ∑ ∑ 𝑚𝑎𝑥 (𝑛𝑠𝑡𝑖𝑗
𝑆 , 0) ∙ 𝑉𝑂𝐿𝑗 ∙ 𝑆𝐼𝐶

𝑗∈𝐽𝑖∈𝐼𝑡∈𝑇

 (4.21) 

 𝑇𝐶𝐹𝑊𝑠  = ∑ ∑
𝑡𝑠𝑡𝑗

𝐹

𝑁𝐿𝑗
𝐹 ∙ 𝐷𝐹𝑊

𝑗∈𝐽𝑡∈𝑇

∙ 𝐶𝐹𝑊 (4.22) 

 𝑇𝐶𝑊𝑆𝑠 = ∑ ∑ ∑
𝑡𝑠𝑡𝑖𝑗

𝑊

𝑁𝐿𝑗
𝑊 ∙ 𝐷𝑊𝑆𝑖

𝑗∈𝐽𝑖∈𝐼𝑡∈𝑇

∙ 𝐶𝑊𝑆 (4.23) 

𝑇𝐶𝐹𝑊𝐵 = ∑ ∑
𝑡𝑝𝑗

𝐵𝐹

𝑁𝐿𝑗
𝐹 ∙ 𝐷𝐹𝑊 ∙ 𝐶𝐹𝑊

𝑗∈𝐽𝑝∈𝑃

 (4.24) 

𝑆𝐹𝐶𝑠 = ∑ 𝑆𝐹𝑖 ∙ 𝐷𝐷𝑠

𝑖∈𝐼

 (4.25) 

𝐴𝐶𝑠 =  ∑ ∑ ∑ 𝐷𝑠𝑡𝑖𝑗

𝑗∈𝐽

∙

𝑖∈𝐼𝑡∈𝑇

𝐴𝐶𝑗 (4.26) 

𝐸𝑋𝑠 = ∑ 𝑚𝑎𝑥 (𝐶𝑀𝐷 − 𝐷𝐷𝑠  ,0) ∙ 𝑆𝐹𝑖

𝑖∈𝐼

 (4.27) 

 

    Eqs (4.18) and (4.19) calculate the fixed and variable production costs for 
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manufacturing all types of products (FPC and VPC), respectively, in the period 

encompassing the initial inventory preparation and construction phases. Note that the 

variable production cost is a function of the relative daily manufacturing rate. 

     Eq (4.20) calculates the inventory cost for holding the initial inventory at the 

warehouse (𝐼𝐶𝐵 ) before construction starts. Note that the initial inventory is only 

allowed to be stored in the warehouse. Equation (4.21) calculates the total inventory 

cost after construction starts for each scenarios ( 𝐼𝐶𝑠). It includes the inventory costs in 

factory, warehouse and construction sites. It should be noted that in the last term of Eq 

(4.21) only non-negative quantities of inventory are included in the calculation of the 

inventory cost on construction sites in each scenario. In some scenario the demands are 

not met for a certain time period, and the calculated inventories on site become negative 

on these days. These negative numbers stand for the unfulfilled demands, but do not 

represent the real quantities of inventory, which should be equal to 0 under these 

circumstances.   

    Eqs (4.22) and (4.23) calculate the transportation cost for moving products from the 

factory to the warehouse and from the warehouse to the construction site for all 

scenarios ( 𝑇𝐶𝐹𝑊𝑠 and  𝑇𝐶𝑊𝑆𝑠), respectively. Eq (4.24) calculates the transportation 

cost for moving the initial inventory from the factory to the warehouse (𝑇𝐶𝐹𝑊𝐵).  

    Eq (4.25) calculates the site fix cost in each scenario (𝑆𝐹𝐶𝑠). Eq (4.26) calculates the 

assembly cost for assembling all types of products on all sites in each scenario (𝐴𝐶𝑠).  

Eq (4.27) calculates the extension cost for each scenario. The extension cost is incurred 

in a scenario when the daily demands on site are not met. In this case, the site is forced 

to extend its working period giving rise to an extra site fix cost. In addition to this, when 

the manufacturing duration after the construction work starts (CMD) is longer than the 

working duration (𝐷𝐷𝑠) in a certain scenario, the difference between CMD and 𝐷𝐷𝑠 

represents the extension length of site works and the occurrence of extra cost. No 

extension cost is arisen if the CMD is shorter than 𝐷𝐷𝑠 . (i.e. that means all the modular 

products are manufactured within the working duration, so there will be no extension 

cost for that scenario). 

 

Subject to: 

 0 ≤ 𝑚𝑝𝑗
𝐵 ≤ 𝑀𝑅𝑀𝑗      ∀ 𝑝 ∈ 𝑃, ∀ 𝑗 ∈ 𝐽   (4.28) 
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 0 ≤ 𝑚𝑡𝑗 ≤ 𝑀𝑅𝑀𝑗      ∀ 𝑡 ∈ 𝑇, ∀ 𝑗 ∈ 𝐽    (4.29) 

𝑛𝑠𝑡𝑗
𝐹 = 𝑛𝑝𝑗

𝐵𝐹 + 𝑚𝑡𝑗 − 𝑡𝑠𝑡𝑗
𝐹      ∀ 𝑠 ∈ 𝑆 , 𝑡 = 1, 𝑝 = 𝐼𝐼𝐷 , 𝑗 ∈ 𝐽   (4.30) 

𝑛𝑠𝑡𝑗
𝐹 = 𝑛𝑠,(𝑡−1),𝑗

𝐹 + 𝑚𝑡𝑗 − 𝑡𝑠𝑡𝑗
𝐹      ∀ 𝑠 ∈ 𝑆 , 𝑡 = 2 𝑡𝑜 𝐿𝑊𝐷 , 𝑗 ∈ 𝐽 (4.31) 

𝑛𝑠𝑡𝑗
𝑊 =  𝑛𝑝𝑗

𝐵𝑊 + 𝑡𝑠𝑡𝑗
𝐹  − ∑ 𝑡𝑠𝑡𝑖𝑗

𝑊  

𝑖∈𝐼

    ∀ 𝑠 ∈ 𝑆 , 𝑡 = 1, 𝑝 = 𝐼𝐼𝐷, 𝑗 ∈ 𝐽  (4.32) 

𝑛𝑠𝑡𝑗
𝑊 = 𝑛𝑠,(𝑡−1),𝑗

𝑊 +  𝑡𝑠𝑡𝑗
𝐹  − ∑ 𝑡𝑠𝑡𝑖𝑗

𝑊

𝑖∈𝐼

   ∀ 𝑠 ∈ 𝑆 , 𝑡 = 2 𝑡𝑜 𝐿𝑊𝐷 , 𝑗 ∈ 𝐽  (4.33) 

𝑛𝑠𝑡𝑖𝑗
𝑆 = 𝑛𝑝𝑖𝑗

𝐵𝑆 + 𝑡𝑠𝑡𝑖𝑗
𝑊 −  𝐷𝑠𝑡𝑖𝑗   ∀ 𝑠 ∈ 𝑆 , 𝑡 = 1, 𝑝 = 𝐼𝐼𝐷, 𝑖 ∈ 𝐼 , 𝑗 ∈ 𝐽 (4.34) 

𝑛𝑠𝑡𝑖𝑗
𝑆 = 𝑛𝑠,(𝑡−1),𝑖𝑗

𝑆 + 𝑡𝑠𝑡𝑖𝑗
𝑊 −  𝐷𝑠𝑡𝑖𝑗   ∀ 𝑠 ∈ 𝑆 , 𝑡 = 2 𝑡𝑜 𝐿𝑊𝐷 , 𝑖 ∈ 𝐼 , 𝑗 ∈ 𝐽  (4.35) 

𝑛𝑝𝑗
𝐵𝑊 = 𝑡𝑝𝑗

𝐵𝐹 = 𝑚𝑝𝑗
𝐵     ∀ 𝑝 = 1 , 𝑗 ∈ 𝐽 (4.36) 

𝑛𝑝𝑗
𝐵𝑊 = 𝑛(𝑝−1),𝑗

𝐵𝑊 + 𝑡𝑝𝑗
𝐵𝐹   ∀ 𝑝 = 2 𝑡𝑜 𝐼𝐼𝐷  , 𝑗 ∈ 𝐽  (4.37) 

  𝑛𝑠𝑡𝑗
𝐹  , 𝑛𝑠𝑡𝑗

𝑊   , 𝑛𝑝𝑗
𝐵𝑊  ≥ 0   ∀ 𝑠 ∈ 𝑆 , 𝑡 ∈ 𝑇, 𝑝 ∈ 𝑃, 𝑖 ∈ 𝐼 , 𝑗 ∈ 𝐽 (4.38) 

∑ 𝑚𝑡𝑗

𝐶𝑀𝐷

𝑡=1

+ ∑ 𝑚𝑝𝑗
𝐵 = ∑ ∑ 𝐷𝑠𝑡𝑖𝑗     ∀ 𝑠 ∈ 𝑆 , 𝑗 ∈ 𝐽

𝑖∈𝐼𝑡∈𝑇𝑝∈𝑃

 (4.39) 

𝑛𝑝𝑗
𝐵𝐹 , 𝑛𝑝𝑗

𝐵𝑆 =  0   ∀ 𝑝 ∈ 𝑃, 𝑗 ∈ 𝐽 (4.40) 

𝑛𝑠𝑡𝑖𝑗
𝑆 = 0   ∀ 𝑠 ∈ 𝑆 , 𝑡 = 𝐿𝑊𝐷 , 𝑖 ∈ 𝐼 , 𝑗 ∈ 𝐽    (4.41) 

∑ 𝑛𝑝𝑗
𝐵𝑊 ∙ 𝑉𝑂𝐿𝑗  𝑎𝑛𝑑 ∑ 𝑛𝑠𝑡𝑗

𝑊 ∙ 𝑉𝑂𝐿𝑗   

𝑗∈𝐽

≤ 𝑊𝐶𝐴𝑃     ∀𝑝 ∈ 𝑃, 𝑠 ∈ 𝑆, 𝑡 ∈ 𝑇     

𝑗∈𝐽

 (4.42) 

∑ 𝑛𝑠𝑡𝑗
𝐹 ∙ 𝑉𝑜𝑙𝑗 ≤ 𝐹𝐶𝐴𝑃     ∀ 𝑠 ∈ 𝑆, 𝑡 ∈ 𝑇

𝑗∈𝐽

 (4.43) 

∑ 𝑛𝑠𝑡𝑖𝑗
𝑆

𝑗∈𝐽

∙ 𝑉𝑜𝑙𝑗 ≤ 𝑆𝐶𝐴𝑃𝑖    ∀ 𝑠 ∈ 𝑆, 𝑡 ∈ 𝑇, 𝑖 ∈ 𝐼   (4.44) 

𝑡𝑝𝑗
𝐵𝐹 , 𝑡𝑠𝑡𝑗

𝐹 , 𝑡𝑠𝑡𝑖𝑗
𝑊  ≥ 0    ∀ 𝑠 ∈ 𝑆, 𝑡 ∈ 𝑇, 𝑝 ∈ 𝑃, 𝑖 ∈ 𝐼 , 𝑗 ∈ 𝐽     (4.45) 

∑ 𝑡𝑠𝑡𝑗
𝐹 = ∑ 𝑚𝑡𝑗

𝐶𝑀𝐷

𝑡=1𝑡∈𝑇

    ∀  𝑠 ∈  𝑆, 𝑗 ∈ 𝐽   (4.46) 

∑ ∑ 𝑡𝑠𝑡𝑖𝑗
𝑊

𝑖∈𝐼𝑡∈𝑇

= ∑ 𝑚𝑡𝑗 + 𝑛𝑝𝑗
𝐵𝑊

𝐶𝑀𝐷

𝑡=1

      ∀  𝑠 ∈ 𝑆, 𝑝 = 𝐼𝐼𝐷, 𝑗 ∈ 𝐽   (4.47) 
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    Constraints (4.28) and (4.29) state that the daily manufacturing rate of each type of 

product is within a pre-defined range during the period for the initial inventory 

preparation and the period after the construction starts, respectively. The balance of 

inventory for each kind of product for the whole period of the construction phase in 

each scenario is bound by constraints (4.30)-(4.37). Constraints (4.30) and (4.31) 

represent the balance of inventory in the factory, constraints (4.32) and (4.33) are for 

that in the warehouse, while constraints (4.34) and (4.35) handle the construction site. 

Constraints (4.36) and (4.37) stand for the balance of inventory in the warehouse during 

the period for preparing the initial inventory. 

    The first component of constraint (4.38) assures the non-negativity of inventory at 

the factory after construction starts in each scenario, while the second and third 

components add the same restriction in the warehouse before and after the 

commencement of construction. Constraint (4.39) makes sure that the total production 

of each kind of modular products follows the total demand for that product. This is valid 

for every scenario.  

    Constraint (4.40) states that no initial inventory is stored in the factory and 

construction sites. This is because the initial inventory is only stocked in the warehouse. 

Constraint (4.41) makes sure that the demand for each kind of products on each site is 

met at the end of the construction project in each scenario. Constraints (4.42) ensures 

that the sum of the volume of all the stored products is smaller than the warehouse 

capacity at all times in each scenario. Constraints (4.43) and (4.44) impose the same 

restrictions on the inventories at the factory and construction sites, respectively. The 

first and second components of constraint (4.45) state that the quantities of each kind 

of products transported from the factory to the warehouse should be non-negative all 

the time, while the third component adds the same bound on the quantity transported 

from the warehouse to each construction site in the construction phase. Constraint 

(4.46) ensures that all the products produced in the factory after construction starts will 

be shipped to the warehouse. Constraint (4.47) ensures that all the above products plus 

the initial inventory will be transported to the construction sites. 

 

4.2.3 Case study bathroom pods for residential construction 

  

    This section describes the implementation of the stochastic programming model and 

demonstrates its applicability to a bathroom pod case study.  
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    The construction project was conducted by a major UK construction company 

concerning modular bathroom pods for a large residential development designed and 

built using the DfMA method. The key input parameters used in the mathematical 

model were collected from project documents and interviews with subject matter 

experts, see Table 4.5. The data regarding costs were gathered from publicly available 

sources including academic publications (Azambuja and O'Brien 2008; Lawson et al. 

2014) and websites1,2. Minor modifications to the data were carried out to reproduce a 

more diverse set of testing conditions. 

    The problem dealt with in the case study involves a single manufacturing facility, a 

warehouse for temporary storage and the assembly of two distinct types of bathroom 

pods. Thus, the logistic system investigated can be interpreted as a three-tier 

construction supply chain.   

    Given the complexity of the service ducts and components used in their design, 

bathroom pods are well-suited for off-site production. Offsite manufacturing using 

modular construction and the DfMA method enables to achieve a higher quality of the 

end product on site, significant time and cost savings and fewer construction materials 

wasted compared to the traditional stick-built method. 

    Bathroom pods were chosen due to their prevalence in the construction industry. In 

large scale developments, many identical units are typically deployed, therefore 

reducing the complexity of the case data and the logical relationships that need to be 

captured. Nevertheless, it should be stressed that the model developed in this research 

is not specific to this product, and could be readily applied to projects that involve 

several different module types or network structures.  
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Data Names Values 

Number of the construction site 1 site 

Type of modular bathroom pod Pod A; Pod B 

Maximum number of Pod can be assembled  20 Pod A/day; 18 Pod B/day 

Assembly cost of modular products £250/Pod A;  £200/Pod B 

Construction site fix cost (overhead) £1600/day 

Maximum storage capacity on site 40 m3 

Maximum storage capacity at warehouse 1600 m3 

Maximum storage capacity at factory 60 m3 

Inventory cost on site £1 /m3/day 

Inventory cost at warehouse £2 /m3/day 

Inventory cost at factory £1 /m3/day 

Volume of the modular products 10 m3/Pod A; 5 m3/Pod B 

Distance between factory and warehouse 30 km 

Distance between warehouse and site 8 km 

Transportation cost from factory to warehouse £1.73/truck/km 

Transportation cost from warehouse to site £1.73/truck/km 
Pods can be loaded on a truck from factory to warehouse 2 Pod A/truck; 4 Pod B/truck 
Pods can be loaded on a truck from warehouse to site 1 Pod A/truck; 2 Pod B/truck 

Manufacturing fix cost at factory (overhead) £2200/day 

Maximum manufacturing rate 10 Pod A/day; 10 Pod B/day 

Variable manufacturing cost £800/Pod A; £600/Pod B 

Adjustment factor for variable manufacturing cost 0.5 for Pod A; 0.6 for Pod B 

Table 4.5 The input parameters of the model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1 http://www.sanika.it/en 
2 https://www.offsitesolutions.com/   
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4.3 Stochastic model implementation 

 

    The model was implemented using IBM ILOG CPLEX Studio (version 12.6). The 

mathematical relationships introduced in section 4.2.1 were captured using the OPL 

mathematical modelling language. The programme flow for the stochastic aspects of 

the model was implemented using the ILOG Script language, a JavaScript derivative 

used for logic control and data manipulation. The CPLEX Optimizer was used to solve 

problem instances on a relatively modest workstation (Intel Core i7-4790, 8G RAM). 

The computation times for various construction duration involving different parameter 

configuration instances are presented in Table 4.6.  

 

The construction duration (Days) 5 6 7 8 9 10 

Computation time (mins) 20 28 34 38 48 56 

Table 4.6 Model computation time in different parameter configurations. 

 

    The model simultaneously considered the demand variations on site incurred by four 

major delay factors: weather, transportation of modular products, labour productivity 

and crane status. As an illustration, the case study was carried out in two instances, i.e. 

immediate future execution and near future execution, differing with respect to data 

quality and anticipated levels of parameter stochasticity.    

 

4.3.1 Quantifying the disruptions in the pod's assembly process 
 

Data regarding the four major delay factors were collected from weather forecast 

data/ historical records and written reports obtained from the collaborating construction 

company. By consulting these data, the seriousness of the schedule deviation caused by 

the delay factors was quantified. These quantified delay factors, combining with the 

mathematical formulation obtained from previous studies, were then used to establish 

different levels of disrupted modular product assembly pattern on a single day. Based 

on these patterns, all the possible site demand scenarios that can reach the assembly 

target quantity within a finite time horizon were identified along with their probability 

of happening. 
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4.3.2 Weather-related disruptions 

 

    Previous studies (Odeh and Battaineh 2002; Assaf and Al-Hejji 2006; Gündüz et al. 

2013; Nadu 2014) have identified inclement weather as one of the most commonly 

recognised sources of disruption in construction sites (Please refer to Chapter 2). This 

is because weather conditions can significantly influence the performance of outdoor 

construction activities, and modular construction is no exemption. While 

manufacturing may take place in controlled factory environments, the assembly stage 

still relies on cranes, which remain particularly sensitive to strong winds and heavy 

rains. Earlier studies have developed numerical frameworks (Thorpe and Karan 2008; 

Li et al. 2013; Ballesteros-Pérez et al. 2015; Jung et al. 2016) that illustrate the 

relationship between weather condition and the assembly rate of modular products.  

    Building on these studies, this research has modelled the daily module assembly rate 

as a function of wind speed and rainfall using a semi-trapezoidal relationship, as given 

by Eq. 4.48 (Li et al. 2013). A graphical presentation of the function shown in Figure 

4.3.  

 

                 ∆𝐼𝐹(𝑥) = {

1                         0 ≤ 𝑥 < 𝑎

1 −
(𝑥−𝑎)

(𝑏−𝑎)
          𝑎 ≤ 𝑥 < 𝑏

0                                 𝑥 ≥ 𝑏

                                          (4.48)                                                     

 

    where ∆𝐼𝐹 is the influencing factor rectified by a weather condition x; a is the turning 

point, i.e. the maximum wind speed or rainfall that bears no influence on assembly rates; 

and b is the construction cancellation point, i.e. the minimum wind speed or rainfall 

that causes the construction to halt. In between these two points, ∆𝐼𝐹 varies linearly 

with x. For wind, the turning point is set at 36 km/h and the cancellation point at 50 

km/h (Li et al. 2013). For rain, the turning point is set at 5 mm/h and the cancellation 

point at 10 mm/h (Jung et al. 2016). The disrupted assembly rate equals to the original 

assembly rateIF. The possible daily assembly rates of pods and their corresponding 

probabilities of happening have to be derived from the weather forecast data/ historical 

records. Detailed derivations are presented in sections 4.4.1 and 4.5.1 when discussing 

the two instances of the case study. 

 



107 

 

 
Figure 4.3 Relationship between weather condition and the influencing factor. 

 

 

4.3.3 Transport-related disruptions 
 

    Beyond weather, delays in the delivery of construction components is another 

commonly identified cause of disruption to original assembly timelines. According to 

the interview with the project manager of the case study, professional logistics 

contractors with adequate experience to deal with ordinary traffic deviations (e.g. traffic 

congestion in an urban area) were hired to ship the pods. In line with the viewpoint of 

Small (1982), who pointed out that every traveller possesses a preferred arrival time, 

and thus chooses a departure time that allows to arrive at exactly the preferred time, the 

logistics contractors always dispatched the trucks earlier to minimise the impact of 

traffic congestion. Even so, certain scenarios exist where an early departure from the 

trip origin would not help alleviate delays. These include, for example, traffic accidents, 

malfunctions or breakdowns of trucks, extreme road weather conditions, absenteeism 

or sickness of the drivers (Coyle et al. 2010; Fosgerau and Fukuda, 2012).  

    To account for this fact, this study assumes that the assembly rate on a given day is 

halved when any of the above incidents occur. This is based on the site event logs, 

which show that the daily delivery quantity reduced on average to around half of the 

planned quantity whenever there were occasions of serious delays in transportation. 

The total assembly quantity on that day then was forced to be cut down by half. This 

situation did not happen very often, so a small probability is assigned to these serious 

late deliveries as shown in Table 4.7.  

 

Delivery 

Status 

Affected 

Assembly Rate-A 

Affected 

Assembly Rate-B Probabilities 

Normal & Minor 20 18 98.00% 

Late 10 9 2.00% 

Table 4.7 Disrupted assembly rates by late delivery. 
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4.3.4 Labour productivity and crane disruptions 
 

    In the construction industry productivity is measured by the daily output carried out 

by workers and equipment on different kinds of tasks (e.g. cubic meter of concrete, 

square meter of formwork and kilogramme of rebar). In a modular construction project, 

productivity is expressed as the daily assembly quantity of modules on the site.   

    Despite the introduction of automated construction practices (De La Torre 1994; 

Lawson 2014), manual operations are still present in modular construction. Upon 

arrival to the site, modules are handled by workers who have to inspect, unwrap and 

facilitate crane lifts. Modules then have to be lined up before laying down, which is 

followed by unhooking, screwing and welding to secure them in position. Construction 

workers’ efficiency would, therefore, play a prominent role in determining daily 

assembly rates. Previous surveys mentioned fatigue, alcohol, disloyalty, 

misunderstanding among workers, overtime work, late payment, absenteeism or 

negative working attitude as factors that may affect performance (Sweis et al. 2009; 

Gundecha 2012).  

    In this case study, the site manager informed us that all the workers and equipment 

operators received professional skills and site safety training for 2.5 hours per week. 

Despite this, according to the daily site event log, their outputs always fluctuated. The 

discount rates of the workers’ productivity and the corresponding probabilities of 

happening, as given in Table 4.8, were derived from the data in the site event log, which 

records a series of daily assembly rate on site, and validated by the site manager. It 

should be noted that there are multiple factors that can affect worker’s performance. 

Therefore, these figures may vary widely overtimes, and between places and cases.  

    Similarly, for cranes, we consider the possibility of failure due to mechanical 

malfunctions or breakdowns (Bernold et al. 1997). By consulting the site event logs, 

which record when and how long the cranes were down (e.g. 5 hours in 267 working 

hours), and carrying out interviews with practitioners and construction site managers, 

we established a 50% productivity reduction for the days when such incidents occurred, 

with a probability of happening around 2% (see Table 4.8).  

Delay factor Status Discount rate  Probabilities 

Labour 

productivity 

Normal 1 85.00% 

Medium low 0.8 10.00% 

Low 0.5 5.00% 

Crane  
Normal 1 98.00% 

Down 0.5 2.00% 

Table 4.8 Discount on the assembly rate by labour productivity and crane status. 
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        The quantified delay factors introduced in sections 4.3.2 through 4.3.4 are now 

applied to generate the possible demand scenarios on site for the following two 

instances in the case study: a construction project to be executed in the immediate 

future; and a construction project to be executed in the near future. 

 

4.4 Stochastic model instance A – Dealing with a project in the immediate future 

 

4.4.1 Derivation of the influence of weather 

 

    The general availability of short-term weather forecasts of fairly good quality allows 

us to incorporate weather effects in the analysis, by transforming predictions such as 

the probability of precipitation and wind conditions to variations of demand levels for 

building materials on site. 

    For example, Table 4.9 provides a representative weekly weather forecast of Greater 

London. This was obtained from the Met Office (the UK National Weather Service) 

and concerns the period between September 28 to October 2, 2016.  

 

Date Sep-28 Sep-29 Sep-30 Oct-01 Oct-02 

Precipitation (%) 8 56 54 72 25 

Wind speed (km/h) 22 24 16 11 17 

Table 4.9 A weekly weather forecast data. 

 

    Since weather forecasts most commonly only provide the probability of precipitation 

(PoP) on a certain day, the probabilities for the amount of rainfall to exceed the turning 

point and cancellation point in the semi-trapezoidal function (Eq. 4.48) need to be 

further calculated. It has been established that the special gamma distribution, known 

as the exponential distribution, provides a reasonable approximation for the frequency 

distribution of rainfall amounts (Wilks 1995; Amburn and Frederick 2006). An 

estimator is defined using the exponential distribution probability density function to 

approximate the unconditional probability of exceeding (uPoE) a selected rainfall 

amount (x) on a certain day: 

 

𝑢𝑃𝑜𝐸(𝑥)  =  𝑃𝑜𝑃  𝑒(−𝑥/𝜇) 
                                                                      (4.49)  

 

    where 𝜇 is the predicted average rainfall amount on that day. Since this value may 

not be always provided by weather forecasts, we used historical data for daily 

precipitation in the region for a period spanning 85 years (1931-2015). These were used 
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to calculate the average precipitation amount (excluding dry days from the dataset). 

Predictions obtained with this methodology are provided in Table 4.10, which also 

illustrates unconditional probabilities for rainfall amount to exceed 5 mm/h and 10 

mm/h obtained using Eq. 4.49. Rainfall probabilities for various intensity intervals are 

also provided.  

Date PoP 
μ 

(mm/h) 

uPOE 

(5mm) 

uPOE 

(10mm) 

 Probabilities for various rainfall intervals 

0< 𝑥 <5 5≤ 𝑥 <10 𝑥 ≥10 

Sep-28 8% 2.83 1.36% 0.23% 6.64% 1.13% 0.23% 

Sep-29 56% 3.42 12.96% 3.00% 43.04% 9.96% 3.00% 

Sep-30 54% 3.74 14.16% 3.71% 39.84% 10.45% 3.71% 

Oct-01 72% 3.65 18.31% 4.66% 53.69% 13.65% 4.66% 

Oct-02 25% 3.19 5.21% 1.09% 19.79% 4.13% 1.09% 

Table 4.10 The probabilities of rainfall that exceed the selected amounts and that fall 

into various intervals. 

     

    Once the probabilities for different intervals of rainfall amount are known, the daily 

assembly rate under the influence of precipitation can be calculated using Eq. 4.48. We 

established three levels of influence (i.e. low, medium and high) on the pod assembly 

process on a single day to correspond with the three different levels of impact factor 

outputted by the semi-trapezoidal function. For the low level of influence (ΔIF=1), the 

probability of occurrence is the sum of the probability of rainfall between 0-5 mm/h 

and the probability of not raining on that day. The probability for medium influence 

equals the probability of rainfall interval between 5-10 mm/h. Here ΔIF is calculated 

based on an x value of the average of the rainfall interval (7.5 mm/h), and the result is 

0.5. High level of influence (ΔIF=0) occurs with a probability of rainfall over 10 mm/h.  

    As shown in Table 4.5, the original assembly rates without external influence are 20 

type-A pod and 18 type-B pods per day. Table 4.11 presents the disrupted daily 

assembly rates for both types of pods under different levels of precipitation influence 

along with their probabilities of happening. 
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Date 
Influence  

Level 

Affected 

Assembly Rate-A 

Affected 

Assembly Rate-B 
Probabilities. 

Sep-28 

Low 20 18 98.64% 

Medium 10 9 1.13% 

High 0 0 0.23% 

Sep-29 

Low 20 18 87.04% 

Medium 10 9 9.96% 

High 0 0 3.00% 

Sep-30 

Low 20 18 85.84% 

Medium 10 9 10.45% 

High 0 0 3.71% 

Oct-01 

Low 20 18 81.69% 

Medium 10 9 13.65% 

High 0 0 4.66% 

Oct-02 

Low 20 18 94.79% 

Medium 10 9 4.13% 

High 0 0 1.09% 

Table 4.11 The disrupted assembly rates incurred by precipitation. 

    

    Weather forecasts usually provide average wind speed estimates. Consulting these 

predictions, we can calculate the probability for wind speeds to exceed the turning and 

cancellation points by employing the Weibull distribution (Conradsen et al. 1984; 

Morgan et al. 2011; Azad et al. 2014). The latter can be used to determine how often 

winds of different speeds will be seen at a location, with a probability density function 

defined as follows: 

𝑝(𝑣) = (
𝑘

𝑐
) (

𝑣

𝑐
)

𝑘−1

exp [− (
𝑣

𝑐
)

𝑘

]                                                                    (4.50) 

 

    where p(v) refers to the probability for the selected wind speed v to happen on a 

certain day, c is the Weibull scale parameter, with a unit equalling that of the wind speed 

(km/h), and k is the unit-less Weibull shape parameter. The cumulative distribution 

function is written as: 

𝑃𝑐(𝑣) = 1 − 𝑒𝑥𝑝 [− (
𝑣

𝑐
)

𝑘

]                                                                            (4.51) 

 

    The shape factor k and scale factor c can be calculated by using the method of moment, 

a common technique widely used in the field of parameter estimation (Azad et al.2014; 

Kumar and Gaddada 2015). The two parameters can be evaluated by the following 

equations: 

 

𝑘 = (
0.9874

𝜎
𝑈⁄

)
1.098

                                                                                             (4.52) 

 

𝑐 =
𝑈

𝛤 (1+
1

𝑘
)
                                                                                                       (4.53) 
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    where 𝜎 is the standard deviation of the wind speed on a given day in the area of 

interest, 𝑈 is the average wind speed on that day given by the weather forecast, and 𝛤 

represents the Gamma function. A large database in the UK wind speed (known as 

NOABL, Numerical Objective Analysis Boundary Layer, available from the 

Department of Energy and Climate Change) has been built up under the Wind Power 

and UK Wind Speed Database Programs1. They found that 𝜎/𝑈 has a fixed ratio of 0.62, 

a value that can be applied to everywhere in the UK2.  

    Using Eq. 4.50 to 4.53 and average wind speeds obtained from weather forecasts, we 

calculated the probabilities for wind speed to exceed the turning and cancellation points 

on a given day. Table 4.12 provides the estimated probabilities for the period in question. 

 

Date 
Avg. wind 

speed  

 Probabilities for various wind speed intervals 

0≤  𝑥 <36 36≤  𝑥 <50 𝑥 ≥50 

Sep-28 22 84.15% 11.80% 4.05% 

Sep-29 24 79.68% 14.09% 6.23% 

Sep-30 16 95.64% 3.93% 0.43% 

Oct-01 11 99.71% 0.28% 0.00% 

Oct-02 17 94.11% 5.17% 0.72% 

Table 4.12 Probabilities of the wind speeds (km/h) that fall into various intervals. 

     

    Three distinct levels of wind influence on assembly operations can be derived using 

Eq. 4.48 and the figures in Table 4.12. Table 4.13 presents the disrupted daily assembly 

rates for both types of pod under different levels of wind influence along with their 

probabilities of happening. 

 

 

 

 

 

 

 

 

 

 

                                                           
1 http://www.wind-power-program.com/index.htm 
2 http://www.wind-power-program.com/wind_statistics.htm 
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Date 
Influence  

Level 

Affected 

Assembly Rate-A 

Affected 

Assembly Rate-B 
Probabilities 

Sep-28 

Low 20 18 84.15% 

Medium 10 9 11.80% 

High 0 0 4.05% 

Sep-29 

Low 20 18 79.68% 

Medium 10 9 14.09% 

High 0 0 6.23% 

Sep-30 

Low 20 18 95.64% 

Medium 10 9 3.93% 

High 0 0 0.43% 

Oct-01 

Low 20 18 99.71% 

Medium 10 9 0.28% 

High 0 0 0.00% 

Oct-02 

Low 20 18 94.11% 

Medium 10 9 5.17% 

High 0 0 0.72% 

Table 4.13 Disrupted assembly rate by wind speed. 

 

4.4.2 Generation of the assembly scenarios  

 

    When determining the actual daily assembly rate, all the five delay factors 

(precipitation, wind, transportation, labour and crane) mentioned in the previous section 

should be considered simultaneously. The actual assembly rate would be the lowest 

assembly rates among the three kinds of disruptions (precipitation, wind and 

transportation) times the percentages of reduction induced by labour and crane. The 

first three disruptions can happen individually or simultaneously, but the assembly rate 

is always the minimum incurred by the three influences, i.e. defining the upper limit for 

the daily pod assembly rate.  

 

    We consider now the situation that more than one delay factor takes place at the same 

time. For instance, a medium-strong wind would cut the assembly rate of pod A from 

20 to 10 per day, but a very heavy rain halts the assembly completely. Differently, a 

small rain would have no influence on the original assembly rate of pod B at 18 per 

day; however, a serious traffic incident could reduce the daily delivery quantity of pod 

B from 18 to 9, then the assembly rate on that day for pod B is 9 per day. The other two 

disruptions, i.e. labour and cranes, can exert effects on precipitation, wind and 

transportation. For instance, when rain cuts down the daily assembly rate by half, the 

absence of workers or the shut-down of cranes can decrease the rate even further.  

    Based on the above rule a compilation process was established, which, day by day, 

considering all the possible combinations of the five delay factors in each level 
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presented in Tables 4.7, 4.8, 4.11 and 4.13, generates the daily demand scenarios on the 

construction site, and finally combines the scenarios with the same assembly pattern. 

An example of the compilation process is given in 4, which shows the five steps of the 

process using Sep-28 as the day under analysis. We obtained eight different kinds of 

assembly pattern for pod A and pod B on a single day. Table 4.14 presents the 

probabilities of happening of the eight assembly patterns on each day of the week under 

study. 

Figure 4.4 The compilation process for generating the daily assembly/demand pattern on Sep-

28.  
 

Pattern A B 
Probabilities 

Sep-28 Sep-29 Sep-30 Oct-01 Oct-01 
I 20 18 67.76% 56.62% 67.02% 66.50% 72.82% 
II 16 14 7.97% 6.66% 7.88% 7.82% 8.57% 
III 10 9 17.35% 23.63% 18.16% 18.19% 14.75% 
IV 8 7 1.57% 2.39% 1.67% 1.68% 1.23% 
V 5 4 1.09% 1.59% 1.10% 1.10% 0.80% 
VI 4 3 0.03% 0.05% 0.03% 0.03% 0.02% 
VII 2 2 0.01% 0.02% 0.02% 0.02% 0.01% 
VIII 0 0 4.27% 9.04% 4.13% 4.66% 1.80% 

Table 4.14 The probabilities of happening of the 8 different assembly patterns on each 

day of the week under study. 
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  Since there are eight assembly patterns each day, there will be 85=32,768 possible 

demand scenarios on site for five consecutive working days. Among all these demand 

scenarios, the probability to have the total assembly capacity equal or larger than 44 

type-A and 39 type-B pods is 99.5%. Therefore, these two quantities of pods are set as 

the weekly assembly targets with 99.5% confidence. There are 13,058 scenarios which 

can reach these targets and thus they are considered as valid scenarios. The scenarios, 

which cannot meet the targets with a total probability of occurrence less than 0.5%, are 

excluded.  

 

    While some of the scenarios are capable of assembling more than the target numbers, 

they can finish the task in fewer than five days. An adjustment has been carried out to 

assure that in every valid scenario only the exact target number of pods are assembled 

on site within the designated time period, i.e. the works on site stop when both targets 

are reached in those scenarios which have assembly capacity higher than the target 

numbers. After the process, 2,428 distinct demand profiles are identified, out of the 

total of 13,058 scenarios. Among them, there are 16 profiles that can finish the whole 

assembling work in three days with a probability of occurrence of 69.85%, and 230 

profiles can complete the work in four days with a probability of 25.02%. There is only 

a 4.67% probability that the work will finish on the fifth day, though there are 2,182 

profiles that fall into this category. For lessening the computational complexity and 

speeding up the calculation process, further action was taken to reduce the number of 

scenarios. The scenarios in the last category (i.e. those 2,182 profiles, which need five 

days for finishing the assembly works) are transformed into an expected scenario. This 

is an approach that can be applied to a group of scenarios with very low probability 

without causing any noticeable impact (Dupacova and Consigli 2000; Philpott et al. 

2000; Latorre et al. 2007; Feng and Ryan 2016). 
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 4.4.3 Creation of the production plan  

 

    Given that there are three possible construction durations (3-5 days) on site, only two 

factory variables can be examined in order to establish the most favourable 

manufacturing plan: the number of days for preparing the initial inventory before the 

construction commences, and the number of days for manufacturing modules after the 

construction work starts. The value of the total costs outputted by the objective function 

(Eq.1) for various combinations of the days before and after the start of construction 

are given in Table 4.15. From the table it can be seen that a total of 5 days is needed to 

produce all the modular products. The overall lowest objective function value appears 

under the condition that the factory should spend 4 days to prepare the initial inventory 

and continue to manufacture for another 3 days after the construction commences 

(highlighted with a framed box). In other words, this is the most appropriate way to 

manufacture pods when all possible demand variations are considered simultaneously. 

     The result indicates that a too short or too long manufacturing time will lead to 

higher costs. This is because a short manufacturing time will force the factory to run at 

a high production capacity, which raises the variable production cost; and a long 

manufacturing time will lower the production rate, causing an unfulfilled demand on 

certain time, which in turn gives rise to the extension cost. As shown in Table 4.15, the 

worst production option is to spend 4 day to prepare the initial inventory and continue 

to manufacture for another 1 days after the start of construction. When this option is 

taken, the total operational cost is £4,707 (3.8%) more expensive than the best option 

highlighted with a framed box.   

The total operational costs for adopting the adjacent production options of the 

optimal one in Table 4.15 are not very different from one another. This is because, in 

our case study, most of the demand scenarios can complete the assembly process within 

three or four days. These scenarios form a group with high probability of occurrence. 

Since the two-stage stochastic programming model always gives priority to minimise 

the total operational costs of the scenarios with dominant probabilities, the model will 

performs the optimisation process mainly on this scenario group irrespective of the 

manufacturing duration configuration chosen, thus diminishing the difference between 

different manufacturing options. This difference will become more pronounced if the 

probability of occurrence of the extreme scenarios (e.g. scenarios take a longer time to 

finish assembly) is higher. 
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  Days for preparing initial inventory 
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1 
na na na 127,637 125,936 

2 
na na 126,336 124,660 124,131 

3 
na 125,170 123,460 122,915 123,310 

4 
125,499 123,660 123,060 123,380 124,120 

5 
124,620 123,910 124,110 124,810 125,895 

na: the solution is not available because the duration is too short to produce the 

target amount of modules 

Table 4.15 The total costs (in £) under different combinations of the duration for 

preparing initial inventory and that for manufacturing after the start construction 

works. 

 

In addition to the values of the objective function, the production plan for the two kinds 

of pods before and after the start of the construction can also be measured. The 4th row 

of Table 4.16 (production quantity) lists the manufacturing schedule for the best scheme 

recommended, i.e. 3 days to prepare the initial inventory and continue to manufacture 

for another 4 days after the construction commences.  

 

    In addition, a broader view of the supply chain in operation can be accessed by 

selecting any one of the valid demand scenarios. Information about the daily variations 

of inventories at the factory, the warehouse and the site, as well as the most appropriate 

shipping sizes of modular products between the three tiers of the supply chain can be 

obtained, as shown in Table 4.17.  

Table 4.16 The production schedule for best scheme recommended by the model, and 

information about the inventory and transportation of a chosen demand scenario. 

 

  

Scenario (18)

Date

Pod type A B A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 6 6 6 6 6 7 6 7 6 0 0 0 0

Transport(F to W) 6 4 6 5 6 6 6 6 0 6 8 4 8 4 0 0 4 4

Inventory(F) -- -- -- -- -- -- -- -- 6 0 5 2 4 4 4 4 0 0

Transport(W to S) -- -- -- --- -- -- -- -- 9 16 10 0 8 16 13 3 4 4

Inventory(W) 6 4 12 9 18 15 24 21 15 11 13 15 13 3 0 0 0 0

Demand on site -- -- -- -- -- -- -- -- 9 8 7 6 11 10 10 9 7 6

Inventory(S) -- -- -- -- -- -- -- -- 0 8 3 2 0 8 3 2 0 0

Period for initial inventory Period for assembling modules

9/24 9/25 9/26 9/27 9/28 9/29 9/30 10/1 10/2
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4.5 Stochastic model instance B – Dealing with a project in the near future  

 

    For a modular construction project that is going to take place in the near future, i.e. 

from six to twelve months from the present, it is necessary to establish a long-term plan 

that sets forth in advance the most appropriate assembly and manufacturing schedules 

of modular components. In the following, an illustrative case is given to demonstrate 

how all the possible disrupted scenarios on the construction site for a designated time 

frame in the near future are established under the influences from four different major 

delay factors on site: weather, transportation of modules, labour productivity and crane 

status, and how a production plan is created.   

 

4.5.1 Derivation of the influence of weather 

 

    Inclement weather is generally considered the most prevalent factor disrupting 

schedules on site. Nevertheless, no weather forecast data is applicable at a point in time 

which is too far from present. Thus historical data is typically used to predict weather 

conditions in the future, which can then be transformed into module assembly rates on 

site. For this purpose, daily precipitation data in south-eastern England over the last 85 

years (1931-2015) and daily average wind speed data in the London area over the last 

20 years (1995-2015) have been collected from the Met Office.  

    It is assumed that a construction project to design and assemble two types of pods (A 

and B) is going to commence in the London area in January 2018 (i.e. four months in 

the future). The original assembly rates in the absence of any external influence are 20 

type-A and 18 type-B per day. We aim to determine all the possible assembly scenarios 

and identify their probability of happening for one week (5 days) in January 2018.  

    Statistical analyses on the historical data are used to find the distribution of rainfall 

amount and wind speed. The probabilities and cumulative probabilities for the 

occurrence of different rainfall amounts and wind speeds in January are shown in Figure 

4.5. The probabilities of their respective values lie in the three intervals defined by their 

turning points, and cancelling points are given in Table 4.17 (columns 2 and 3). These 

data are then used to derive the disrupted assembly rates for both types of pods under 

the influence of different levels of precipitation or wind by relying on Eq. 4.48. They 

are presented in the last two columns of Table 4.17. Table 4.17 shows that each type of 

weather disruption can have three levels of influence, which can be applied to any day 

in January 2018. 



119 

 

  
Figure 4.5 The probabilities and cumulative probabilities for the occurrence of 

different (a) rainfall amounts and (b) wind speeds in January in London. 

  
Rainfall 

Influence  

Level 

Rainfall 

 (mm/h) 
Probability (%) IF 

Affected 

Assembly Rate-A 

Affected 

Assembly Rate-B 

Low 0 ≤ 𝑥 < 5 82.86 1 20 18 

Medium 5 ≤ 𝑥 < 10 11.82 0.5 10 9 

High 𝑥 ≥ 10 5.33 0 0 0 

Wind speed 

Influence  

Level 

Wind speed 

(Km/h) 
Probability (%) IF 

Affected 

Assembly Rate-A 

Affected 

Assembly Rate-B 

Low 0 ≤ 𝑥 < 36 83.23 1 20 18 

Medium 36 ≤ 𝑥 < 50 13.71 0.5 10 9 

High 𝑥 ≥ 50 3.06 0 0 0 

Table 4.17 The probabilities of rainfall amount and wind speed lie in the various 

intervals and the disrupted daily assembly rate for both types of pods under different 

levels of influence. 
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4.5.2. Generation of assembly scenarios  
 

    Further consideration has been given to the disruptions owing to transportation 

(Table 4.7, 2 levels of influence), labour productivity (Table 4.8, 3 levels) and crane 

status (Table 4.8, 2 levels). After going through a process of compilation similar to that 

discussed in section 4.4.2 and presented in Figure 4.3, we found 8 different assembly 

patterns of pod A and pod B. Table 4.18 lists the probabilities of happening of these 8 

different patterns on any day in January 2018.  

 

Pattern A B Probabilities 

I 20 18 55.56% 

II 16 14 6.54% 

III 10 9 8.87% 

IV 8 7 11.36% 

V 5 4 11.05% 

VI 4 3 0.56% 

VII 2 2 0.46% 

VIII 0 0 5.60% 

Table 4.18 The probabilities of the 8 different assembly patterns on any day in 

January 2018. 

 

4.5.3. Creation of the production plan  

 

    Since the construction project will be carried out for 5 consecutive days in a week in 

January 2018, there will be 85 kinds of possible assembly scenarios to be expected on 

site.  Among them, we find a probability of 99.5% that the total weekly assembly 

capacity can reach or exceed 30 type-A and 26 type-B, which are then set as the 

assembly targets. There are 25,044 scenarios that can meet these criteria. The scenarios 

which fail to reach the target are not considered as valid scenarios. Their probability of 

happening is less than 0.5%.   

    An adjustment then has to be made to cut down the daily assembly quantity of some 

scenarios which can go over the target amounts, so that in every valid scenario only the 

exact target number of modules are assembled within the designated time period. After 

the process, 2,014 distinct weekly demand profiles are identified. Among these demand 

profiles, 97.59% of them can reach the target amount within 2-4 days, and only 2.41% 

of valid scenarios need to meet the target on the fifth day.  

    The total costs outputted by the objective function (Eq.4.17) for different production 

durations composed of the initial inventory preparation time and manufacturing time 

after the construction starts are shown in Table 4.19. As it can be seen, it needs at least 

3 days to produce all the modules needed for a week.  
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    The lowest cost appears under the condition that the factory should spend 3 days to 

prepare the initial inventory and continue to manufacture for another 2 days after the 

construction commences (highlighted with a framed box). This is the most beneficial 

way to manufacture pods when all possible demand variations are considered 

simultaneously. From Table 4.19, we discover that the worst production option is the 

one that use 5 day to prepare the initial inventory and continue to manufacture for 

another 5 days after the construction commences. The total operational cost of this 

option is £8,569 (10.3%) more expensive than that of the best option highlighted with 

a framed box.   

Note that the total operational cost for adopting a production option in Table 4.19 

that is in adjacent to the best one is not very different from the optimum. This is owing 

to the fact that, in our case study, there is insignificant probability of occurrence for the 

scenarios with extreme demand, which are the main sources of cost difference.  

 Days for preparing initial inventory 
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1 na 87,383 84,784 84,253 84,767 

2 86,538 83,954 83,375 83,878 84,874 

3 84,110 83,466 83,948 84,930 86,469 

4 84,411 84,822 85,785 87,275 89,004 

5 86,053 86,955 88,359 90,088 91,944 

Table 4.19 The total costs (in £) under different manufacturing duration 

 

Under this most favourable manufacturing scheme, the model recommends the best 

production calendar for each kind of modules in January 2018, see Table 4.20.  

 

Period for preparing 

initial inventory 
Period for assembling modules 

Day -3 -2 -1 1 2 3 4 5 

Pod type A B A B A B A B A B A B A B A B 

Production Quantity 6 4 6 5 6 5 6 6 6 6 0 0 0 0 0 0 

Table 4.20 The most favourable manufacturing scheme recommended by the model 

for the project in January 2018. 

 

4.5.4 Discussion 

     

    Garcia-Herreros et al. (2014) and Keyvanshokooh et al. (2016) mentioned that, 

among various methods that have been proposed to deal with uncertainties in supply 

chain design for manufacturing industry, the two-stage stochastic programming has 

been frequently adopted, because it can capture enormous types of uncertainties, which 
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may occur in the supply chain. Furthermore, it can identify the most favourable supply 

chain configuration in terms of production planning, inventory management, capacity 

planning and vehicle routing (Felfel et al. 2015). However, no study has used the two-

stage stochastic programming modelling technique to model the supply chain for 

modular construction projects which faces stochasticity in the onsite demand. 

    In the second part of Chapter 4, a two-stage stochastic programming (SP) model is 

designed specifically to deal with uncertainty in the demand at construction sites 

incurred by various delay factors. In the study, five major delay factors typically 

occurring at construction sites are employed in scenario generation, including 

inclement weather, namely heavy precipitation and strong wind, late module delivery, 

fluctuating labour productivity and variations in crane status failure.  

    Note that the two-stage SP model is flexible and can be adapted to account for any 

number of delay factors which are quantifiable, i.e. the impact of the delay factor, in 

our case, it is the disruption toward the assembly rate of the modules on a certain day, 

can be evaluated. In addition, the various influence levels of the delay factor must be 

associated with probabilities of occurrence. They can be derived from historical data, 

as shown in this study for the case of weather, or from the result of a real-world case 

study, similar to the examples provided for labour productivity, transportation and 

crane status. If the uncertainty is in the form of a continuous distribution, it needs to be 

approximated by a discrete distribution known as probability mass function through a 

proper discretisation method. In this research, semi-trapezoidal functions were defined 

to discretise the distributions of rainfall and wind speed (Li et al. 2013). 

    This model was shown to be useful at recommending the most favourable production 

scheme after all possible demand scenarios are simultaneously considered. The scheme 

includes an optimal manufacturing schedule spanning from a period before the 

beginning of the project for initial inventory preparation to a period after the 

commencement of the construction. Here the most favourable scheme is the one that 

yields the lowest production cost and expected values of total operational cost and 

penalty cost for all possible demand profiles.  

    The penalty is incurred in a scenario when the scheme cannot meet the demands on 

site momentarily, which is then forced to operate beyond the initially planned working 

period to assemble the late delivered modules, provoking an extra cost. In addition, the 

model can also exhibit the most appropriate transportation quantities and the inventory 
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changes for each kind of module at all echelons and for all the scenarios under the most 

favourable manufacturing scheme.  

    This model developed is able to deal with two kinds of demand situation, which 

address projects that take place in the immediate future and in the near future, 

respectively. In the first situation, our model can help a factory set up the best 

production plan based on the weather forecast. The model thus can be of great help to 

managers whose responsibility is to make decisions for production planning in a short 

time frame.  

    The second situation is to deal with demand far away from the present. For prediction 

purpose, historical records of weather in the construction area are utilised to predict the 

possibility of precipitation, its amount and the wind speed in a certain time of the year, 

which then can be used to formulate the demand profiles and create a long-term plan 

using the model.  

 

4.6 Closing remarks 

 

    The three-tier logistics structure for modular construction projects investigated in this 

research is usually absent in the in-situ construction projects. The most favourable 

responses in a modular manufacturing factory and storage facility following demand 

variations at construction sites have never been studied. A lack of understanding of how 

a manufacturing factory and a storage facility should react to demand variations limits 

the development and effective operation of future modular construction supply chains. 

This is a first-of-its-kind study to develop a mathematical model to establish the optimal 

production, transportation and inventory schemes for the supply chain of modular 

construction. The results demonstrate how the optimal supply chain configuration was 

established considering simultaneously multiple schedule deviation factors. The 

mathematical model developed in this research can serve as a basis to support decision 

making by managers involved in the design of logistic processes for modular 

construction products.  
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Chapter 5 Robust optimisation model with determination of the 

consolidation centre location 

  

     Risk aversion is a common desire for construction projects. It is to avoid high 

payment when exposing to uncertainty.  Hsu et al. (2018) and Chapter 4 proposed a 

two-stage stochastic programming model for the design of modular construction supply 

chains, which seeks to generate optimal production schedules while considering the 

potential variations in product demand within sites. That approach, however, did not 

provide a means to accommodate decision makers with certain levels of risk-aversion, 

who aspire to reduce the overall hazard exposure.  

    In order to mitigate this gap of risk aversion, this chapter takes an approach of robust 

optimisation in developing the logistic models for modular construction projects, in 

which certain measures of robustness are sought against uncertainty. 

  Modular construction components are typically large and unwieldy, so they often 

need to be transported using specialised vehicles, via specific routes, at specific times 

(Li and Xue 2014). This makes their shipping a challenging task, especially when 

construction sites are situated in the urban areas (Azhar et al. 2013). Furthermore, many 

urban sites have rigid space constraints, necessitating the use of external warehouses 

(Li and Xue 2014). Under this circumstance, determining a most appropriate warehouse 

location, though has never been a major concern in conventional construction projects, 

become a critical issue in the design of logistics for modular construction projects.  It 

is worth mentioning that the warehouse location also has the potential to affect 

operational capacities, running costs, and delivery punctuality. Given the just-in-time 

nature of deliveries, any transportation disruptions are bound to affect assembly 

schedules, further exacerbating the timeliness of project execution.  As such, warehouse 

site selection again proves itself to be a key aspect of supply chain design in such 

projects. 

     In this chapter, a mathematical model is established employing the robust 

optimisation approach to design and optimise logistics processes in modular 

construction. The proposed model, taking into account for stochastic demands on site, 

is capable of identifying the optimal factory production plan, transportation scheme and 

revealing the change of inventory levels in all places for the whole construction period. 

In addition, the best location for setting up a warehouse is also determined. 

    Since risk aversion is achieved at the same time by making the solution less sensitive 

https://en.wikipedia.org/wiki/Uncertainty
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to the realisation of demand uncertainties, the outputs of the model are expected to be 

useful to managers responsible for issuing supply chain configurations under stochastic 

site demand.  

 

5.1 Robust optimisation formulation   

 

    To deal with specific risk avoiding required by decision makers, Mulvey et al. (1995) 

proposed an improvement in the stochastic programming and called it the robust 

programming. Since then robust optimisation (RO) models have been developed and 

applied in a wide range of fields such as power capacity expansion, matrix balancing, 

airline scheduling, financial planning, and minimum weight structural design. RO 

models generally adopt a goal-oriented programming formulation and a set of input 

data based on scenarios. The overall objective is to generate a series of solutions that 

are progressively less sensitive to realisations of these scenarios (Leung and Wu 2004).  

     A RO model has two distinct constraints, namely the structural constraint and the 

control constraint. Structural constraints target input data sets that are free from any 

fluctuation (noise). On the other hand, control constraints are taken as auxiliary 

constraints which can be affected by the noise of input data. In addition, two sets of 

variables—design and control—are defined. Design variables are the variables that 

cannot be modified once a specific realisation of the data has been perceived. However, 

control variables are subject to adjustment when uncertain parameters are observed 

(Mulvey et al. 1995; Leung et al. 2007). 

     In the following, the framework of RO is briefly described. Let 𝑥 ∈ ℜ𝑛1  be a vector 

of the design variables and 𝑦 ∈ ℜ𝑛2  be a vector of control variables. Then the form of 

the RO model is written as: 

 

𝑀𝑖𝑛   𝑐𝑇𝑥 + 𝑑𝑇𝑦  (5.1) 

 

Subject to  

𝐴𝑥 = 𝑏   (5.2) 

𝐵𝑥 + 𝐶𝑦 = 𝑒  (5.3) 

𝑥, 𝑦 ≥ 0   (5.4) 

 

Eq. (5.2) is the structural constraint whose coefficients are fixed and free from noise; 

while Eq. (5.3) is the control constraint whose coefficients are noise-sensitive. Eq. (5.4) 

ensures non-negativity of vectors. The problems to be solved by robust optimisation 
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normally contain a set of scenarios 𝛺 =  {1, 2, 3, . . . , 𝑆}. For each scenario 𝑠 ∈ 𝛺 , the 

coefficients associated with the control constraints/variables are denoted as 

{𝑑𝑠, 𝐵𝑠, 𝐶𝑠, 𝑒𝑠} with a fixed probability of occurrence 𝑝𝑠, and ∑ 𝑝𝑠 = 1𝑆
𝑠=1 . The optimal 

solution of this model is considered to be robust with respect to optimality if it remains 

“close” to the optimal after realisation of any scenario 𝑠 ∈ 𝛺. This is termed solution 

robustness. In addition, the solution can also be robust with respect to feasibility if it 

remains “almost” feasible for any scenario realisation, and this is regarded as model 

robustness. The notions of “close” and “almost” are made precise through the choice of 

norms (Mulvey et al. 1995; Leung et al. 2007). 

    There are conditions under which obtaining a solution that is both feasible and 

optimal for all scenarios are impossible.  Hence, the trade-off between solution 

robustness and model robustness should be determined by applying the concept of 

multiple-criteria in decision-making. The robust optimisation model is formulated to 

manage this trade-off (Leung et al. 2007). First, for each scenario 𝑠 ∈ 𝛺 , a control 

variable 𝑦𝑠  and an error vector 𝛿𝑠  are introduced, whereas the latter measures the 

infeasibility allowed in the control constraints (i.e. 𝛿𝑠 = 𝑒𝑠 − 𝐵𝑠𝑥 − 𝐶𝑠𝑦𝑠 , ∀ 𝑠 ∈ 𝛺). A 

modified RO model based on the Eqs. (5.1)–(5.4) is then formulated as follows: 

  

𝑀𝑖𝑛  𝜎(𝑥, 𝑦1, 𝑦2, … , 𝑦𝑠) + 𝜔𝑝(𝛿1, 𝛿2, … , 𝛿𝑠) 

 

 (5.5) 

  Subject to: 

𝐴𝑥 = 𝑏  (5.6) 

𝐵𝑠𝑥 + 𝐶𝑠𝑦𝑠 = 𝑒𝑠 + 𝛿𝑠    ∀ 𝑠 ∈ 𝛺  (5.7) 

𝑥𝑠, 𝑦𝑠 ≥ 0                          ∀ 𝑠 ∈ 𝛺  (5.8) 

 

Since the RO model considers multiple scenarios, the value of the objective function in 

Eq. (5.1): ξ = 𝑐𝑇𝑥 + 𝑑𝑇𝑦 , would become a random variable taking the value ξ𝑠 =

𝑐𝑇𝑥 + 𝑑𝑠
𝑇𝑦𝑠with probability 𝑝𝑠 under scenario 𝑠 ∈ 𝛺. Hence, there is no single choice 

for an aggregate objective. Instead, a mean value 𝜎(∙) = ∑ 𝑝𝑠ξ𝑠𝑠∈𝛺  could be used in the 

first term of Eq. (5.5). This is also employed in the formulation for stochastic linear 

programming. However, in this chapter, we focus on the application of stochastic non-

linear programming model using robust optimisation technique, in which higher 

moment of the distribution (the variance) of ξ𝑠 is introduced (see below), so that the 

solution obtained is less sensitive to the noise of the input data.  
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The second term of the objective function in Eq. (5.5), 𝑝(𝛿1, 𝛿2, … , 𝛿𝑠),  is a 

feasibility penalty function, which is used to penalise violations of the control 

constraints under some of the scenarios. The violation of control constraints means that 

an infeasible solution to a problem has been chosen. By using the weight 𝜔, the trade-

off between solution robustness evaluated from the first term 𝜎(∙) and model robustness 

measured from the penalty term 𝑝(∙) can be modelled under the multi-criteria decision-

making process. For instance, if 𝜔 = 0, the objective is to minimise only the term 𝜎(∙), 

though would be highly solution robust, the solution may be infeasible under certain 

scenarios; while if 𝜔  is assigned with a sufficiently large number, the term 𝑝(∙) 

dominates the objective and the solution would tilt toward model robustness, resulting 

in a higher cost (more conservative solution). The choice of appropriate forms of 𝜎(∙) 

and 𝑝(∙)  has been discussed in several studies (Mulvey et al. 1995; Leung et al. 2007; 

Yu and Li, 2000).  

    The first term 𝜎(𝑥, 𝑦1, 𝑦2, … , 𝑦𝑠), as proposed by Mulvey et al. (1995), is the mean 

value 𝜎(∙) plus a constant 𝜆 multiplied by the variance: 

𝜎(𝑥, 𝑦1, 𝑦2, … , 𝑦𝑠) =  ∑ 𝑝𝑠𝜉𝑠

𝑠∈𝑆

+  𝜆 ∑ 𝑝𝑠 (𝜉𝑠 − ∑ 𝑝𝑠′

𝑠′∈𝑆

𝜉𝑠′)

2

𝑠∈𝑆

  
  

(5.9) 

 

  The solution becomes less sensitive to the change in data under all scenarios as the 

value of 𝜆 increases, because the minimisation of the variance is weighted to a greater 

extent. However, the second term in Eq.(5.9) is a complicated quadratic term, often 

resulting in significant computation time and resource requirement when looking for 

exact solutions. To streamline the computation effort, the following formulation has 

been proposed to replace Eq. (5.9) (Yu and Li, 2000): 

𝜎(𝑥, 𝑦1, 𝑦2, … , 𝑦𝑠) =  ∑ 𝑝𝑠𝜉𝑠

𝑠∈𝑆

+  𝜆 ∑ 𝑝𝑠 |𝜉𝑠 − ∑ 𝑝𝑠′

𝑠′∈𝑆

𝜉𝑠′|

𝑠∈𝑆

  
  

(5.10) 

 

  Although the objective in Eq. (5.10) is a non-linear function, it can be optimised by 

converting the problem into a linear model possessing a linear objective function with 

linear constraints. Yu and Li (2000) proposed an efficient method that was initially 

outlined in Li (1996) who applied several formulations for solving goal-programming 

problems. The framework of their model is to minimise the objective function in Eq. 

(5.11), in which a non-negative slack variable 𝜃𝑠  and two corresponding constraints are 

introduced: 
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𝒵 = 𝑚𝑖𝑛 ∑ 𝑝𝑠𝜉𝑠

𝑠∈𝑆

+  𝜆 ∑ 𝑝𝑠 [(𝜉𝑠 − ∑ 𝑝𝑠′

𝑠′∈𝑆

𝜉𝑠′) + 2𝜃𝑠]

𝑠∈𝑆

   (5.11) 

Subject to:  

 𝜉𝑠 − ∑ 𝑝𝑠′

𝑠′∈𝑆

𝜉𝑠′ + 𝜃𝑠  ≥ 0      ∀ 𝑠 ∈ 𝛺 
 (5.12) 

𝜃𝑠  ≥ 0      ∀ 𝑠 ∈ 𝛺  (5.13) 

 

It can be verified that in either case,   𝜉𝑠 − ∑ 𝑝𝑠′𝑠′∈𝑆 𝜉𝑠′ ≥ 0 or   𝜉𝑠 − ∑ 𝑝𝑠′𝑠′∈𝑆 𝜉𝑠′ <

0,    Eq. (5.11) is equivalent to Eq. (5.10). Thus, the quadratic function in Eq. (5.9) can 

be transformed into a mean absolute deviation minimisation problem in Eq. (5.10) and 

then into a linear programming model as given in Eqs. (5.11)–(5.13).  

 

5.2 Model formulation and assumptions 

    A robust optimisation model with the aims of revealing the optimal supply chain 

configuration and also choosing the best warehouse location for a modular construction 

project has been established following the mathematical formulation introduced in the 

previous section. 

     A complete list of indices, parameters and variables is provided in the Appendix B . 

As pointed out in the introduction, the key distinguishing trait of projects in modular 

construction is that most of the construction components are produced in an off-site 

manufacturing facility. Therefore, this model has also inherited the assumptions 

adopted in the two-stage stochastic model developed in section 4.2 and made further 

extensions to the formulation of robust optimisation.  

 

Assumptions and model formulation regarding the manufacturing factory: 

1. We assume that the factory can manufacture all types of modular products for 

supporting multiple ongoing construction sites.  

 

2. The factory fix production cost (FPC) is the product of the fixed daily overhead 

(MF) and the overall factory manufacturing duration of the project, which 

encompasses the number of days for preparing the initial inventory (IID), and that 

for continuous manufacturing after construction works start (CMD).  
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3. The variable production cost (VPC) is composed of two parts. The first part regards 

to the initial inventory which is obtained by summing up the daily production 

quantity of each kind of modular products(𝑚𝑝𝑗
𝐵 ) in the initial inventory preparation 

period multiplied by its unitary manufacturing cost (MVj). 

 

4. The second part is for the production after construction starts, and is calculated 

using the same method, except that 𝑚𝑝𝑗
𝐵  is replaced by the daily production quantity 

in this time period, 𝑚𝑡𝑗. 

 

5. MVj needs to be adjusted for the resource utilization ratio, when 𝑚𝑝𝑗
𝐵  approaches 

the maximum daily manufacturing rate (MRMj).  

Assumptions and model formulation regarding the construction site: 

1. At the construction sites, uncertainties are anticipated in daily demands for modular 

products.  

 

2. The case study presented later in this chapter focuses on the site demand variation 

arisen from the following disruptions: inclement weather, workers’ productivity 

fluctuations, late transportation and crane’s operation reliability issues. 

 

3. By considering all these disruptions simultaneously, a set of possible demand 

scenarios can be generated.  

 

4. In this study, 𝐷𝑠𝑡𝑖𝑗  represents the demand for modular product j on day t for site i 

in scenario s. It is assumed that each demand scenario has a probability of 

occurrence (𝑆𝑃𝑠). 

 

5. The site fix cost (𝑆𝐹𝐶𝑠) in each scenario is the product of the working duration 

(𝐷𝐷𝑠) and the daily site overhead (SFi). 

 

6. The total assembly cost (𝑇𝐴𝐶𝑠) is determined by summing up the product  (𝐷𝑠𝑡𝑖𝑗 ∙

𝐴𝐶𝑗) for each day, each site and each product, where ACj is the cost for assembling 

one unit of modular product j.  

 

7. There exists an extra operational cost on site (hereafter referred as the extension 
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cost, 𝐸𝑋𝑠) which is incurred in scenarios when the daily demands on site are not 

met momentarily. The site is then forced to operate beyond the originally planned 

working period to assemble the late delivered modules, provoking an extra site fix 

cost. 

Assumptions and model formulation regarding the warehouse: 

1. There are several warehouse location candidates situated between the sites and the 

factory.  

 

2. Warehouse location candidates have different storage capacities, different distances 

to the sites/factory and different costs for establishment (WEC), because of their 

location in different zones of the city. This study aims to find the most beneficial 

location for the warehouse.   

 

3. Manufactured items for building up the initial inventory are stored in the warehouse 

only, given that the storage spaces at the factory are usually very limited, and there 

is no inventory protection available on site 

 

4. The quantity of initial inventory in the warehouse (𝑛𝑝𝑗
𝐵𝑊) increases daily. Therefore, 

the product holding cost per day in the preparation phase ( 𝐼𝐶𝐵 ) is expressed 

as 𝑛𝑝𝑗
𝐵𝑊 ∙ 𝑉𝑂𝐿𝑗 ∙ 𝑊𝐼𝐶, where 𝑉𝑂𝐿𝑗 is the volume of the modular product j and WIC 

is the daily unitary storage cost in the warehouse.  

 

5. The inventories of each product at the factory, warehouse and sites each day after 

construction starts are demand scenario specific, and the daily inventory cost of 

each product in each scenario in this time period is composed by the inventory costs 

within the factory  (𝑛𝑠𝑡𝑗
𝐹 ∙ 𝑉𝑂𝐿𝑗 ∙ 𝐹𝐼𝐶) , warehouse ( 𝑛𝑠𝑡𝑗

𝑊 ∙ 𝑉𝑂𝐿𝑗 ∙ 𝑊𝐼𝐶)  and sites 

(𝑛𝑠𝑡𝑖𝑗
𝑆 ∙ 𝑉𝑂𝐿𝑗 ∙ 𝑆𝐼𝐶), where FIC and SIC are the daily unitary storage costs in the 

factory and site, respectively.  

Assumptions and model formulation regarding the transportation: 

1. All modular products are transported from the warehouse to sites according to the 

daily demand on a just-in-time basis.  
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2. The daily transportation cost from warehouse to site in scenario s (𝑇𝐶𝑊𝑆𝑠)   is 

determined as: (  𝑡𝑠𝑡𝑖𝑗
𝑊  /𝑁𝐿𝑗

𝑊 )  ∙ 𝐶𝑊𝑆 ∙ 𝐷𝑊𝑆i, where  𝑡𝑠𝑡𝑖𝑗
𝑊    is daily transportation 

quantity from the warehouse to the site, 𝑁𝐿𝑗
𝑊 is quantity of product j that can be 

loaded onto a single truck, DWSi is the distance in between and CWS the unitary 

transportation cost. ( 𝑡𝑠𝑡𝑖𝑗
𝑊 /𝑁𝐿𝑗

𝑊) is rounded up to the next highest integer. 

 
3.  The transportation costs for moving products from the factory to the warehouse in 

the preparation phase (𝑇𝐶𝐹𝑊𝐵) and construction phase ( 𝑇𝐶𝐹𝑊𝑠) are calculated in 

the same manner using the corresponding variables and parameters. 

 

Objective function 

    The objective of the model is to decide the best production scheme, transportation 

quantity, inventory level and warehouse location under the influences of various site 

demand deviation factors. All the equations for composing the objective function are 

listed below. It is worth noting that all calculations enclose the time periods for building 

up the initial inventory and for completing the construction works.  

FPC= 𝑀𝐹 ∙ 𝐶𝑀𝐷 + 𝑀𝐹 ∙ 𝐼𝐼𝐷       (5.14) 

𝑉𝑃𝐶 = ∑ ∑ 𝑚𝑡𝑗 ∙ 𝑀𝑉𝑗 ∙ [1 + 𝐴𝐷𝐽𝑗 ∙ (
𝑚𝑡𝑗

𝑀𝑅𝑀𝑗
)] 

𝑗∈𝐽

𝐶𝑀𝐷

𝑡=1

+ ∑ ∑ 𝑚𝑝𝑗
𝐵 ∙ 𝑀𝑉𝑗 ∙ [1 + 𝐴𝐷𝐽𝑗 ∙ (

𝑚𝑝𝑗
𝐵

𝑀𝑅𝑀𝑗
)]

𝑗∈𝐽𝑝∈𝑃

 

(5.15) 

𝐼𝐶𝐵 = ∑ ∑ 𝑛𝑝𝑗
𝐵𝑊  ∙ 𝑉𝑜𝑙𝑗 ∙ 𝑊𝐼𝐶

𝑗∈𝐽𝑝∈𝑃

 (5.16) 

 𝐼𝐶𝑠  = ∑ ∑ 𝑛𝑠𝑡𝑗
𝐹 ∙

𝑗∈𝐽𝑡∈𝑇

𝑉𝑜𝑙𝑗 ∙ 𝐹𝐼𝐶 + ∑ ∑ 𝑛𝑠𝑡𝑗
𝑊 ∙

𝑗∈𝐽𝑡∈𝑇

𝑉𝑜𝑙𝑗 ∙ 𝑊𝐼𝐶

+ ∑ ∑ ∑ 𝑚𝑎𝑥 (𝑛𝑠𝑡𝑖𝑗
𝑆 , 0) ∙ 𝑉𝑜𝑙𝑗 ∙ 𝑆𝐼𝐶

𝑗∈𝐽𝑖∈𝐼𝑡∈𝑇

 

(5.17) 

 𝑇𝐶𝐹𝑊𝑠  = ∑ ∑
𝑡𝑠𝑡𝑗

𝐹

𝑁𝐿𝑗
𝐹 ∙ 𝐷𝐹𝑊

𝑗∈𝐽𝑡∈𝑇

∙ 𝐶𝐹𝑊 (5.18) 

 𝑇𝐶𝑊𝑆𝑠 = ∑ ∑ ∑
𝑡𝑠𝑡𝑖𝑗

𝑊

𝑁𝐿𝑗
𝑊 ∙ 𝐷𝑊𝑆𝑖

𝑗∈𝐽𝑖∈𝐼𝑡∈𝑇

∙ 𝐶𝑊𝑆 (5.19) 
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𝑇𝐶𝐹𝑊𝐵 = ∑ ∑
𝑡𝑝𝑗

𝐵𝐹

𝑁𝐿𝑗
𝐹 ∙ 𝐷𝐹𝑊 ∙ 𝐶𝐹𝑊

𝑗∈𝐽𝑝∈𝑃

 (5.20) 

𝑆𝐹𝐶𝑠 = ∑ 𝑆𝐹𝑖 ∙ 𝐷𝐷𝑠

𝑖∈𝐼

 (5.21) 

𝑇𝐴𝐶𝑠 =  ∑ ∑ ∑ 𝐷𝑠𝑡𝑖𝑗

𝑗∈𝐽

∙

𝑖∈𝐼𝑡∈𝑇

𝐴𝐶𝑗 (5.22) 

𝐸𝑋𝑠 = ∑ 𝑚𝑎𝑥 (𝐶𝑀𝐷 − 𝐷𝐷𝑠 ,0) ∙ 𝑆𝐹𝑖

𝑖∈𝐼

 (5.23) 

∆𝑠= ∑ ∑ ∑ 𝑚𝑖𝑛 (𝑛𝑠𝑡𝑖𝑗
𝑆 , 0)

𝑗∈𝐽𝑖∈𝐼𝑡∈𝑇

 (5.24) 

𝑇𝐶𝑠 =  𝐹𝑃𝐶 + 𝑉𝑃𝐶 + 𝑇𝐶𝐹𝑊𝐵 + 𝐼𝐶𝐵 + 𝑊𝐸𝐶 +  𝐼𝐶𝑠 +  𝑇𝐶𝐹𝑊𝑠+𝑇𝐶𝑊𝑆𝑠+𝑆𝐹𝐶𝑠

+ 𝑇𝐴𝐶𝑠 + 𝐸𝑋𝑠 
(5.25) 

𝐸𝑇𝐶 =  𝐹𝑃𝐶 + 𝑉𝑃𝐶 + 𝑇𝐶𝐹𝑊𝐵 + 𝐼𝐶𝐵 + 𝑊𝐸𝐶 + 

∑ 𝑆𝑃𝑠 ∙ ( 𝐼𝐶𝑠 +  𝑇𝐶𝐹𝑊𝑠+𝑇𝐶𝑊𝑆𝑠+𝑆𝐹𝐶𝑠 + 𝑇𝐴𝐶𝑠 + 𝐸𝑋𝑠)

𝑠∈𝑆

 
(5.26) 

Minimise:  

𝐸𝑇𝐶 +  𝜆 ∑ 𝑆𝑃𝑠 ∙

𝑠∈𝑆

[(𝑇𝐶𝑠 − 𝐸𝑇𝐶) + 2𝜃𝑠] + 𝜔 ∑ 𝑆𝑃𝑠 ∙ (∆𝑠 +  2휀𝑠)

𝑠∈𝑆

 
(5.27) 

        Eqs. (5.14) and (5.15) calculate the fixed and variable production costs for 

manufacturing all types of products (FPC and VPC), respectively. Eq. (5.16) determines 

the inventory cost for holding the initial inventory at the warehouse (𝐼𝐶𝐵 ) before 

construction work starts. Eq. (5.17) computes the total inventory cost for each scenario 

after construction starts ( 𝐼𝐶𝑠). It includes the inventory costs in the factory, warehouse 

and construction sites.  

    Eqs. (5.18) and (5.19) calculate the transportation costs in the construction phase for 

moving products from the factory to warehouse (𝑇𝐶𝐹𝑊𝑠) and from the warehouse to 

constructithe on site (  𝑇𝐶𝑊𝑆𝑠 ) for all scenarios, respectively. Eq. (5.20) estimates 

transportation cost in the preparation phase for moving the initial inventory from the 

factory to the warehouse (𝑇𝐶𝐹𝑊𝐵).  

    Eq. (5.21) calculates the site fix cost in each scenario (𝑆𝐹𝐶𝑠). Eq. (5.22) determines 

the assembly cost for all types of products on all sites in each scenario (𝐴𝐶𝑠).  Eq. (5.23) 

evaluates the extension cost for each scenario. Eq. (5.24) computes the total quantity of 

temporarily unfulfilled demands for all kinds of products on all sites for the whole 

construction period in each scenario. In our case, it gives an estimate of the infeasibility 

of the model.  
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    Eq. (5.25) determines the total cost for scenario s (𝑇𝐶𝑠), which is the sum of all the 

cost terms mentioned above and also the cost for establishing a warehouse in one of the 

location candidates. Eq. (5.26) is the expected value (mean value) of the total cost 

(ETC). Finally, the objective function is given in Eq. (5.27), which minimises three 

terms: 1) the expected value of the total cost, 2) the variance of the total cost which 

measures the solution robustness, and 3) the feasibility penalty which measures the 

model robustness. It should be noted that in this study, we set  𝜆 = 𝜔 = 1, which means 

that the solution and model robustness are of equal importance.  𝜃𝑠 and 휀𝑠 are the slack 

decision variables introduced to transformed the mean absolute deviation minimisation 

problem into a linear programming model as shown and proved in Eqs. (5.10)-(5.13). 

The constraints of the model are as follows: 

 

Subject to: 

 0 ≤ 𝑚𝑝𝑗
𝐵 ≤ 𝑀𝑅𝑀𝑗      ∀ 𝑝 ∈ 𝑃, ∀ 𝑗 ∈ 𝐽   (5.28) 

 0 ≤ 𝑚𝑡𝑗 ≤ 𝑀𝑅𝑀𝑗      ∀ 𝑡 ∈ 𝑇, ∀ 𝑗 ∈ 𝐽    (5.29) 

𝑛𝑠𝑡𝑗
𝐹 = 𝑛𝑝𝑗

𝐵𝐹 + 𝑚𝑡𝑗 − 𝑡𝑠𝑡𝑗
𝐹      ∀ 𝑠 ∈ 𝑆 , 𝑡 = 1, 𝑝 = 𝐼𝐼𝐷 , 𝑗 ∈ 𝐽   (5.30) 

𝑛𝑠𝑡𝑗
𝐹 = 𝑛𝑠,(𝑡−1),𝑗

𝐹 + 𝑚𝑡𝑗 − 𝑡𝑠𝑡𝑗
𝐹      ∀ 𝑠 ∈ 𝑆 , 𝑡 = 2 𝑡𝑜 𝐿𝑊𝐷 , 𝑗 ∈ 𝐽 (5.31) 

𝑛𝑠𝑡𝑗
𝑊 =  𝑛𝑝𝑗

𝐵𝑊 + 𝑡𝑠𝑡𝑗
𝐹  − ∑ 𝑡𝑠𝑡𝑖𝑗

𝑊  

𝑖∈𝐼

    ∀ 𝑠 ∈ 𝑆 , 𝑡 = 1, 𝑝 = 𝐼𝐼𝐷, 𝑗 ∈ 𝐽  (5.32) 

𝑛𝑠𝑡𝑗
𝑊 = 𝑛𝑠,(𝑡−1),𝑗

𝑊 +  𝑡𝑠𝑡𝑗
𝐹  − ∑ 𝑡𝑠𝑡𝑖𝑗

𝑊

𝑖∈𝐼

   ∀ 𝑠 ∈ 𝑆 , 𝑡 = 2 𝑡𝑜 𝐿𝑊𝐷 , 𝑗 ∈ 𝐽  (5.33) 

𝑛𝑠𝑡𝑖𝑗
𝑆 = 𝑛𝑝𝑖𝑗

𝐵𝑆 + 𝑡𝑠𝑡𝑖𝑗
𝑊 −  𝐷𝑠𝑡𝑖𝑗   ∀ 𝑠 ∈ 𝑆 , 𝑡 = 1, 𝑝 = 𝐼𝐼𝐷, 𝑖 ∈ 𝐼 , 𝑗 ∈ 𝐽 (5.34) 

𝑛𝑠𝑡𝑖𝑗
𝑆 = 𝑛𝑠,(𝑡−1),𝑖𝑗

𝑆 + 𝑡𝑠𝑡𝑖𝑗
𝑊 −  𝐷𝑠𝑡𝑖𝑗   ∀ 𝑠 ∈ 𝑆 , 𝑡 = 2 𝑡𝑜 𝐿𝑊𝐷 , 𝑖 ∈ 𝐼 , 𝑗 ∈ 𝐽  (5.35) 

𝑛𝑝𝑗
𝐵𝑊 = 𝑡𝑝𝑗

𝐵𝐹 = 𝑚𝑝𝑗
𝐵     ∀ 𝑝 = 1 , 𝑗 ∈ 𝐽 (5.36) 

𝑛𝑝𝑗
𝐵𝑊 = 𝑛(𝑝−1),𝑗

𝐵𝑊 + 𝑡𝑝𝑗
𝐵𝐹    ∀ 𝑝 = 2 𝑡𝑜 𝐼𝐼𝐷  , 𝑗 ∈ 𝐽  (5.37) 

  𝑛𝑠𝑡𝑗
𝐹  , 𝑛𝑠𝑡𝑗

𝑊   , 𝑛𝑝𝑗
𝐵𝑊  ≥ 0   ∀ 𝑠 ∈ 𝑆 , 𝑡 ∈ 𝑇, 𝑝 ∈ 𝑃, 𝑖 ∈ 𝐼 , 𝑗 ∈ 𝐽 (5.38) 

∑ 𝑚𝑡𝑗

𝐶𝑀𝐷

𝑡=1

+ ∑ 𝑚𝑝𝑗
𝐵 = ∑ ∑ 𝐷𝑠𝑡𝑖𝑗     ∀ 𝑠 ∈ 𝑆 , 𝑗 ∈ 𝐽

𝑖∈𝐼𝑡∈𝑇𝑝∈𝑃

 (5.39) 
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𝑛𝑝𝑗
𝐵𝐹 , 𝑛𝑝𝑗

𝐵𝑆 =  0   ∀ 𝑝 ∈ 𝑃, 𝑗 ∈ 𝐽 (5.40) 

𝑛𝑠𝑡𝑖𝑗
𝑆 = 0   ∀ 𝑠 ∈ 𝑆 , 𝑡 = 𝐿𝑊𝐷 , 𝑖 ∈ 𝐼 , 𝑗 ∈ 𝐽    (5.41) 

∑ 𝑛𝑝𝑗
𝐵𝑊 ∙ 𝑉𝑜𝑙𝑗  𝑎𝑛𝑑 ∑ 𝑛𝑠𝑡𝑗

𝑊 ∙ 𝑉𝑜𝑙𝑗   

𝑗∈𝐽

≤ 𝑊𝐶𝐴𝑃     ∀𝑝 ∈ 𝑃, 𝑠 ∈ 𝑆, 𝑡 ∈ 𝑇     

𝑗∈𝐽

 (5.42) 

∑ 𝑛𝑠𝑡𝑗
𝐹 ∙ 𝑉𝑜𝑙𝑗 ≤ 𝐹𝐶𝐴𝑃     ∀ 𝑠 ∈ 𝑆, 𝑡 ∈ 𝑇

𝑗∈𝐽

 (5.43) 

∑ 𝑛𝑠𝑡𝑖𝑗
𝑆

𝑗∈𝐽

∙ 𝑉𝑜𝑙𝑗 ≤ 𝑆𝐶𝐴𝑃𝑖    ∀ 𝑠 ∈ 𝑆, 𝑡 ∈ 𝑇, 𝑖 ∈ 𝐼   (5.44) 

𝑡𝑝𝑗
𝐵𝐹 , 𝑡𝑠𝑡𝑗

𝐹 , 𝑡𝑠𝑡𝑖𝑗
𝑊  ≥ 0    ∀ 𝑠 ∈ 𝑆, 𝑡 ∈ 𝑇, 𝑝 ∈ 𝑃, 𝑖 ∈ 𝐼 , 𝑗 ∈ 𝐽     (5.45) 

∑ 𝑡𝑠𝑡𝑗
𝐹 = ∑ 𝑚𝑡𝑗

𝐶𝑀𝐷

𝑡=1𝑡∈𝑇

    ∀  𝑠 ∈  𝑆, 𝑗 ∈ 𝐽   (5.46) 

∑ ∑ 𝑡𝑠𝑡𝑖𝑗
𝑊

𝑖∈𝐼𝑡∈𝑇

= ∑ 𝑚𝑡𝑗 + 𝑛𝑝𝑗
𝐵𝑊

𝐶𝑀𝐷

𝑡=1

      ∀  𝑠 ∈ 𝑆, 𝑝 = 𝐼𝐼𝐷, 𝑗 ∈ 𝐽   (5.47) 

𝑇𝐶𝑠 − 𝐸𝑇𝐶 + 𝜃𝑠  ≥ 0    ∀ 𝑠 ∈ 𝑆  (5.48) 

∆𝑠 + 휀𝑠 ≥ 0     ∀ 𝑠 ∈ 𝑆 (5.49) 

𝜃𝑠, 휀𝑠 ≥ 0  (5.50) 

 

    Constraints (5.28) and (5.29) state that the daily manufacturing rate of each type of 

product is within a pre-defined range. Constraints (5.30) and (5.31) represent the 

balance of inventory in the factory, constraints (5.32) and (5.33) are for that in the 

warehouse, while constraints (5.34) and (5.35) handle the construction site. Constraints 

(5.36) and (5.37) represent the balance of inventory in the warehouse during the period 

for preparing the initial inventory. Note that the superscript B indicates that the 

parameter is associated with the time period for preparing the initial inventory. 

   The first component of constraint (5.38) assures the non-negativity of inventory at the 

factory after construction starts, while the second and third components add the same 

restriction in the warehouse before and after the commencement of construction.  

    Constraint (5.39) makes sure that the total production of each type of modular 

product follows the total demand for that product. Constraint (5.40) states that no initial 

inventory is stored in the factory and construction sites. Constraint (5.41) makes sure 

that the demand for each kind of product is met at the end of the project. Constraints 

(5.42)-(5.44) guarantee that the sum of the volume of all the stored products is smaller 
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than the factory, warehouse and site storage capacities, respectively.  

    Constraint (5.45) states that the quantities of product transported from the factory to 

warehouse and from warehouse to site should be non-negative all the time. Constraint 

(5.46) ensures that all the products produced in the factory after construction starts will 

be shipped to the warehouse. Constraint (5.47) secures that all the above products plus 

the initial inventory will be transported to the construction sites. 

    Constraints (5.48)-(5.50) are introduced to transform the objective function from a 

mean absolute deviation minimisation problem into a linear programming problem as 

discussed in the previous section in Eqs. (5.11)-(5.13). 

 

5.3 Background of case study 

    This section describes the background of a hypothetical case study of a school 

dormitory project. The framework of the project was adapted from previous studies 

focussing on modular construction projects (Mohsen et al. 2008; Olearczyk et al. 2009), 

and the data of parameters were obtained from publicly available sources concerning 

modular building systems.3,4 The key input parameters used in the model are listed in 

Table 5.1.   It should also be noted the data for modular construction project that can be 

obtained in public sources are scarce, simply because this information is generally 

confidential. Thus, the parameters regarding the costs are assumed based on the data 

found in the open sources.  

    The case study was selected for several reasons: (1) It is simple so that steps of the 

process can be readily and clearly shown and explained. Aside from the foundation and 

stairs, the superstructure of the whole building is composed of a single type of room 

module. In addition, the project duration is short (i.e. 5 days, Mohsen et al. 2008). (2) 

It possesses features that are typical for many modular construction projects, such as 

the urban location of the construction site and the huge size of the room modules, very 

much in line with the required conditions for validating our model.  

    The case study involves a dormitory, which is assumed to be constructed in the 

central London area in January 2018, and is composed of 16 room modules. The 

assembly duration on the site is expected to be five consecutive working days. The case 

study also involves a single manufacturing facility located in the outlying area of 

                                                           
3 http://www.sanika.it/en 
4 https://www.offsitesolutions.com/ 
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London, responsible for the production of a single type dormitory room module, and a 

warehouse for temporary storage of products. Thus, the logistic system investigated can 

be interpreted as a three-tier construction supply chain. Furthermore, three warehouse 

location candidates are selected for evaluation, with one being in the same zone as the 

factory (Zone 6), one being close to the site (Zone 1), and the third one in the middle 

(Zone 3).  

    Given that the dormitory needs to be finished during the school holiday, the project 

duration becomes extremely short. Therefore, the off-site construction method is the 

only way to hand in the building on time, and with additional benefits such as higher 

quality and significantly lower cost, when compared to the conventional in-situ building 

method.  

    Nevertheless, it should be stressed that the model developed in this research is not 

limited to a single product and a single construction site, but can be readily expanded 

to cover projects that involve several sites and module types. 

Data Names Values 

Number of the construction site 1 site 

Type of modular product Dormitory room module 

Maximum number of module can be assembled  10 modules/day 

Assembly cost of modular products £200/module 

Construction site fix cost (overhead) £4054/day 

Maximum storage capacity on site 200 m3 

Maximum storage capacity at Zone 1 warehouse 1000 m3 

Maximum storage capacity at Zone 3 warehouse 1500 m3 

Maximum storage capacity at Zone 6 warehouse 2000 m3 

Warehouse establishment cost at Zone 1 £2400 

Warehouse establishment cost at Zone 3 £1800 

Warehouse establishment cost at Zone 6 £1200 

Maximum storage capacity at factory 400 m3 

Inventory management cost on site £0.2 /m3/day 

Inventory management cost at warehouse £0.3 /m3/day 

Inventory management cost at factory £0.6 /m3/day 

Volume of the module 50 m3/module 

Distance between factory and Zone 1 warehouse 54 km 

Distance between Zone 1 warehouse and site 6 km 

Distance between factory and Zone 3 warehouse 41 km 

Distance between Zone 3 warehouse and site 19 km 

Distance between factory and Zone 6 warehouse 28 km 

Distance between Zone 6 warehouse and site 32 km 

Transportation cost from factory to warehouse £5.02/truck/km 

Transportation cost from warehouse to site £3.06/truck/km 

Truck capacity from factory to warehouse 2 modules/truck 

Truck capacity from warehouse to site 1 module/truck 

Manufacturing fix cost at factory (overhead) £2200/day 

Maximum module manufacturing rate 6 modules/day 

Variable manufacturing cost £3264/module 

Adjustment factor for variable manufacturing cost 0.5  

Table 5.1 The input parameters of the model.  
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5.4. Implementation  

    By adopting a dormitory case study, this section presents the outputs of the RO 

mathematical model, which was implemented in IBM ILOG CPLEX Studio (version 

12.6), an optimisation software package employing the OPL mathematical modelling 

language. The CPLEX Optimizer is used to solve the problems studied. The models 

were executed on a personal computer (i7-4790, 8G RAM) with the computational time 

of about 720 minutes for each model instance. 

 

5.4.1 The workflow  

    Figure 5.1 presents a workflow chart, aiming at obtaining the following information:  

1. The best warehouse location.  

2. The optimal daily production scheme for modular products in the initial inventory 

preparation period and the time after the onsite construction works start. 

3. The most favourable transportation quantity between all tires and the variation of 

inventory with time at various places. 

    As shown in Figure 5.1, the process starts with the selection of one location candidate 

for the establishment of a warehouse. This is followed by representing the uncertainty 

in transportation time between the warehouse and site by a Burr distribution (as detailed 

in the next section), and based on which, a set of possible disrupted assembly rates of 

modular products on site owing to the lateness in delivery, along with their possibilities 

of occurrence, is revealed. Other prevalent delay factors on construction sites including 

inclement weather conditions, fluctuating labour productivity and crane malfunction, 

are also quantified using the mathematical formulation obtained from the related studies 

and references given in the following section.  

    By integrating all the above-quantified disruptions on assembly rates, a full set of 

possible assembly scenarios, which can reach the assembly target within the designated 

time horizon is generated. The robust optimisation model is then implemented to find 

the best supply chain configuration by considering all the demand scenarios 

simultaneously. As a result, the optimal manufacturing, transportation schemes, and 

inventory variations are outlined along with the objective function values 

     The above process is individually carried out for each possible warehouse location 

candidate. The optimal warehouse location is determined as the one with the lowest 

objective function value, which includes the expected total cost, the variance of the total 

cost and the infeasibility penalty.   
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Figure 5.1 The workflow chart.  
 

5.4.2 Transportation-related disruptions 

 

    Previous studies have suggested that the transportation times on a specific route 

within the urban areas can be presented using a Burr distribution (Susilawati et al. 2011; 

Taylor 2012; Guessous et al. 2014). In this study, a reasonable assumption is made that 

the distance between the warehouses located in Zone 1, 3 and 6 to the site are 6, 19 and 

32 km, and the expected transportation times are 31, 64 and 96 minutes, respectively. 

The probability density function (PDF) of transportation times under these three 

conditions are presented in Figure 5.2. Note that the spread becomes wider with 

increasing distance. The room modules should arrive at the site at 7:00 am every 

morning. Thus if the warehouse is located farther from the site, the trucks need to set 

out earlier. The normal assembly rate is one module per hour (the site works 10 hours 

a day). A minor delay (within 30 minutes) in the delivery of modules has no negative 

effects on the original assembly schedule, but the daily assembly quantity would 

decrease linearly with further increase in the delay time. Table 5.2 lists the probabilities 

of occurrence for the modules’ arrival times derived from the three PDF in Figure 5.2. 

The disrupted daily assembly rate owing to the lateness in delivery is also given. 

Choose one of the warehouse  

location candidates 

Derive the disrupted assembly rate  

owing to late delivery  

(using the Burr distribution for representing 

transportation time) 

Establish the disrupted assembly rates due to 

other onsite schedule deviation factors 

(subject to weather, labour productivity 

variations and crane breakdowns) 

 Generate a full set of possible 

assembly scenarios 

(by combining all the disrupted 

assembly rates established) 

Execute the robust optimisation 

model  
Obtain the optimal supply chain configuration 

and an objective function value 

Repeat for each warehouse location candidate 

Choose the best warehouse 

location  

(subject to the objective 

 function value) 
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Figure 5.2 The PDF of transportation time from the warehouse located in Zone 1, 3 

or 6 to the site. 
 

 Arrival time 
Probabilities (%) Influence 

Level 

Disrupted 

assembly rate Zone 1 Zone 3 Zone 6 

07:00 98.86 63.5 52.46 T1 10 

09:00 1.14 31.77 37.96 T2 8 

11:00 0.00 3.32 6.33 T3 6 

13:00 0.00 0.89 1.98 T4 4 

15:00 0.00 0.52 1.28 T5 2 

Table 5.2 The probabilities of different arrival times with the warehouse set in 

different zones, and the disrupted assembly rate as a function of the arrival time. 
 

    Table 5.2 shows that the longer the distance between the warehouse and the site, the 

higher the probability of making late delivery, leading to the disruption of the module 

assembly. However, there is an advantage of setting up the warehouse at a location far 

wary from the urban centre - a much lower setting up cost (see Table 5.1). 
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5.4.3 Weather-related disruptions 

 

    Previous studies (Assaf and Al-Hejji 2006; Gündüz et al. 2013; Li et al. 2013; Nadu 

2014) have identified inclement weather as one of the most common sources of 

disruption in construction sites. Using a similar method adopted in section 4.3.2, the 

daily room module assembly rate was modelled as a function of wind speed and rainfall 

using a semi-trapezoidal relationship expressed in Eq. 5.51.  

 

∆𝐼𝐹(𝑥) = {

1                         0 ≤ 𝑥 < 𝑎

1 −
(𝑥−𝑎)

(𝑏−𝑎)
          𝑎 ≤ 𝑥 < 𝑏

0                                 𝑥 ≥ 𝑏

                                          (5.51)   

    

     Here ∆𝐼𝐹 is the influencing factor rectified by the weather condition x; a is the 

turning point, that is the maximum wind speed or rainfall that bears no influence on the 

original assembly rates, and b is the construction cancellation point, i.e. the minimum 

wind speed or rainfall that causes the construction to halt. For wind, the turning point 

is set at 36 km/h and the cancellation point at 50 km/h (Li et al. 2013). For rainfall, the 

two points are at 5 mm/h and 10 mm/h, respectively (Jung et al. 2016). The disrupted 

assembly rate equals to the original assembly rateIF.   

    The historical data is used to predict weather conditions that will be observed at a 

future time when the construction project proceeds. The probabilities that wind speed 

and rainfall land in various intervals can be derived from these records (as detailed in 

Section 4.5.1).  

    To explicitly demonstrate how daily assembly is disrupted by inclement weather 

conditions, we set up a three-level of influence (low, medium and high) practice on the 

module assembly process from either rainfall or wind. The three intervals are defined 

by the turning point and the cancellation point, as listed in column 2 of Table 5.3. The 

probabilities of rainfall amount and wind speed that lie in the three intervals are given 

in column 3. The disrupted assembly rates under the influence of different levels of 

precipitation or wind calculated using Eq. 5.51 are presented in the last column. These 

three levels of influence from the two types of weather conditions should be 

independently exerted on each working day. 
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Rainfall 

Influence 

Level 

Rainfall 

 (mm/h) 
Probability (%) IF 

Disrupted 

Assembly Rate 

Low 0 ≤ 𝑥 < 5 82.86 1 10 

Medium 5 ≤ 𝑥 < 10 11.82 0.5 5 

High 𝑥 ≥ 10 5.33 0 0 

Wind speed 

Influence  

Level 

Wind speed 

(km/h) 
Probability (%) IF 

Disrupted 

Assembly Rate 

Low 0 ≤ 𝑥 < 36 83.23 1 10 

Medium 36 ≤ 𝑥 < 50 13.71 0.5 5 

High 𝑥 ≥ 50 3.06 0 0 

Table 5.3 The probabilities of rainfall amount and wind speed lie in the various 

intervals and the disrupted daily assembly rate under different levels of influence. 
 

5.4.4 Labour productivity and crane-related disruptions 

 

    As discussed in section 4.3.4, the productivity in modular construction is usually 

measured by the quantity of module assembled daily. Since, various manual operations 

are essential after the modules are delivered to the site, construction workers’ efficiency 

needs to be parameterised for comprehending its influence toward the daily assembly 

rates. Similarly, module assembly can also be disrupted by crane failure due to 

mechanical malfunctions or breakdowns. To this end, similar to those described in 

section 4.3.4, three levels of influence from labour productivity and two levels from 

crane status were assumed. The discount rate at each influence level and its probability 

of occurrence are given in Table 4.8. 

    

5.5 Generation of assembly scenarios  

 

    To generate an entire set of possible assembly scenarios of a construction project, we 

must first identify all possible daily assembly rates. To accomplish this, all the possible 

combination of the five delay factors in this case study (precipitation, wind, 

transportation, labour and crane) mentioned in sections 5.4.2 through 5.4.4 must be 

taken into account. In the process of combination, we observed that potential daily 

assembly rate would be the lowest assembly rates resulted from the three kinds of 

disruptions: precipitation, wind and transportation, times the percentages of reduction 

induced by labour and crane (see section 4.4.2 for detail).  
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    Based on the above rule, the compilation process in Chapter 4 (see section 4.4.2) was 

adopted with some modification. This process was repeated for each of the three 

warehouse location candidates. An example of the compilation process is given in 

Figure 5.3, which shows the five steps in the process of generating all possible daily 

assembly rates when the warehouse is set up in Zone 6. 

Figure 5.3 The compilation process for generating the daily assembly/demand pattern. 
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    There exist a total of 9 possible daily assembly rates. Table 5.4(a) presents their 

probabilities of occurrence with the warehouse setting either in Zone 1, 3 or 6. In order 

to reduce the complexity so as to relieve the computation burden, the assembly rates 

with very low probabilities ( 0.52%) were merged with their neighbours having a 

lower assembly rate. The result of clustering is given in Table 5.4(b).  

 

 

(a)  

Module 

assembled/day 
Probabilities (%) 

Zone 1 Zone 3 Zone 6 

10 56.79 36.48 30.13 

8 7.34 22.54 23.35 

6 0.08 4.05 6.20 

5 23.50 21.62 20.77 

4 2.42 4.64 5.9 

3 0.00 0.28 0.52 

2 1.62 2.05 2.67 

1 0.02 0.11 0.22 

0 8.23 8.23 8.23 

 

(b)  

Module 

assembled/day 
Probabilities (%) 

Zone 1 Zone 3 Zone 6 

10 56.79 36.48 30.13 

8 7.34 22.54 25.35 

6 --- 4.05 6.2 

5 23.58 21.62 20.77 

4 2.42 4.64 5.9 

2 1.62 2.33 3.19 

0 8.25 8.33 8.23 

Table 5.4 The probabilities of occurrence for all possible daily assembly rates with the 

warehouse located in Zone 1, 3 or 6, (a) before and (b) after the clustering process. 
 

    Since there are six possible daily assembly rates when a warehouse is located in Zone 

1, there will be 65=7,776 unique demand scenarios on site for a period of five 

consecutive working days. In a similar manner, there will be 75=16,807 demand 

scenarios when the warehouse is set in either Zone 3 or 6.  

    An examination of the data found that the probability to have a total assembly 

capacity equal or larger than 16 room modules is 99.28%, i.e. the overall assembly 

target to install 16 room modules in five working days can be achieved with 99.28% 

confidence, no matter which zone the warehouse is located. In this context, there are 

6,874 demand scenarios for zone 1, and 15,305 scenarios for zone 3 and 6 which can 

meet the assembly targets of 16 modules. These are thus considered as valid scenarios. 

The scenarios, which cannot meet the targets (with a probability of occurrence less than 

0.72% in each zone) are excluded. 

    While some of the scenarios are capable of assembling more than the target numbers, 

they can finish the task in fewer than five days. An adjustment, therefore, has been 

carried out to assure that in every valid scenario only the exact target number of room 

modules are assembled on site within the designated time period. This is followed by 

combining scenarios with the same pattern of daily assembly rates, which ends up 
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identifying 498 distinct demand profiles for Zone 1, and 671 distinct demand profiles 

for Zone 3 and 6, respectively. The result is presented in Table 5.5. 

 

Zone  Days to complete the assembly on site 

2 3 4 5 

1 
No. of demand profiles 2 24 111 361 

Total probability (%) 41.12 43.95 12.18 2.33 

3 
No. of demand profiles 3 35 168 555 

Total probability (%) 37.79 44.99 13.80 2.86 

6 
No. of demand profiles 3 35 168 555 

Total probability (%) 34.52 45.94 15.40 3.41 

Table 5.5 The number of demand profiles and the total probability for different 

assembly duration when the warehouse is located in Zone1, 3 or 6. 
 

5.6 The optimal production scheme 

    Given that there are four possible construction durations (2-5 days) on site, there are 

still two factory variables can be examined in order to establish the most favourable 

manufacturing plan: the number of days for preparing the initial inventory before the 

construction commences, and the number of days for manufacturing modules after the 

construction work starts. The value of the objective function (Eq. 5.14), which 

simultaneously considers all the 498 demand profiles for the warehouse in Zone 1, and 

671 demand profiles for the warehouse either in Zone 3 or 6, were calculated for various 

combinations of the days before and after the start of construction. The results are given 

in Table 5.6. From the table, it can be seen that at least 3 days are needed to produce all 

the modular rooms. The overall lowest objective function value appears under the 

condition that the factory should spend 2 days to prepare the initial inventory and 

continue to manufacture for another 3 days after the construction commences when the 

warehouse is located in Zone 1 (highlighted with a framed box in grey shading). In 

other words, this is the most appropriate location to set up the warehouse and the 

optimal way to manufacture modules when all possible site demand variations are 

considered simultaneously.  
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NA: The solution is not available because the duration is too short to produce the target amount of 

modules. 

Zone 1 
Period for initial inventory preparation (days) 

1 2 3 4 5 
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1 NA 104,483.51 100,522.16 100,060.33 100,164.01 

2 104,077.41 100,358.64   99,651.95 99,715.95 100,082.87 

3 100,361.15 99,645.10   99,707.15 100,078.05 100,761.84 

4 102,026.59 102,068.18 102,683.53 103,340.68 105,453.76 

5 105,984.82 106,577.84 107,197.14 109,047.76 111,001.49 

 

Zone 3 
Period for initial inventory preparation (days) 

1 2 3 4 5 
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1 NA 104,863.20 100,967.87 100,375.54 100,488.53 

2 104,505.40 100,803.06 100,031.62 100,109.72 100,712.56 

3 100,999.70 99,660.24 99,755.39 100,172.26 100,880.08 

4 102,561.85 102,606.98 103,226.43 103,930.85 106,007.49 

5 106,501.19 107,105.33 107,718.20 109,696.71 111,530.72 

 

Zone 6 
Period for initial inventory preparation (days) 

1 2 3 4 5 
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1 NA 105,267.67 101,438.91 100,715.16 100,817.93 

2 104,974.48 101,246.35 100,413.65 100,490.43 100,998.34 

3 100,870.22 100,031.58 100,116.94 100,594.38 102,925.48 

4 103,103.49 103,147.49 103,783.62 104,447.32 106,392.80 

5 107,046.09 107,615.82 108,237.69 110,085.67 111,934.94 

Table 5.6 The objective function values (in £) under different combinations of the 

duration for preparing initial inventory and that for manufacturing after the start 

construction works when the warehouse is set in Zone1, 3 or 6. 
 

    In addition to the values of the objective function, the model can also output the best 

production scheme. Table 5.7 suggests an optimal manufacturing plan with daily 

production quantities spanning from two days before to three days after the start of 

construction. Furthermore, a broader view of the supply chain in operation can also be 

accessed. The model reveals the information about the daily variations of inventories 

at the factory, warehouse and site, as well as the most appropriate shipping sizes of 

modular products between the three tiers of supply chain once a valid demand scenario 

is selected. The results given in Table 5.7 are for the scenario in which the daily 

demands are 4, 4, 2, 2, 4 in the five working days, respectively (the 2nd row from the 

bottom). 
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Table 5.7 The production schedule for the best scheme recommended by the model, 

and information about the inventory and transportation of a chosen demand scenario. 

 

5.7 Discussion  

    As it currently stands, most of the commercial tools for construction supply chain 

scheduling and resource allocation employ the technique of discrete event simulation 

(DES) (Hsu et al. 2018). Although these software tools are extensively used in practice, 

they commonly adopt a deterministic approach, resulting in schedules that do not 

consider situations that deviate from a small set of “most-likely” scenarios. In contrast, 

stochastic programming techniques can determine logistics arrangements while 

simultaneously considering the entire spectrum of potential variations.  However, only 

a few studies have adopted such methods in the context of construction supply chains. 

Hsu et al. (2017a,b; 2018) proposed a series of such models that seek to optimise the 

modular construction supply chains with uncertain site demands and fluctuating 

component productivities. Nevertheless, such models cannot be used in the settings 

where strongly risk-averse solutions are preferable, because while the aggregate 

exposure to uncertainty effects is minimised, individual solutions do not perform well 

concerning the particular scenario that is eventually realised (Bai et al. 1997; Yu et al. 

2000). 

    Robust optimisation models have the potential to overcome this limitation (Mulvey 

et al. 1995) through the generation of solutions that are progressively less sensitive to 

the perturbations in the scenario set. Therefore in this chapter a robust optimisation 

model is developed for the identification of the optimal supply chain configuration and 

warehouse location for a modular construction project, under considerations of demand 

uncertainties from the site. The study demonstrates a framework for the establishment 

of optimal production, transportation and inventory schemes by considering all possible 

  Events  
Days 

-2 -1 1 2 3 4 5 

Factory 

Production quantities 3 3 4 3 3 0 0 

Transp. to Warehouse 3 3 4 2 4 0 0 

Inventory 0 0 0 1 0 0 0 

Warehouse 

Transp. from Factory 3 3 4 2 4 0 0 

Transp. to Site 0 0 4 4 2 2 4 

Inventory 3 6 6 4 6 4 0 

Site 

Transp. from Warehouse 0 0 4 4 2 2 4 

Demand - - 4 4 2 2 4 

Inventory 0 0 0 0 0 0 0 
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demand profiles, which is generated based on major schedule deviation factors. 

Furthermore, the best warehouse location is selected after executing the model multiple 

times for each warehouse location candidate. 

    A feature of the modular is that products are generally large. As a result, 

manufacturing factories and construction sites typically do not have much space to store 

them. To solve this issue, our model adds a warehouse into the logistic system and 

further finds the most appropriate location for the warehouse. Ideally the majority of 

the modular products are immediately transported from the factory to the warehouse 

once completed, and they are sent to the construction site daily in response to the 

demand. In this case study, our model actually does not recommend the presence of any 

onsite inventory due to space and cost consideration.  

    As for the warehouse location, Table 5.5 clearly shows that the probability for 

completing the assembly process within the shortest duration (2 days) decreases with 

increasing distance between the warehouse and site, but the reverse is true for the longer 

durations (3-5 days), suggesting that the assembly would slow down when warehouse 

is further away. This is mainly because the shipment of modular products is a very 

demanding task, and transportation distance have a direct impact on on-time delivery. 

Our model determines the best warehouse location based on a trade-off between the 

highly uncertain transportation time needed for shipping modular products from a 

distant warehouse to the site and the high cost for establishing a warehouse in an urban 

area close to the site. 

    Another feature of the modular construction is that the modules are made to order 

and designed exclusively to be used in a single project. In this context, each type of 

module is manufactured in a quantity that matches the need of the corresponding 

construction project, and the inventory should reach zero at the end of its assembly. 

This is shown in the last column of Table 5.7. 

    Our model assumes the usage of preparing an appropriate size of initial inventory. In 

this aspect, it can recommend an optimal production scheme, including not only the 

daily quantities, but also a best time frame before and after the start of construction 

works. We find there exists an optimal manufacturing time (see Table 5.7). A time that 

is too short will force the factory to run at a high production capacity, which raises the 

variable production cost; A time that is too long will lower the production rate, causing 

unfulfilled demand, which in turn gives rise to penalty cost.  

    The most favourable supply chain operational scheme found by our model is the one 
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that yields the lowest objective function values, which includes the expected supply 

chain operational cost, its variance and the penalty for the infeasibility. The model, 

therefore, achieves not only the lowest costs but also solution and model robustness. 

The infeasibility for testing the robustness of the model arises when the site demands 

of a scenario cannot be met momentarily, which forces the project to operate beyond 

the originally planned working period, provoking an extra cost.  

    The same problem instance in which the warehouse is set in Zone 1 has also been 

solved by the two-stage stochastic programming (2SP) model established in Section 4.2. 

By applying the optimal solutions recommended by the two models (RO and 2SP) 

respectively to each demand profile, we obtain the minimised total operational costs for 

all the 498 profiles. The result is shown in Figure 5.4 where: 

(a) Profiles 1 and 2 with a total probability of happening of 41.12％ are the profiles that 

can complete the module assembly in 2 days. 

(b) Profiles 3 to 26 having a total probability of happening of 43.95% can finish the 

module assembly in 3 days. 

(c) Profiles 27 to 137 with a probability of 12.18% belong to a group that needs 4 days 

to complete the assembly works. 

(d) Profiles 138 to 498 with a probability of only 2.33% are in a group requiring 5 days 

to finish the assembly works. 

Figure 5.4 The total operational costs of all 498 profiles derived from the RO and 2SP 

solutions, respectively. 

 

Except for the first 2 demand profiles, the solution of the RO model can generate 

lower total operational costs than that of the 2SP model for the remaining 496 profiles. 

During the optimisation process, the 2SP model allocates a higher priority to minimise 

the total operational costs of the first 2 profiles which possess a higher probability of 

occurrence. This results in higher total operating costs for the remaining demand 
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profiles when compared to the RO model, which gives holistic consideration to the 

whole set of demand profiles.  The two models obviously have distinct preferences in 

terms of optimisation approach. 

    The difference between the two models also shows in the variance and standard 

deviation of the total operational cost among all demand profiles. The two values given 

by the 2SP model are 5.53% and 2.81% greater than those by RO, respectively (see 

Table 5.8). When the worst case is considered (i.e. the demand profile with the highest 

operational cost), we found the total cost from the 2SP model is £1,008 higher than that 

from the RO model. These differences are mainly due to that the objective function of 

the RO model includes a term for minimising the variance of the total cost. This can be 

interpreted as when the RO solution is adopted we are assured that the total operational 

cost will deviate less from the minimised expected total cost, regardless which demand 

profile is ultimately realised, by having fewer numbers of temporarily unfulfilled 

demands and excess site inventories.  

    The expected total operational cost given by the 2SP model is 0.79% lower than that 

by the RO model (see Table 5.8). This is owing to that the 2SP model gives priority to 

minimisation of the dominant demand profiles. However, we can argue that an 

increment of 0.79% for choosing the RO solution is a small price to pay for risk aversion.  

 RO 2SP Difference (£) Improvement (%) 

Expected total cost 98,684 97,904 -780 -0.79% 

Variance 6,061,444 6,416,089 354,645 5.53% 

Standard deviation 2462 2533 71 2.81% 

Total cost of the worst case  107,296 108,304 1,008 0.93% 

Table 5.8 A comparison between the solutions given by the RO and 2SP models. 

 

    In this context, the RO model is more advantageous than the 2SP model for the 

decision makers who not only need to optimise the supply chain configuration but also 

need to assure that the total cost can never exceed the budget limit. It is worth noting 

that, based on the risk aversion attitude of the decision maker, the values of λ and ω in 

Eq.5.27 can be adjusted to make the model solution tilt toward minimising the cost 

variance or evading from the unwanted infeasible situations. 
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5.8 Closing remarks 

 

    Modular building systems offer the opportunity to achieve higher efficiency and 

quality. However, successful implementation of the practice requires an understanding 

of how to design and optimise time-critical logistic systems. In chapter, a robust 

optimisation model is proposed to identify the optimal supply chain configuration for 

modular construction projects, under demand uncertainties from the site. The model 

can recommend the most favourable production and transportation schemes, as well as 

disclose the variations of inventory by considering all site demand profiles generated 

based on significant schedule deviation factors. Furthermore, the best warehouse 

location is selected.  

    The outputs of the model remain optimal regardless of which demand scenario is 

realised in the future as it incorporates the solution robustness. In this context, logistics 

managers can obtain robust solutions through a balance between the optimality in the 

supply chain configuration and the infeasibility brought by the temporarily unfulfilled 

demand and excess site inventory. Therefore, the mathematical model proposed in this 

research can serve as a basis to support decision making by managers involved in the 

design of logistic processes for modular construction projects who possess an attitude 

toward risk aversion.  
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Chapter 6 Establishing the optimal supply chain plans with 

outsourcing under uncertain manufacturing productivity 

    Since prefabricated construction has the characteristics of both manufacturing and 

construction, its production rate of structural components in the prefabrication factory, 

like many manufacturing factories, can be affected by factors such the workers' 

productivity fluctuation and machine/equipment downtime (Azhar et al. 2013).  

    The outsourcing manufacturing is generally employed to overcome the production 

insufficiency brought about by productivity uncertainty (Nembhard et al. 2003). 

However, to meet the demand on site and minimise the total cost, a most favourable 

scheme for self-production and outsourcing should be enacted well before the start of 

construction works. To the best of our knowledge, the optimal production planning for 

the prefabricated construction projects under uncertain self-productivity has never been 

studied. 

    This chapter has two main aims. The first is to identify a production scheme which 

includes the best outsourcing quantities for multi-prefabricated components and the 

most appropriate duration of self-production when facing an uncertain productivity. 

Therefore, the model developed here focuses on dealing with the uncertainties within 

the component manufacturing factory which occurs in the upstream of the modular 

construction supply chain. This is in contrast to the model constructed in the previous 

chapters which consider the uncertainties arise from the downstream of the logistics 

system. The second aim is to identify the most favourable schemes for distributing 

components manufactured by self-production and outsourcing, while disclosing the 

variation of inventory in the three tiers of the supply chain: prefabrication factory, 

warehouse and construction site. 

    The above issues are addressed by defining a workflow composed of a two-stage 

stochastic programming model and a mixed integer linear programming model. The 

result of the workflow could serve as the basis for decision making for the managers of 

a prefabricated construction project who are required to make a holistic plan 

encompassing self-production, outsourcing, inventory and transportation. 
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6.1 Methodology 

    This section introduces the assumptions behind the mathematical models, the 

structure of the models and the background to the case study used to test the models.  

 

6.1.1 Assumptions  

 

    The assumptions applied in the models to represent the logistics operations in the 

case study are outlined in this section. A complete list of indices, parameters and 

variables is provided in Appendix C.  

 

Assumptions regarding the manufacturing factory: 

1. According to the data collected from the cooperating construction company, the 

schedule engineers organised a detailed weekly assembly plan for the whole 

construction period (TW weeks) before the commencement of the manufacturing 

process.  

2. The exact weekly demand quantities 𝐷𝑡𝑖  (𝑖 ∈ 𝐼,  where 𝐼  is the set of component 

types; 𝑡 ∈ 𝑇, where T=1…TW) for each kind of structural components are known.  

3. The total quantity (𝑇𝑁𝑖) needed for each kind of structural component in the whole 

project is also revealed at the design stage which is served as the basis for cost 

estimation. 

4. The manufacturing facility for the production of prefabricated components is 

assumed to be owned by the construction company. In this context, the cost for 

operating the upstream of the logistic system (component manufacturing) is also 

considered in the developed model.  

5. The weekly production level is uncertain owing to the factors such the workers' 

productivity fluctuation and machine/equipment malfunction and failure.  

6. There exists different scenarios of total self-production quantity SPsi (𝑠 ∈ 𝑆, where 

S is the set of scenarios) for each kind of component 𝑖. This research assumes that 

all the self-production scenarios are independent and their probabilities of 

happening are denoted as Ps. The scenario generation process is explained in the 

following section. 
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Assumptions regarding the outsourcing manufacturing: 

1. Since the productivity in the factory is uncertain, there exists a possibility that the 

demand cannot be met by self-production.  

2. Two types of outsourcing manufacturing are adopted. The first type is the planned 

outsourcing which places orders to another prefabrication company in advance, and 

the total quantity of planned outsourcing (qi) is estimated based on the most likely 

inadequacy of self-production.  

3. The cost of adopting planned outsourcing for each kind of structural component is  

𝑞𝑖 ∙ 𝑃𝐶𝑖 , where 𝑃𝐶𝑖  represents the price for purchasing one unit of component  𝑖 

from the outsourcing company in advance.  

4. The second type is the emergency outsourcing. Since the self-production rate is 

fluctuating, there exists certain extreme occasions that, even with backup coming 

from the planned-outsourcing, the site demand still cannot be satisfied.  

5. Emergency orders are also sent to the outsourcing manufacturer, but the price of 

adopting such measure is higher than the planned one.  

6. The emergency outsourcing cost is scenario specific and it is expressed as 

𝑀𝑎𝑥{𝑇𝑁𝑖 − 𝑆𝑃𝑠𝑖 − 𝑞𝑖 , 0} ∙ 𝐸𝐶𝑖 , where 𝐸𝐶𝑖  is the price for buying one unit of 

component 𝑖 form the outsourcing company in an urgent situation.     

7. If the sum of the self-production and planned-outsourcing exceeds the site demand, 

an extra cost is needed to dispose of the redundant components. The redundancy 

disposing cost is illustrated as  𝑀𝑎𝑥{𝑆𝑃𝑠𝑖 + 𝑞𝑖 − 𝑇𝑁𝑖 , 0} ∙ 𝑅𝐶𝑖 , where 𝑅𝐶𝑖  is the 

cost for disposing of one unit of redundant product 𝑖. 

8.  It should be emphasised that in each self-production scenario, the occurrences of 

component insufficiency and redundancy are mutually exclusive. 
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Assumptions regarding the inventory management: 

1. The inventory levels for each kind of component i at the factory, warehouse and site 

in week t are denoted as 𝑛𝑡𝑖
𝐹 , 𝑛𝑡𝑖

𝑊 and 𝑛𝑡𝑖
𝑆 , respectively.  

2. The weekly inventory cost of each kind of component is composed of the inventory 

costs within the factory (𝑛𝑡𝑖
𝐹 ∙ 𝑉𝑂𝐿𝑖 ∙ 𝐹𝐼𝐶), warehouse (𝑛𝑡𝑖

𝑊 ∙ 𝑉𝑂𝐿𝑖 ∙ 𝑊𝐼𝐶) and site 

(𝑛𝑡𝑖
𝑆 ∙ 𝑉𝑂𝐿𝑖 ∙ 𝑆𝐼𝐶), where FIC, WIC and SIC are the weekly unitary storage costs in 

the factory, warehouse and site, respectively, and 𝑉𝑂𝐿𝑖  is the volume of 

prefabricated component i.  

3. The sum of the weekly inventory cost of each component in all places gives the 

total inventory cost (𝐼𝐶). 

4. It is worth noting that, since most modular products are tailor-made for a project 

with exact quantity, 𝑛𝑡𝑖
𝐹 , 𝑛𝑡𝑖

𝑊 and 𝑛𝑡𝑖
𝑆  are expected to be exhausted by the end of the 

project.  

5. Assumptions have been made that the total volumes of inventory cannot exceed 

their respective storage capacities in factory (FCAP), warehouse (WCAP) and site 

(SCAP) at all time.  

Assumptions regarding transportation: 

1. There are two sectors of transportation; one is from factory to warehouse, while the 

other one is from warehouse to site. The overall transportation cost (TC) is the sum 

of the costs for moving components in these two sectors. 

2.  All prefabricated components are transported from the warehouse to construction 

site according to the weekly demand on a just-in-time basis.  

3. The number of trucks needed for moving one kind of component from warehouse 

to site is calculated by dividing the weekly transportation quantity (𝑡𝑡𝑖
𝑊 ) by the 

quantity of product that can be loaded onto a single truck (𝑁𝐿𝑖
𝑊) running on this 

route. (𝑡𝑡𝑖
𝑊/ 𝑁𝐿𝑖

𝑊) is rounded up to the next highest integer. 

4. The weekly transportation cost from warehouse to site for a certain kind of 
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component i then is determined as: (𝑡𝑡𝑖
𝑊 / 𝑁𝐿𝑖

𝑊 )∙ 𝐶𝑊𝑆 ∙ 𝐷𝑊𝑆 , where DWS is the 

distance in between and CWS the unitary transportation cost. 

5. The transportation cost for moving components from factory to warehouse is 

calculated in the same manner using the corresponding variables and parameters: 

the weekly transporting quantities of one kind of components(𝑡𝑡𝑖
𝐹 ), truck loading 

quantity (𝑁𝐿𝑖
𝐹), moving distance (DFW) and unitary transportation cost (CFW). 

6. All the finished outsourcing components are delivered to the site directly and their 

weekly delivery quantities  (𝑜𝑡𝑖
𝑃  and 𝑜𝑡𝑖

𝐸 ,  where P and E stand for planned and 

emergency, respectively) of each kind of components are decided based on both the 

fluctuating self-production rate and the demand on site.  
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6.1.2 Two-stage stochastic programming model for pursuing the optimal 

outsourcing  

 

    Several reseraches have been carried out to identify the best strategies for 

outsourcing in the manufacturing industry. Kogut and Kulatilaka (1994), Nembhard 

(2003) and Moon (2009) all pointed out that it is prominent to enact a holistic plan on 

whether or not to use outsourcing as well as reveal the most favourable timing and 

quantity for utilising the outsourcing when market demand/ productivity is uncertain.   

    In this context, the two-stage stochastic porgramming modelling technique is suitable 

for illsutrating the outsoucrcing planning with uncertainties. The two-stage stochastic 

porgramming model is capable of determining the most appropriate scheme for initiaing 

outsourcing before uncertainites is reliased, and also poriveds recouse actions (e.g. 

emergency plans for remedying the insufficiency) for each speific sceanrio after 

obtaining more infomration regarding the dmand or productvity stochasticity.   

   Therefore, in this chapter, a two-stage stochastic programming model is utilised to 

find the most favourable planned outsourcing quantity for each kind of prefabricated 

component under uncertain productivity. In the first stage of the model, an optimal 

planned-outsourcing quantity for each kind of prefabricated component is decided; 

while in the second stage, the emergency outsourcing quantity and the number of 

redundant component for each kind of component in every different self-production 

quantity scenario are taken as second stage decision variable. The objective function is 

to minimise the costs of using outsourcing (planned and emergency) and disposing the 

redundant component across all the possible self-production quantity scenarios.  

    The two-stage stochastic programming model conceived in this chapter is different 

from the one in section 4.2 which takes the production schemes as the first stage 

decision variables and considers the transport scheme and the inventory level at all 

places as the second stage decision variables. 

 

Objective function: 

    The goal of the model is to minimise the objective function (Eq 6.1), which is the 

sum of the planned outsourcing cost and the expected value of penalty cost, i.e., the 

expected cost of using emergency outsourcing or disposing of the redundant 

components when all possible self-production scenarios are considered. 
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Minimise:  

 

∑ 𝑞𝑖 ∙ 𝑃𝐶𝑖 + ∑ 𝑃𝑠 ∙ ∑(

𝑖∈𝐼𝑠∈𝑆𝑖∈𝐼

𝑦𝑠𝑖
𝐸 ∙ 𝐸𝐶𝑖 + 𝑦𝑠𝑖

𝑅 ∙ 𝑅𝐶𝑖) (6.1) 

 

 Subject to: 

𝑞𝑖 ≥ 0  ∀𝑖 ∈ 𝐼 (6.2) 

𝑦𝑠𝑖
𝐸 =  𝑀𝑎𝑥{𝑇𝑁𝑖 − 𝑆𝑃𝑠𝑖 − 𝑞𝑖 , 0}   ∀𝑠 ∈ 𝑆 ,∀𝑖 ∈ 𝐼 (6.3) 

𝑦𝑠𝑖
𝑅 =  𝑀𝑎𝑥{𝑆𝑃𝑠𝑖 + 𝑞𝑖 − 𝑇𝑁𝑖 , 0}   ∀𝑠 ∈ 𝑆 ,∀𝑖 ∈ 𝐼 (6.4) 

 

Constraint (6.2) states that the planned outsourcing quantity for all kinds of the product 

must not be negative. Constraints (6.3) and (6.4) define the second stage decision 

variables: the emergency outsourcing quantity (𝑦𝑠𝑖
𝐸 ) and the number of redundant 

component which needs to be deposed (𝑦𝑠𝑖
𝑅 ).  The output of this model, the optimally 

planned outsourcing quantity (𝑞𝑖) will be used as a parameter (𝑇𝑃𝑄𝑖) in the mixed-

integer linear programming (MILP) model described in the following section.  

 

6.1.3 MILP model for establishing the transportation and inventory scheme 

 

    A MILP model is used for determining the following:  

1. The most favourable weekly transportation quantities of each kind of self-production 

components between the factory, warehouse and construction site.  

2. The variation of inventory levels in the factory, warehouse and site.  

3. The time and quantities of outsourcing components that should be sent to the site by 

the outsourcing company. 

    This MILP model adopts the assumptions described in the section 6.1.1 (the 

assumptions regarding the inventory management and transportation). The aim of this 

model is to find out the most favourable component dispatching scheme for 

prefabricated components originated from multiple locations and revealing the change 

of inventory level at the same time. The MILP model built here is different from the 

one developed in Section 4.1, which is a deterministic model for determining the best 

production scheme for the demand scenario that is most likely to occur in the near future. 
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Objective function: 

    The goal is to minimise the objective function (Eq 6.5), which is the sum of the costs 

for storing (IC) and transporting (TC) all kinds of components.  

Minimise:  

𝐼𝐶 + 𝑇𝐶 (6.5) 

𝐼𝐶 = ∑ ∑(𝑛𝑡𝑖
𝐹 ∙

𝑖∈𝐼𝑡∈𝑇

𝐼𝐶𝐹 + 𝑛𝑡𝑖
𝑊 ∙ 𝐼𝐶𝑊 + 𝑛𝑡𝑖

𝐹𝑆 ∙ 𝐼𝐶𝑆) ∙ 𝑉𝑂𝐿𝑖 (6.6) 

𝑇𝐶 = ∑ ∑(
𝑡𝑡𝑖

𝐹

𝑁𝐿𝑖
𝐹 ∙ 𝐷𝐹𝑊 ∙ 𝐶𝐹𝑊 +

𝑖∈𝐼𝑡∈𝑇

𝑡𝑡𝑖
𝑊

𝑁𝐿𝑖
𝑊 ∙ 𝐷𝑊𝑆 ∙ 𝐶𝑊𝑆) (6.7) 

     

Equation (6.6) calculates IC, which includes the costs of the inventories within the 

factory, warehouse and construction site. Equations (6.7) calculates TC for moving 

products from the factory to warehouse and from the warehouse to construction site in 

two terms, respectively. 

Subject to:    

∑ 𝑜𝑡𝑖
𝑃

𝑡∈𝑇

= 𝑇𝑃𝑄𝑖     ∀ 𝑖 ∈ 𝐼 (6.8) 

𝑛𝑡𝑖
𝐹 = 𝑛𝑡−1,𝑖

𝐹 + 𝐸𝑆𝑃𝑡𝑖 −  𝑡𝑡𝑖
𝐹     ∀ 𝑡 ∈ 𝑇, 𝑖 ∈ 𝐼 (6.9) 

𝑛𝑡𝑖
𝑊 = 𝑛𝑡−1,𝑖

𝑊 +  𝑡𝑡𝑖
𝐹 −  𝑡𝑡𝑖

𝑊   ∀ 𝑡 ∈ 𝑇, 𝑖 ∈ 𝐼 (6.10) 

𝑛𝑡𝑖
𝑆 = 𝑛𝑡−1,𝑖

𝑆 + 𝑡𝑡𝑖
𝑊 + 𝑜𝑡𝑖

𝑃 +  𝑜𝑡𝑖
𝐸 − 𝐷𝑡𝑖     ∀ 𝑡 ∈ 𝑇, 𝑖 ∈ 𝐼 (6.11) 

𝑛0,𝑖
𝐹 = 𝑛0,𝑖

𝑊 = 𝑛0,𝑖
𝑆 = 0   ∀ 𝑖 ∈ 𝐼 (6.12) 

∑ 𝑛𝑡𝑖
𝐹 ∙ 𝑉𝑜𝑙𝑖 ≤ 𝐹𝐶𝐴𝑃, ∑ 𝑛𝑡𝑖

𝑊 ∙ 𝑉𝑜𝑙𝑖 ≤ 𝑊𝐶𝐴𝑃, ∑ 𝑛𝑡𝑖
𝑆 ∙ 𝑉𝑜𝑙𝑖 ≤ 𝑆𝐶𝐴𝑃      ∀ 𝑡 ∈ 𝑇

𝑖∈𝐼

 

𝑖∈𝐼

     

𝑖∈𝐼

 (6.13) 

∑ 𝐷𝑡𝑖 =

𝑡∈𝑇

∑ 𝐸𝑆𝑃𝑡𝑖 + 𝑜𝑡𝑖
𝑃 +   𝑜𝑡𝑖

𝐸

𝑡∈𝑇

   ∀𝑖 ∈ 𝐼 (6.14) 

∑ 𝑡𝑡𝑖
𝐹 =

𝑡∈𝑇

 ∑ 𝑡𝑡𝑖
𝑊 =

𝑡∈𝑇

∑ 𝐸𝑆𝑃𝑡𝑖

𝑡∈𝑇

  ∀  𝑖 ∈ 𝐼 (6.15) 

𝑜𝑡𝑖
𝑃 ,  𝑜𝑡𝑖

𝐸 ≥ 0      ∀ 𝑡 ∈ 𝑇, ∀ 𝑖 ∈ 𝐼 (6.16) 

𝑛𝑡𝑖
𝐹 , 𝑛𝑡𝑖

𝑊, 𝑛𝑡𝑖
𝑆 ≥ 0    ∀ 𝑡 ∈ 𝑇, 𝑖 ∈ 𝐼 (6.17) 

𝑡𝑡𝑖
𝐹 , 𝑡𝑡𝑖

𝑊 ≥ 0  ∀ 𝑡 ∈ 𝑇, 𝑗 ∈ 𝐼 (6.18) 

  



159 

 

    Constraint (6.8) ensures that the total quantity of the planned outsourcing delivered 

does not exceed its limit. Constraint (6.9) represents the balance of inventory in the 

factory, constraint (6.10) is for that in the warehouse, while constraints (6.11) handles 

the construction site. Constraint (6.12) states that there is nothing in storage in the 

beginning at the factory, warehouse and site. Constraint (6.13) makes sure that the sums 

of the volumes of all the stored components in factory, warehouse and site do not exceed 

their respective storage capacities at all times.  

    Constraint (6.14) assures that the demand on site must be met. Constraint (6.15) 

ensures that all the components produced in the factory will be shipped to the 

warehouse and all the above components will also be transported to the construction 

sites. Constraints (6.16), (6.17) and (6.18) assure the non-negativity of the quantities of 

planned and emergency outsourcing delivered weekly, the inventory at the factory, 

warehouse and construction site, as well as the quantities of components transported 

weekly from factory to warehouse and from warehouse to site, respectively, for every 

kind of product and at all times.  

  



160 

 

6.2 Background of the case study 

 

    This research studied a case of the wastewater treatment facility project which is 

located in the northern part of England. This is the same case study applied for the fault 

tree analysis in Chapter 3. The facility is mainly composed of two types of prefabricated 

concrete components: walkways and beams. The values of the parameters of 

manufacturing, transportation, inventory and construction were obtained from the 

cooperating construction company as shown in Table 6.1.  

 

Data Names Values 

Prefabricated components types Walkways and Beams 

Total demand for prefabricated components  Walkways: 360; Beams: 240 

Construction duration 17 weeks 

Weekly demand for components from week 1 to 16 Walkways: 21; Beams: 14 

Weekly demand for components in week 17 Walkways: 24; Beams: 16 

Self-production cost  Walkway: £1000; Beam: £2000 

Planned-outsourcing cost  Walkway: £1500; Beam: £3000 

Emergency outsourcing cost  Walkway: £4000; Beam: £6000 

Cost for disposing redundant components Walkway: £900; Beam: £1800 

Factory fix cost (overhead) £10900/week 

Expected self-production rate  12 Walkways/week; 8 Beams/week 

Volume of the prefabricated components Walkway: 10 m3; Beam: 20 m3 

Maximum storage capacity at factory 200 m3 

Maximum storage capacity at warehouse 2000 m3 

Maximum storage capacity on site 100 m3 

Inventory cost at factory £1 /m3/day 

Inventory cost at warehouse £2 /m3/day 

Inventory cost on site £5 /m3/day 

Distance between factory and warehouse 70 km 

Distance between warehouse and site 40 km 

Transportation cost from factory to warehouse £3/truck/km 

Transportation cost from warehouse to site £3.2/truck/km 

Components can be loaded on a truck from F to W 6 walkways/truck; 3 beams/truck 

Components can be loaded on a truck from W to S 4 walkways/truck; 2 beams/truck 

Table 6.1 The input parameters of the models. 

 

6.3 Model implementation 

 

    By using a wastewater facility case study, this section presents the outputs of the two 

programming models, which were implemented in IBM ILOG CPLEX Studio (version 

12.6), an optimisation software package employing the OPL mathematical modelling 

language. The CPLEX Optimizer is used to solve the problems studied. The models 

were executed on a personal computer (i7-4790, 8G RAM) with the computational time 

of 5 minutes for the two-stage stochastic model and 2 minutes for the MILP model. 

Exact solutions are outputted by both models.  
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6.3.1 The workflow  

 

    Figure 6.1 presents a workflow chart which, employing the two models described 

above, aims at obtaining the following information:  

1. An optimal duration for self-production in this project, i.e., the best time to start the 

production of prefabricated components in advance of the construction at the site.  

2. The best planned and emergency outsourcing quantities for each kind of components.  

3. The most favourable transportation and inventory schemes for self-produced 

components. 

4. The most favourable dispatch plan for outsourcing components that can match up 

with the above schemes. 

    As shown in Figure 6.1, the process starts with the representation of the productivity 

uncertainty by a bell-shaped probability distribution (Baily et al. 1992), which can be 

discretised by using the three-point estimation technique (Keefer and Bodily 1983). 

Based on this, the possible self-production scenarios at the factory over a finite time 

horizon are then generated.  

    The two-stage stochastic programming model is implemented thereafter to find out 

the best planned-outsourcing quantity by considering all the possible self-production 

scenarios simultaneously. Afterwards, the MILP model is adopted to reveal the optimal 

transportation scheme and inventory variations, along with the dispatch plan for 

outsourcing.  

    This whole process can be individually carried out for each possible option of self-

production duration. For each option, the total cost, which includes the costs of factory 

overhead, self-production, transportation, inventory, planned outsourcing, and the 

penalty for emergency outsourcing or disposing of redundant components, is calculated.  

The optimal self-production duration is then determined as the one with the lowest total 

cost.  
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Figure 6.1 The workflow chart. 

 

6.3.2 Generation of the production scenarios in the factory 

 

    In this case study, the detailed design was handed over to the construction company 

7 weeks before the commencing date of construction, and the duration of construction 

work was fixed at 17 weeks. Thus, the construction company had at most 24 weeks for 

producing all the components demanded by the project, but it also has the option to 

choose a shorter self-production duration by increasing the outsourcing quantity, 

depending on the total cost. In this context, 8 distinct options for self-production 

duration are established, each has a different manufacturing period before the 

construction starts (see Table 6.2). 

 

Option No. 
Length of in-advance 

preparation (week) 

Total self-production 

duration (week) 

I 7  24  

II 6  23  

III 5  22  

IV 4  21  

V 3  20  

VI 2  19  

VII 1 18  

VIII 0  17  

Table 6.2 Options for self-production duration in weeks. 
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    The productivity of a manufacturing facility varies from time to time, and generally, 

can be expressed as a bell-shaped probability distribution (Baily et al. 1992). However, 

prefabricated components are produced in discrete integer numbers, making it more 

appropriate to present the productivity distribution in a discrete form. For simplicity, 

the three-point estimation technique (Keefer and Bodily 1983; Liu 2013) was employed, 

i.e., the productivity for the prefabricated components was assumed to have three 

different levels: high, normal and low. The weekly productivity at each level and their 

probability of happening were established based on the data obtained from the 

cooperating construction company (Table 6.3). 

 Levels Walkway Beam Probability 

High 15 10 0.25 

Normal 12 8 0.5 

Low 9 6 0.25 

Table 6.3 The weekly production quantities and their probabilities of happening for 

the three levels of productivity. 

 

    There are 32=9 possible scenarios of productivity in one week when walkways and 

beams are considered simultaneously. Thus, for option I with a total self-production 

duration of 24 weeks, there should be 924 distinct production scenarios. However, the 

study in this chapter is trying to determine the optimal outsourcing quantity for 

components under uncertain productivity. Thus, only the total production quantity that 

can be realised after 24 weeks is needed to be considered (i.e. the scenarios having the 

same total production quantity are combined as one scenario). There are only 2,401 

kinds of production quantity scenarios in this option after merging. The numbers of the 

production quantity scenarios of each of the 8 options are listed in Table 6.4. 

 

Option No. Duration Number of Scenarios 

I 24 Week 2,401 

II 23 Week 2,209 

III 22 Week 2,025 

IV 21 Week 1,849 

V 20 Week 1,681 

VI 19 Week 1,521 

VII 18 Week 1,369 

VIII 17 Week 1,225 

Table 6.4 The numbers of the production quantity scenarios of the 8 options. 
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6.3.3 Output of the two-stage stochastic programming model 

 

    Following the flowchart shown in Figure 6.1, the total production scenarios 

generated in section 6.3.2 were used as input to the two-stage stochastic programming 

model, which was executed for each of the 8 options of self-production duration while 

taking all the self-production quantity scenarios in that option into consideration 

simultaneously. The outputs are the optimal planned outsourcing quantities for both 

walkway and beam, which are given in Table 6.5 along with the costs of planned 

outsourcing and the lowest expected penalties incurred by the emergency outsourcing 

and disposal of redundant components.  

Option 

No. 

Optimal 

planned outsourcing quantity 
Planned 

outsourcing 

cost (£) 

Expected 

total penalty 

(£) Walkway Beam 

I 72 46 246,000 46,750 

II 84 54 288,000 45,883 

III 96 62 330,000 44,997 

IV 108 70 372,000 44,092 

V 120 78 414,000 43,165 

VI 132 86 456,000 42,216 

VII 144 94 498,000 41,243 

VIII 156 102 540,000 40,243 

Table 6.5 The planned outsourcing quantities, costs and penalty for the 8 options. 

 

6.3.4 Output of the MILP model 

 

    The calculated planned-outsourcing quantities were taken as the inputs of the MILP 

model established in section 6.1.3 for determining a holistic distribution scheme and 

revealing the variation of inventory that would yield the lowest transportation and 

inventory costs while taking both self-production and outsourcing into consideration. It 

should be noted that here the three levels weekly productivity (see Table 6.3) had been 

turned into an expected value to represent the most likely weekly productivity of the 

self-production.  

    The outputs included the optimal weekly transportation quantity between the factory, 

warehouse and site, as well as the weekly variations of the inventories at these three 

locations. Moreover, a dispatch plan for delivering outsourcing components to the site 

was outlined. For illustration purpose, all the schemes recommended by the model for 
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the option IV (4 weeks in-advance preparation plus 17 weeks of construction works) 

are presented in Table 6.6. 

Week -4 -3 -2 -1 1 2 3 4 5 6 7 

Component w b w b w b w b w b w b w b w b w b w b w b 

Production Quantity 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Transp. (Fac→Whse) 0 4 4 12 12 8 12 8 12 8 12 8 12 8 20 4 21 10 15 10 12 8 

Inventory (Fac) 12 4 20 0 20 0 20 0 20 0 20 0 20 0 12 4 3 2 0 0 0 0 

Transp. (Whse→Site) 0 0 0 0 0 0 0 0 21 14 21 14 21 14 21 14 21 14 15 10 12 8 

Inventory (Whse) 0 4 4 16 16 24 28 32 19 26 10 20 1 14 0 4 0 0 0 0 0 0 

Planned-Outsource 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 4 9 6 

Emergency-Outsource 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Site Demand 0 0 0 0 0 0 0 0 21 14 21 14 21 14 21 14 21 14 21 14 21 14 

Inventory (Site) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

             

Week 8 9 10 11 12 13 14 15 16 17   

Component w b w b w b w b w b w b w b w b w b w b   

Production Quantity 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8   

Transp. (Fac→Whse) 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8   

Inventory (Fac) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0   

Transp. (Whse→Site) 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8   

Inventory (Whse) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0   

Planned-Outsource 9 6 9 6 9 6 9 6 9 6 9 6 9 6 9 4 9 6 12 8   

Emergency-Outsource 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0   

Site Demand 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 24 16   

Inventory (Site) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0   

Table 6.6 Detailed distribution schemes for option IV. 

    The model also yielded the various costs for transportation and inventory. The results 

for the 8 options are listed in Table 6.7. It is interesting to learn that the model suggested 

not to have inventory on the site for all options. In addition, there is no inventory at all 

three locations at all time in Option VIII (the option without in-advance preparation), 

i.e. all components once completed are sent directly to site for assembly. 

Option 

No. 

Inventory costs Transportation costs 

Total 
Factory Warehouse Site 

Factory to 

warehouse 

Warehouse 

to site 

I 297 1696 0 23,520 21,504 47,017 

II 249 1182 0 22,540 20,608 44,579 

III 203 764 0 21,560 19,712 42,239 

IV 157 436 0 20,580 18,816 39,989 

V 109 202 0 19,600 17,920 37,831 

VI 63 64 0 18,620 17,024 35,771 

VII 21 8 0 17,640 16,128 33,797 

VIII 0 0 0 16,660 15,232 31,892 

Table 6.7 Various costs (in £) for transportation and inventory for the 8 self-

production options. 
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6.4 Determining optimal self-production strategies  

 

    The total costs for exercising each of the 8 options need to be identified for selecting 

an optimal self-production duration. The cost of self-production can be calculated as 

the expected weekly productivity times the unit production cost. The factory fix cost is 

obtained by timing the weekly factory overhead with the total self-production duration. 

The costs for transportation and storage are given by the MILP model (see Tabel 6.7). 

The cost for outsourcing and penalty (including emergency outsourcing and disposal of 

redundant components) is revealed by the two-stage stochastic programming model 

(see Tabel 6.5). All the costs are gathered in Table 6.8, which shows that the option IV 

has the lowest total cost (highlighted with a framed box). Table 6.8 also reveals that if 

the self-production duration is too long (e.g. Option I), the factory fix cost and inventory 

cost would be relatively higher. On the other hand, if the duration is too short such as 

in option VIII, the cost of using outsourcing becomes more expensive. Thus, there 

exists a balance point between self-production and outsourcing, at which the total cost 

is the lowest (please refer to Figure 6.2). 

Costs 

 
Options 

Self-

production 

Factory 

fix cost 

Transp.  

cost 

Inv. 

cost 

Planned-

outsourcing 
Penalty Total 

I 672,000 261,600 45,024 1993 246,000 46,750 1,273,367 

II 644,000 250,700 43,148 1431 288,000 45,883 1,273,162 

III 616,000 239,800 41,272 967 330,000 44,997 1,273,036 

IV 588,000 228,900 39,396 593 372,000 44,092 1,272,981 

V 560,000 218,000 37,520 311 414,000 43,165 1,272,996 

VI 532,000 207,100 35,644 127 456,000 42,216 1,273,087 

VII 504,000 196,200 33,768 29 498,000 41,243 1,273,240 

VIII 476,000 185,300 31,892 0 540,000 40,243 1,273,435 

Table 6.8 The costs (in £) of the 8 options of self-production duration. 

 

Figure 6.2 Total cost of the 8 options. 
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    The difference between the total operational cost of each option is not very significant. 

The reason is twofold. The first is that a part of the total operational cost is fixed (e.g. 

assembly cost). These costs do not vary between options. The second is related to the 

values of the parameters used in the model. The difference in the total cost between 

options is sensitive to several parameters such as the price difference between self-

production and outsourcing, and the variation of the production rate in the 

manufacturing factory. The difference between various options would be more 

pronounced if the values of these two parameters become larger. Nevertheless, it is 

evident that the output of the developed models can explicitly identified the optimal 

production duration, outsourcing and dispatching schemes under uncertain self-

productivity.  

 

6.5 Discussion     

    There have been many studies on the strategies for outsourcing in the manufacturing 

industry. Ross and Westerman (2004) stated a holistic outsourcing scheme should be 

established for minimising the cost at the planning stage. Barthelemy (2001) and Aksin 

et al. (2008) believed an appropriate outsourcing program can lower the cost because 

of efficiency improvement induced by parallel manufacturing. Alvarez and Stenbacka 

(2007) also indicated that outsourcing a part of production is the most profitable 

strategy to take under high market uncertainty. However, the existing researches are 

confined to the maufacutring industry. The models developed in these studies cannot 

be directly applied to the newly emerging modualr construction project, because the 

later possesses many unique characterstics. For instance, the quantity of modular 

components for a construction project is fixed, whereas the demand for general 

merchandise often is uncertain.  

Furthermore, in modular construction, building materials are sent to the factory 

initially and turned into structural components. To match up with the assembling 

schedule of prefabricated components on site, the production of the components in the 

factory starts in advance of the construction work and continues toward the end of the 

project. 

    For this reason, the detailed design of the components must be finished at a much 

earlier stage than that required in stick-built projects, making accuracy and timeliness 
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the two most critical requirements for the design in prefabricated construction projects. 

This situation has become one of the major reasons to constrain many projects from 

adopting the prefabricated technique (Blismas et al. 2005; Alazzaz and Whyte 2015).  

    However, the finalisation of the modular component design is prevalently delayed 

by the structural engineers in the construction industry (Assaf and Al-Hejji 2006). In 

our case study, the designer should have delivered the design 24 weeks before the 

commencement of construction, but they did not hand it in until 7 weeks before, which 

made the usage of outsourcing manufacturing unavoidable.  

     Another source of complexity can be traced to uncertainties in factory productivity 

due to human error and equipment failure. As a result, actual production quantities 

cannot be precisely determined in advance. The fluctuating productivity could result in 

insufficiency or redundancy of components after an order is sent off to the outsourcing 

company, and further incurring the penalties like the arrangement of emergency 

outsourcing or disposal of redundancy.  

    The managers of such projects thus face two major questions: when the production 

in the factory should be started, and what quantity of components should be acquired 

from outsourcing company, so that the total cost can be minimised. These questions are 

absent in conventional construction projects but are believed to be widespread in 

modular construction. 

    In this chapter, the optimal quantity of planned outsourcing is calculated using a two-

stage stochastic programming model with the uncertainty of productivity taken into 

consideration. The best schemes for distributing components produced by self-

production and outsourcing manufacturer along with the variation of inventory are 

disclosed by a MILP model.  

    As an optimisation strategy for inventory management, the MILP model suggests not 

to have any inventory on the site anytime (see Table 6.6). An option that does not 

involve the storage of finished components on the site is conceivable owing to higher 

inventory cost at the site because extra precaution must be taken to protect finished 

components from the harsh open environment. By adopting such configurations, the 

components need to be delivered to the site on a just-in-time basis according to the 
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demand, which can be regarded as a realisation of lean concept in the construction 

industry.  

    Finally, the total costs for different options of self-production duration are calculated, 

and the optimal duration is determined as the one with the lowest total cost. It is worth 

noting that there exists a balance point in the self-production duration as revealed in 

Table 6.8. This balance is incurred because of long self-production duration would 

incur high factory overhead and inventory costs. On the one hand, high outsourcing 

cost would arise from short duration.  

6.6 Closing remarks     

    In this chapter, the optimal quantity of planned outsourcing is calculated using a two-

stage stochastic programming model with the consideration of uncertainty of 

productivity. The most favourable schemes for distributing components produced by 

self-production and outsourcing manufacturer along with the variation of inventory are 

disclosed by MILP. Moreover, the total operational costs for different options of self-

production duration are calculated, and the optimal duration is determined as the one 

with the lowest total cost. Thus, the model outputs are advantage to a project manager 

who is required to make a holistic plan encompassing self-production, outsourcing, 

inventory and transportation. 
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Chapter 7 General discussion and future work 

    This research has conducted several studies in the field of construction, in particular, 

the modular construction. The topics include the identification and analysis of the 

factors causing delays in modular construction and the establishment of mathematical 

models for the design of optimal supply chain configuration of modular construction 

projects. 

    The three-tier logistic structure of modular construction projects investigated in this 

research is absent in in-situ construction projects. Proper responses in the 

manufacturing factory and storage facility following demand variations at construction 

sites have rarely been studied. This has limited the development and effective operation 

of future modular construction supply chains.  

    This is a first-of-its-kind study to develop mathematical models for establishing the 

optimal production, transportation and inventory schemes for the supply chain of 

modular construction. In addition, the optimal production durations spanning from the 

initial inventory preparation to the finish of the project, are also revealed. The results 

demonstrate how the optimal supply chain configuration is established through 

consideration of multiple schedule deviation factors. Thus, our models’ outputs can 

provide higher accuracy in planning the future supply chain configuration than the 

traditional scheduling software based on the implementation of discrete event 

simulations. 

    Further, we also developed a robust optimisation model for the identification of the 

optimal supply chain configuration for modular construction projects, under 

considerations of demand uncertainties from the site. The incorporation of solution 

robustness results in model outputs that are less sensitive to realisations of uncertainties 

in the demand. In this context, logistics managers can obtain robust solutions through 

a trade-off between the optimality in the supply chain configuration and the infeasibility 

brought by the temporarily unfulfilled demand. Therefore, the RO model developed in 

this research can serve as a basis to support decision making by managers involved in 

the design of logistic processes for modular construction projects who possesses a 

certain attitude toward risk aversions, and counts on that the total cost would remain 

within an excitable bound regardless of which scenario is realised in the future. In 

addition, the determination of the best warehouse location is conducted after executing 

the model multiple times for each warehouse location candidate. 
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7.1 Summary of key results 

Identifying schedule deviation factors in construction projects 

    In Chapter 3, commonly recognised reasons for causing schedule deviations in 

conventional construction projects are identified through a systematic analysis of the 

literature. In the second part of Chapter 3, the investigation of the factors causing 

schedule deviation is taken further. In particular, the cause-effect relationships between 

events leading to delays are investigated using the fault tree analysis (FTA) tool. Our 

study clearly demonstrates that FTA is a powerful tool for analysing a complex network 

of delay events in a construction project and identifying the root causes of the delays. 

    The factors causing disruptions, as disclosed in Chapter 3, can be of many different 

types. The level of impact on the original assembly schedule and their frequency of 

occurrence are the two main criteria for determining which delay factors should be 

included in our mathematical models for modular construction projects.  

Modular construction supply chain configuration with deterministic demand profiles 

    In chapter 4, we develop a mixed integer linear programming (MILP) model, which 

is capable of dealing with two kinds of demand profiles, namely the site demand 

discretised by the three-point estimation technique and the demand influenced by abrupt 

disruptions. The outputs of the model provide the optimal daily production rates and 

initial inventory level to achieve the lowest operational cost under the first kind of 

demand profile. A new production plan is also proposed in response to the abrupt 

demand change in the second demand profile. These two model instances are designed 

to help the factory handle various kinds of foreseeable and abrupt disruptions on sites. 

Modular construction supply chain configuration under stochastic demands 

    In the second part of Chapter 4, a two-stage stochastic programming (SP) model is 

designed specifically to deal with uncertainty in the demand at construction sites 

incurred by several delay factors such as inclement weather, late module delivery, 

fluctuating labour productivity and possibility of crane failure.  

    The SP model recommends the most favourable production scheme after all possible 

demand scenarios are considered simultaneously. The scheme includes an optimal 
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manufacturing schedule spanning from a period before the beginning of the project for 

initial inventory preparation to a period after the commencement of the construction.  

    In addition, the model exhibits the most appropriate transportation quantities and the 

inventory changes for each kind of module at all echelons and for all the scenarios under 

the most favourable manufacturing scheme. The SP model developed is able to deal 

with two kinds of demand instance, which address projects that take place in the 

immediate future and in the near future, respectively.  

Warehouse location determination and risk aversion for modular construction logistics 

    In Chapter 5, a robust optimisation model is proposed to support the optimisation of 

the logistic processes for modular construction projects while in the meantime selecting 

the best warehouse location.  

     The warehouse location is determined based on a trade-off between the highly 

uncertain transportation time needed for shipping modular products from a distant 

warehouse to the site and the high cost of establishing a warehouse in an urban area 

close to the site. 

    The most favourable scheme found by the robust optimisation model is the one that 

yields the lowest objective function values, which includes the expected supply chain 

operational cost, its variance and the penalty for the infeasibility. The model, therefore, 

achieves not only the lowest costs but also solution robustness and model robustness.  

Outsourcing scheme for modular construction logistics under uncertain productivity 

    In the model established in Chapter 6, the optimal quantity of planned outsourcing is 

calculated using a two-stage stochastic programming model with the uncertainty of 

factory productivity taken into consideration. The best schemes for distributing 

components produced by self-production and outsourcing manufacturer along with the 

variation of inventory are disclosed by a MILP.  

    The total costs for the different options of self-production duration are further 

calculated based on the outputs of the model, and the optimal duration is determined as 

the one with the lowest total cost. It is worth noting that there exists a balance point in 

the self-production duration. This is because long self-production duration would incur 
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high factory overhead and inventory costs. On the other hand, high outsourcing cost 

would arise from short duration.  

7.2 Discussion 

      This research proposed four mathematical models as presented in Chapters 4 to 6 

to support the design and optimisation of the logistics processes for modular 

construction projects. It should be emphasised that all the models incorporate several 

unique features of modular construction. For instance, we assumed that the modular 

products employed are generally made to order and designed exclusively to be used in 

a single project. This can lead to two main consequences. First, each type of module is 

manufactured in a quantity that matches precisely the need of the corresponding 

construction project, and the inventory should reach zero at the end of its assembly. 

Second, when the production of a module falls behind the demand, no alternative third-

party source is available to satisfy the demand, if the design of the module is not 

provided to an outsourcing company in advance. An exception to this assumption is the 

modular components (i.e. walkways and beams) studied in the model discussed in 

Chapter 6 as these are very simple structures, which make outsourcing a feasible 

solution for unmet site demand. 

    To solve the problem mentioned above, this study takes the approach of building up 

an appropriate level of initial inventory. Here, an appropriate level means that the 

demand can be met under all possible scenarios, and the total supply chain operational 

cost is minimised at the same time. 

     Furthermore, compared to the building materials used in conventional construction 

projects, modular products are larger in size and more unwieldy. As a result, 

manufacturing factories and construction sites typically do not have enough space to 

store them. This issue is exacerbated when construction sites are located in urban 

settings. Under this circumstance, this study adds a consolidation centre into the logistic 

system. Ideally, modular products are immediately transported from the factory to the 

warehouse once completed, and they are sent to the construction sites daily in response 

to the demand. Here, the warehouse serves as a buffer; its purpose is to decouple the 

manufacturing facility from the construction sites.   
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    Our models are also capable of estimating the maximum level of inventory during 

the whole period of construction, providing useful information to determine the size for 

the warehouse which needs to be established before the commencement of construction 

project. 

Implications 

The mathematical models developed in this research is suitable of being applied to 

various stages of the modular construction projects. As the project timeline moves 

forward from one stage to another, different information regarding to the project can be 

obtained by the logistics manager. In this context, the manager needs to make different 

operational decisions. The following discussion will introduce at which stage of the 

project the various mathematical models developed in this research can be implemented 

for acquiring valuable decision supporting guideline. Figure 7.1 presents a summary of 

this information.  

Figure 7.1 The application time points of various mathematical models.  

 

The MILP model introduced in the first part of Chapter 4 is suitable for being 

applied in the initial design stage of a construction project, when information regarding 

adverse events in logistic operations is limited and implicit. The possible future demand 

on the site can be illustrated by an appropriate distribution function and then discretised 

for generating a limited number of scenarios along with their probabilities of happening. 

In this framework, the MILP model can rapidly deliver the optimal production and 

inventory schemes by considering the most likely demand profile that will happen in 

the future. 

The other MILP model instance introduced in the first part of Chapter 4 can be 

employed when a logistic manager needs to know what response actions should be 

taken when the site demand is disrupted abruptly. This model instance is capable of 

expressing the change of demand over time, and providing a guideline for the manager 

to take immediate action to adjust the manufacturing scheme in the factory. 
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The two-stage stochastic programming model proposed in the second part of 

Chapter 4 is appropriate to be used at the detailed design stage of a construction project, 

when more information about the site location, site environment, transportation method, 

construction sequence, and the specification of the modular product are known. Under 

this circumstance, more comprehensive future demand scenarios can be constructed by 

quantifying currently revealed data.  The two-stage SP model can yield the most 

favourable production duration before and after the site work starts and the production 

scheme for each kind of modular product, as well as provide scenario specific plans for 

transportation and show the variations in inventory levels. The logistics of modular 

construction relies heavily on coherent cooperation between different tiers of the supply 

chain, thus the detailed configurations of production, transportation and inventory are 

essential. 

However, if logistics managers have a risk-averse attitude, the robust optimisation 

model developed in Chapter 5 can be implemented in the detailed design stage as well. 

The solution robustness achieved in this model can guarantee that no matter which 

demand scenario realises, the total operational cost will always converge to the 

minimised expected total cost if the supply chain configurations suggested by the model 

are executed.  

Furthermore, the model can disclose the best location for establishing the warehouse. 

With such model, a logistics manager can also have a broader view of how the location 

of warehouse will affect the demand patterns on the site in a finite time horizon and 

clearly understand the momentary value of the trade-off between the location and the 

size of the warehouse.  

The outsourcing model proposed in Chapter 6 can be applied when the production 

rate of modular components within a manufacturing facility is fluctuating, i.e. the model 

considers the perturbation of productivity in the upper stream of the modular 

construction supply chain. The outputs of the model can tell the most favourable 

outsourcing manufacturing scheme, and the distribution plans for modular products 

originated from both self-production and outsourcing manufacturers. The solution 

given by the model can be of great help for the managers who are responsible for 

enacting production and outscoring schemes in a timely manner.  
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Figure 7.2 provides an overview of the developed models’ outputs and the types of 

uncertainties they considered. The MILP models deal with an predicted demand, so 

they are tested through a single source of uncertainty in this research. The two-stage 

stochastic programming model and the robust optimisation model are capable of 

considering multiple future demand scenarios simultaneously, so they consider multiple 

sources of uncertainties. Furthermore, these models can provide additional information 

about the entire supply chain configuration owing to their formulation complexity, 

which minimise not only the expected value of the total cost but also the higher 

distribution moment term (variance). The outsourcing model is designed to deal with 

the uncertain productivity in the upper stream of the supply chain. It is worth 

mentioning that the source of uncertainty in the above models is expandable, as long as 

the uncertainty can be illustrated by an appropriate probability density function and 

further discretised into finite number of scenarios. 

Figure 7.2 The overview the model output and the uncertainties considered. 

 

7.3 Conclusions 

    This research has conducted several studies in the field of construction supply chain, 

in particular the logistics of modular construction. The topics include the identification 

and analysis of the factors causing delay in both conventional and modular construction, 

and the establishment of mathematical models for the design of an optimal supply chain 

configuration for modular construction projects. 

    In in-situ construction projects delays are commonly investigated by literature review, 

interviews and questionnaires, and are presented in tabular formats. The logical and 

chronological relationship between the listed delay factors are usually implicit. In 

reality, construction projects have unique traits such as multiple and dynamic 

stakeholders, environmental sensitivity and long project execution periods, which make 

lateness in the construction process being triggered by a sequence of events. This 
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research proposed a systematic paradigm, the fault tree analysis (FTA), to illustrate the 

cause-effect link between the primary delay factors and the top undesired events.  

    In the case study, FTA was applied to identify the primary delay factors in a modular 

construction project. It revealed that some delay events are more important than others, 

and clearly showed the cause-effect relationships among them. This study finds that 

lack of experience in the design and operations employed in this new construction 

method is an important cause. Moreover, there are other unique delay factors to modular 

construction such as the lack of a holistic quality management system and tagging and 

tracking systems for finished products. Changes in design and uncertainty in the 

transportation of modular components are other examples of critical delay factors. 

    The three-tier logistics structure for modular construction projects investigated in this 

research is absent in in-situ construction projects. The most favourable responses in a 

manufacturing factory and storage facility following demand variations at construction 

sites have rarely been studied. This limits the development and effective operation of 

future modular construction supply chains.  

    This is a first-of-its-kind of research in the field of modular construction which 

develop a mathematical model to establish the optimal production, transportation and 

inventory schemes for the supply chain of modular construction. In addition, the 

optimal production durations for the initial inventory preparation and the remainder of 

the project (i.e. once construction commences) are also revealed. The results 

demonstrate how the optimal supply chain configuration is established considering 

multiple schedule deviation factors. 

    A robust optimisation model is developed for the identification of the optimal supply 

chain configuration and warehouse location for modular construction projects, under 

considerations of demand uncertainties from the site. The best warehouse location is 

selected after executing the model multiple times for each warehouse location candidate. 

The consideration of solution and model robustness results in model outputs that are 

less sensitive to realisations of uncertainties in the demand. In this context, logistics 

managers can obtain robust solutions through a trade-off between the optimality in the 

supply chain configuration and the infeasibility brought by the temporarily unfulfilled 

demand.  
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    Therefore, the mathematical RO model developed in this research can serve as a basis 

to support decision making by managers involved in the design of logistic processes for 

modular construction projects who possesses a certain attitude toward risk aversions.  

    In this research, the optimal quantity of planned outsourcing is calculated using a 

two-stage stochastic programming model with the uncertainty of productivity taken into 

consideration. The best schemes for distributing components produced by self-

production and outsourcing manufacturer along with the variation of inventory are 

disclosed by MILP. By adopting this configuration, the components need to be 

delivered to the site on a just-in-time basis according to the demand, which can be 

regarded as a realisation of lean concept in the construction industry. In addition, the 

total costs for different options of self-production duration are calculated, and the 

optimal duration is determined as the one with the lowest total cost.  

    The model outputs are advantage to a project manager who is required to make a 

holistic plan encompassing self-production, outsourcing, inventory and transportation.  

 

7.4 Contribution 

    The modular construction method is becoming prevalent in the construction field. 

Managers with responsibility to operate the logistics systems of modular construction 

projects are facing new problems that have not been encountered in the conventional 

construction.  

1. This research has modelled the modular construction supply chain as a three-tier 

logistics system through mathematical programming, which is an innovative way 

to characterise and investigate the supply chain for this newly emerging 

construction method.  

2. Fault tree analysis is introduced into the construction sector to trace the delay factors 

to their sources, and clearly show the cause-effect relationship among them; this 

information cannot be obtained through conventional analysis techniques such as 

literature review and questionnaire or from construction company’s problem reports. 

The cooperating construction company would like to embrace this new analysis 

method for identifying the cause of project failure in the future 

3. Different from the popular commercial software packages based on discrete event 
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simulation, which disclose the most likely situation only, the proposed 

mathematical models are capable of determining the most favourable 

configurations in the manufacturing facility, shipping process and consolidation 

centre following various types of construction site demand uncertainties or 

productivity variations in a risk-averse manner. 

4. The models developed can be applied to any kinds of modular construction projects 

and served as a basis for data-driven decision making in the logistics of modular 

construction projects. All the developed models have been presented to the logistics 

manager, site manager and the site engineers in the cooperating construction 

company, and met very positive response, because the quality of decision making 

have been evaluated in a tangible way.   

5. This research has introduced the modelling techniques from the field of operational 

research for optimising the logistics design in the construction sector. 

6. Three peer reviewed journal papers and four peer reviewed conference papers have 

been generated based on the works in this thesis. 

 

7.5 Limitation 

    This research is limited by the large number of future scenarios generated in the 

model, and the lengthy computational time for solving the problems. In order to depict 

the future events more completely and to include more prominent delay factors, the 

total number of possible scenarios can grow exponentially, and the computational time 

for pursuing the exact solution through currently used branch and bound algorithm will 

also increase drastically. Therefore, more efficient and rational scenario reduction 

methods, and solving the model with some meta-heuristic methods for obtaining the 

near optimal solutions within reasonable computational time and resource are 

recommended. 

7.6 Future works 

    Future work for the two-stage stochastic programming model will focus on the 

addition of further practical features to the model, such as the optimal number and 

location of warehouses, the potential use of outsourcing, and the inclusion of additional 

pre-assembly activities that take place within fabrication shops. It is also our intention 
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to represent further operational aspects of modular construction in our mathematical 

model that for the time being can only be modelled using simulation-based techniques.   

    Future works for robust optimisation model will include sensitivity analysis on the 

values of the two weights: 𝜆  and 𝜔,  for testing the trade-off between the solution 

robustness and model robustness. Furthermore, we would like tested all our models 

with a larger variety of disruptions and validated with more complete and detailed data 

from relevant construction projects. 

    Other directions could include the development of multi-stage stochastic 

programming model for illustrating the progress the modular construction project over 

time, implementation of the real option theory to determine the most favourable policy 

for purchasing the prefabricated components from outsourcing factories under different 

unmet demand scenarios, and making a comparison the computational resource, 

objective function value and the requirement of input parameters between different 

mathematical modelling methods 
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Appendix 

Appendix A – Two-Stage Stochastic Programming Model 

 

Indices 

i Construction sites;  i ∈  𝐼, I is the set of sites 

j Product types;  𝑗 ∈  𝐽, 𝐽 is the set of product types 

s Demand scenario; 𝑠 ∈ 𝑆, S is the set of demand scenarios 

t Working days of the construction project;  t ∈ T, T = {1, 2, …., LWD} 

p Days for preparing initial inventory; p ∈ P, P = {1, 2, …., IID} 

Parameters: Construction sites 

SPs The probability that scenario 𝑠 occurs 

DDs The construction duration of scenario 𝑠 in days 

LWD The longest working duration among all scenarios in days 

𝐷𝑠𝑡𝑖𝑗 Demand of product j at site i on day t in scenario 𝑠 

ACj Assembly cost of product j  

SFi The fixed overhead at the construction site i per day  

SCAPi Maximum inventory capacity at construction site i in m3 

SIC Inventory cost per m3 per day at the construction site   

Parameters: Warehouse 

VOLj The volume of product j in m3  

WCAP Maximum warehouse capacity in m3 

WIC Inventory cost per m3 per day in warehouse 

Parameters: Factory 

MRMj Maximum manufacturing capacity of product j per day 

MF Fixed cost per day if factory is operating 

MVj Basal unitary (variable) cost for manufacturing one product j 

ADJj Adjustment factor for the unitary manufacturing cost of product j 

IID The duration for producing initial inventory in days 

CMD The duration for factory to continue manufacturing after construction starts in days 

FCAP Maximum inventory capacity in factory in m3 

FIC Inventory cost per m3 per day in factory 

Parameters: Transportation 

DFW Distance between factory and warehouse in km 

𝐷𝑊𝑆𝑖 Distance between warehouse and site i in km 

CFW Transportation cost from factory to warehouse per truck per km 

CWS Transportation cost from warehouse to all sites per truck per km 

𝑁𝐿𝑗
𝐹 Quantity of product j can be loaded onto a truck running from factory to warehouse 

𝑁𝐿𝑗
𝑊 Quantity of product j can be loaded onto a truck running from warehouse to all sites 

Decision variables 

𝑚𝑡𝑗 Manufacturing quantity of product j per day at factory on day t  

𝑚𝑝𝑗
𝐵  Manufacturing quantity of product j per day at factory on day p  

𝑛𝑝𝑗
𝐵𝐹 Quantity of initial inventory of product j in factory on day p 

𝑛𝑝𝑗
𝐵𝑊 Quantity of initial inventory of product j in warehouse on day p 

𝑛𝑝𝑖𝑗
𝐵𝑆  Quantity of initial inventory of product j on site i on day p  

𝑛𝑠𝑡𝑗
𝐹  Quantity of inventory of product j in factory on day t in scenario 𝑠 

𝑛𝑠𝑡𝑗
𝑊  Quantity of inventory of product j in warehouse on day t in scenario 𝑠  

𝑛𝑠𝑡𝑖𝑗
𝑆  Quantity of inventory of product j at site i on day t in scenario 𝑠 

𝑡𝑝𝑗
𝐵𝐹 Transportation quantity of product j for initial inventory from factory to warehouse on day p 

𝑡𝑠𝑡𝑗
𝐹  Transportation quantity of product j from factory to warehouse on day t in scenario 𝑠 

𝑡𝑠𝑡𝑖𝑗
𝑊  Transportation quantity of product j from warehouse to site i on day t in scenario 𝑠 
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Appendix B – Robust Optimisation Model 

Indices 

i Construction sites;  I ∈  𝐼, I is the set of sites 

j Product types;  𝑗 ∈  𝐽, 𝐽 is the set of product types 

s Demand scenario; 𝑠 ∈ 𝑆, S is the set of demand scenarios 

t Working days of the construction project;  t ∈ T, T = {1, 2, …., LWD} 

p Days for preparing initial inventory; p ∈ P, P = {1, 2, …., IID} 

Parameters: Construction sites 

SPs The probability that scenario 𝑠 occurs 

DDs The construction duration of scenario 𝑠 in days 

LWD The longest working duration among all scenarios in days 

𝐷𝑠𝑡𝑖𝑗 Demand of product j at site i on day t in scenario 𝑠 

ACj Assembly cost of product j  

SFi The fixed overhead at the construction site i per day  

SCAPi Maximum inventory capacity at construction site i in m3 

SIC Inventory cost per m3 per day at the construction site   

Parameters: Warehouse 

VOLj The volume of product j in m3  

WCAP Maximum warehouse capacity in m3 

WIC Inventory cost per m3 per day in warehouse 

WEC The cost for establishing the warehouse at certain location 

Parameters: Factory 

MRMj Maximum manufacturing capacity of product j per day 

MF Fixed cost per day if factory is operating 

MVj Basal unitary (variable) cost for manufacturing one product j 

ADJj Adjustment factor for the unitary manufacturing cost of product j 

IID The duration for producing initial inventory in days 

CMD The duration for factory to continue manufacturing after construction starts in days 

FCAP Maximum inventory capacity in factory in m3 

FIC Inventory cost per m3 per day in factory 

Parameters: Transportation 

DFW Distance between factory and warehouse in km 

𝐷𝑊𝑆𝑖 Distance between warehouse and site i in km 

CFW Transportation cost from factory to warehouse per truck per km 

CWS Transportation cost from warehouse to all sites per truck per km 

𝑁𝐿𝑗
𝐹 Quantity of product j can be loaded onto a truck running from factory to warehouse 

𝑁𝐿𝑗
𝑊 Quantity of product j can be loaded onto a truck running from warehouse to all sites 

Decision variables 

𝑚𝑡𝑗 Manufacturing quantity of product j per day at factory on day t  

𝑚𝑝𝑗
𝐵  Manufacturing quantity of product j per day at factory on day p  

𝑛𝑝𝑗
𝐵𝐹 Quantity of initial inventory of product j in factory on day p 

𝑛𝑝𝑗
𝐵𝑊 Quantity of initial inventory of product j in warehouse on day p 

𝑛𝑝𝑖𝑗
𝐵𝑆  Quantity of initial inventory of product j on site i on day p  

𝑛𝑠𝑡𝑗
𝐹  Quantity of inventory of product j in factory on day t in scenario 𝑠 

𝑛𝑠𝑡𝑗
𝑊  Quantity of inventory of product j in warehouse on day t in scenario 𝑠  
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𝑛𝑠𝑡𝑖𝑗
𝑆  Quantity of inventory of product j at site i on day t in scenario 𝑠 

𝑡𝑝𝑗
𝐵𝐹 Transportation quantity of product j for initial inventory from factory to warehouse on day p 

𝑡𝑠𝑡𝑗
𝐹  Transportation quantity of product j from factory to warehouse on day t in scenario 𝑠 

𝑡𝑠𝑡𝑖𝑗
𝑊  Transportation quantity of product j from warehouse to site i on day t in scenario 𝑠 

𝜃 Dummy decision variable for linearizing the second term of objective function 

휀 Dummy decision variable for linearizing the third term of objective function 

𝜆 𝜆 =1, the parameter controls the  trade-off between solution and model robustness 

𝜔 𝜔 =1,the parameter controls the  trade-off between solution and model robustness 
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Appendix C – Outsourcing Model 

 

Two-stage stochastic programming model  

 

 

Mixed integer linear programming model 

Indices 

t Working weeks for the project;  t ∈ T, T = {1, 2, …., TW} 

𝑖 Product types;  𝑖 ∈  𝐼, 𝐼 is the set of product types 

Parameters 

TW The total working duration for the project in weeks 

𝐷𝑡𝑖 The demand for product 𝑖 in week t  

𝑇𝑃𝑄𝑖 The total quantity of planned outsourcing of product 𝑖 
𝑉𝑂𝐿𝑖 Volume of product 𝑖 in m3  

𝐸𝑆𝑃𝑡𝑖 The expected self-production quantity for product 𝑖 in week t 

FIC Inventory cost per m3 per day in factory 

WIC Inventory cost per m3 per day in warehouse 

SIC Inventory cost per m3 per day at construction site 

FCAP Maximum inventory capacity in factory in m3 

WCAP Maximum inventory capacity in warehouse in m3 

SCAP Maximum inventory capacity at construction site  m3 

DFW Distance between factory and warehouse in km 

DWS Distance between warehouse and site in km 

CFW Transportation cost from factory to warehouse per truck per km 

CWS Transportation cost from warehouse to site per truck per km 

𝑁𝐿𝑖
𝐹 Quantity of product 𝑖 can be loaded onto a single truck from factory to warehouse 

𝑁𝐿𝑖
𝑊 Quantity of product 𝑖 can be loaded onto a single truck from warehouse to site 

 

 

Decision variables 

𝑡𝑡𝑖
𝐹  Transportation quantity of product 𝑖 from factory to warehouse on week t   

𝑡𝑡𝑖
𝑊 Transportation quantity of product 𝑖 from warehouse to site on week t   

𝑛𝑡𝑖
𝐹  Quantity of inventory of product 𝑖 in factory on week t      

𝑛𝑡𝑖
𝑊 Quantity of inventory of product 𝑖 in warehouse on week t   

𝑛𝑡𝑖
𝑆  Quantity of inventory of product 𝑖 at site on week t   

𝑜𝑡𝑖
𝑃  The planned outsourcing product 𝑖 be delivered to site on week t   

𝑜𝑡𝑖
𝐸  The emergency outsourcing for product 𝑖 be delivered to site on week t   

 

 

 

Indices 

 𝑖 Product types;  𝑖 ∈  𝐼, 𝐼 is the set of product types 

s Self-production scenarios; 𝑠 ∈ 𝑆,  𝑆  in the set of scenarios 

Parameters 

Ps The probability that scenario  𝑠  occurs 

SPsi The total self-production quantity for product 𝑖 in scenario  𝑠 

TNi The total demand quantity for product  𝑖  for whole construction project 

𝑃𝐶𝑖 The planned outsourcing cost for one unit of product 𝑖 
ECi The emergency outsourcing cost for one unit of product 𝑖 
RCi The cost of disposing of one unit of redundant product 𝑖 

Decision variables 

qi The planned outsourcing quantity for product 𝑖 
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Appendix D – CPLEX code for deterministic model – deal with foreseeable disruptions 

 

/********************************************* 1 

 * OPL 12.6.0.0 Model 2 

 * Author: ph14 3 

 * Creation Date: May 19, 2016 at 9:52:50 AM 4 

 *********************************************/ 5 

//===============INDICES===============// 6 

 7 

// site = Construction site 8 

{string} site=...; 9 

 10 

// ptype = Product type 11 

{string} ptype=...; 12 

 13 

// NMD = Number of days 14 

int NMD=...; 15 

 16 

// wdays= Working days 17 

range wdays=1..NMD; 18 

 19 

// TSN= Total number of scenario number 20 

//int TSN=...; 21 

 22 

// scn=scenario number 23 

//range scn=1..TSN; 24 

//===============PARAMETERS===============// 25 

 26 

//*********** Construction Site ***********// 27 

 28 

// DP= The probability for every scenario to happen 29 

//float DP[scn]=...; 30 

int c=70; 31 

  32 

float d1[1..c]=...; 33 

float d2[1..c]=...; 34 

float d3[1..c]=...; 35 

float d4[1..c]=...; 36 

float d5[1..c]=...; 37 

float d6[1..c]=...; 38 

float d7[1..c]=...; 39 

float d8[1..c]=...; 40 

 41 

int h=1; 42 

 43 

// D = Demand of certain kind of product at certain site on 44 

certain working day (predetermined demand) 45 
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float 46 

D[wdays][site][ptype]=[[[d1[1],d1[1]],[d1[1],d1[1]],[d1[1],d1[47 

1]]], 48 

                             49 

[[d2[1],d2[1]],[d2[1],d2[1]],[d2[1],d2[1]]], 50 

                             51 

[[d3[1],d3[1]],[d3[1],d3[1]],[d3[1],d3[1]]], 52 

                             53 

[[d4[1],d4[1]],[d4[1],d4[1]],[d4[1],d4[1]]], 54 

                             55 

[[d5[1],d5[1]],[d5[1],d5[1]],[d5[1],d5[1]]], 56 

                             57 

[[d6[1],d6[1]],[d6[1],d6[1]],[d6[1],d6[1]]], 58 

                             59 

[[d7[1],d7[1]],[d7[1],d7[1]],[d7[1],d7[1]]], 60 

                             61 

[[d8[1],d8[1]],[d8[1],d8[1]],[d8[1],d8[1]]]]; 62 

                                                    63 

 64 

// DES = The expected value of the site demand for all time 65 

//float DSE[t in wdays][i in site][j in ptype]=sum(s in 66 

scn)D[s][t][i][j]*DP[s]; 67 

 68 

// ISD = The integer form of the expected value of the site 69 

demand for all time 70 

//float ISD[t in wdays][i in site][j in 71 

ptype]=round(DSE[t][i][j]); 72 

 73 

// AC = Assembly cost of a certain type of product  74 

int AC[ptype]=...; 75 

 76 

// SF = Fixed cost (overhead) per day for construction site 77 

int SF=...; 78 

 79 

//WD = Working duration in different scenarios 80 

//int WD[scn]=...; 81 

 82 

//shword = Shortest working durations 83 

//int shword=...; 84 

 85 

// EWD = The expected value of the site demand for all time 86 

//float EWD=ceil(sum(s in scn)WD[s]*DP[s]); 87 

//**************** Warehouse ****************// 88 

 89 

// Vol = The volume of one unit of certain type of product in 90 

m^3 91 

float Vol[ptype]=...; 92 

 93 

// WC = Inventory cost per m^3 per day in warehouse 94 
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int WC=...; 95 

 96 

// WCAP = Maximum warehouse inventory capacity in m^3 97 

int WCAP=...; 98 

 99 

//************ Factory ************// 100 

 101 

// MRM = Maximum manufacturing rate of certain kind of product 102 

per day 103 

int MRM[ptype]=...; 104 

 105 

// MF = Fixed cost (overhead) per day for factory 106 

int MF=...; 107 

 108 

// MV =Basal unitary (variable) cost for making one unit of 109 

certain kind of product  110 

int MV[ptype]=...; 111 

 112 

// ADJ = Adjustment factor for the variable unitary cost of 113 

certain kind of product  114 

float ADJ[ptype]=...; 115 

 116 

//***********Transportation***********// 117 

 118 

// LPW = Length (Distance) between factory and warehouse in km 119 

int LPW=...; 120 

 121 

// LWS = LPW = Length (Distance) between Warehouse and every 122 

construction sites in km 123 

int LWS[site]=...; 124 

 125 

// Transportation scenario input and probability 126 

tuple Trancost { 127 

float cost; 128 

float prob; 129 

}  130 

 131 

{Trancost} transcost=...; 132 

 133 

//Expected vaule for the transportation scenario 134 

float TC= sum(t in transcost)t.cost*t.prob; 135 

 136 

// TCAP = Truck loading capacity in m^3 137 

float TCAP=...; 138 

 139 

//==========DECISION VARIABLES===========// 140 

 141 

// MR = Manufacturing rate of certain kind of product in 142 

factory on certain working day  143 
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dvar int MR[wdays][ptype]; 144 

 145 

// W = Quantity of inventory of certain product in warehouse 146 

from day 0 to day NMD 147 

dvar int W[0..NMD][ptype]; 148 

 149 

//Calculate the total volume of inventory (all types of 150 

products) in warehouse  151 

dexpr float WV [t in 0..NMD]= 152 

sum(j in ptype)W[t][j]*Vol[j]; 153 

 154 

//Calculate the fixed production cost 155 

dexpr float ProdCostFix= NMD*MF; 156 

 157 

//Calculate the variable production cost 158 

dexpr float ProdCostVar= 159 

sum(j in ptype, t in wdays) 160 

MR[t][j]*MV[j]*(1+ADJ[j]*(MR[t][j]/MRM[j])); 161 

 162 

//Calculate the production cost for initial inventory 163 

(variable) 164 

dexpr float PVCW0= 165 

sum(j in ptype) W[0][j]*MV[j]*(1+ADJ[j]*0.5); 166 

 167 

//Calculate the production cost for initial inventory (fixed) 168 

dexpr float x0[j in ptype]=(W[0][j]*2/MRM[j]); 169 

dexpr float x1=max(j in ptype)x0[j]; 170 

float epsilon3=0.0001; 171 

dvar int x2; 172 

dexpr float PFCW0=x2*MF; 173 

 174 

//Calculate the inventory cost 175 

dexpr float InvCost= 176 

sum(j in ptype, t in 0..NMD)W[t][j]*Vol[j]*WC; 177 

 178 

//Calculate the transportation cost from factory to warehouse 179 

dexpr float TCFW = sum(j in ptype, t in 180 

wdays)(MR[t][j]/floor(TCAP/Vol[j])); 181 

float epsilon=0.0001; 182 

dvar int TCFWI; 183 

dexpr float TCFWII= TCFWI*TC*LPW; 184 

 185 

//Calculate the transportation cost 186 

dexpr float TransCost= 187 

TCFWII+sum(j in ptype, t in wdays, i in 188 

site)ceil(D[t][i][j]/floor(TCAP/Vol[j]))*TC*LWS[i]; 189 

 190 

////Calculate the transportation cost for initial inventory 191 

from factory to warehouse 192 
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dexpr float Trans0= 193 

sum(j in ptype)(W[0][j]/floor(TCAP/Vol[j])); 194 

float epsilon2=0.0001; 195 

dvar int Trans0I; 196 

dexpr float Trans0II= Trans0I*TC*LPW; 197 

 198 

//Calculate the fixed site cost 199 

dexpr float SiteFix= NMD*SF; 200 

 201 

//Calculate the assembly cost 202 

dexpr float AssmCost= 203 

sum(i in site, j in ptype, t in wdays)D[t][i][j]*AC[j]; 204 

 205 

//Calculate total cost 206 

dexpr float Totalcost = 207 

PFCW0+PVCW0+ProdCostFix+ProdCostVar+Trans0II+TransCost+InvCost208 

+AssmCost+SiteFix; 209 

 210 

//=================OBJECTIVE FUNCTION+ 211 

CONSTRAINTS===================// 212 

minimize Totalcost; 213 

 214 

subject to { 215 

 // Manufacturing rate of certain product is in a pre-defined 216 

range 217 

 forall(j in ptype, t in wdays) 218 

   0<=MR[t][j]<= MRM[j]; 219 

      220 

 //Inventory, production and demand balance 221 

   forall(j in ptype, t in wdays)   222 

   W[t][j] == W[t-1][j] + MR[t][j] - sum(i in site)D[t][i][j]; 223 

    224 

 // Total quantity of certain kind of Product produced = total 225 

demand of that kind of product on all the sites in shortest 226 

working days 227 

   forall(j in ptype) 228 

    sum(i in site,t in wdays)D[t][i][j]==sum(t in 229 

wdays)MR[t][j]+W[0][j]; 230 

     231 

 //The inventory of any type of product should never become 232 

negative  233 

 forall(j in ptype, t in wdays) 234 

  W[t-1][j] + MR[t][j] >= sum(i in site)D[t][i][j]; 235 

   236 

 // The initial inventory cannot be negative   237 

 forall(j in ptype) 238 

   W[0][j]>=0; 239 

    240 
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 // Total volume of inventory cannot be larger than maximum 241 

warehouse capacity    242 

 forall(t in 0..NMD)  243 

  WCAP-WV[t] >= 0;  244 

   245 

 // The summation for the probability of every demand scenario 246 

equals 1    247 

 //sum(p in scn)DP[p]==1; 248 

  249 

 // The summation for the probability of every transportation 250 

scenario equals 1  251 

 sum(t in transcost)t.prob==1; 252 

  253 

 // The number of truck needs to be an integer 254 

 TCFWI-1<=TCFW-epsilon; 255 

 TCFW<=TCFWI; 256 

 // The number of truck needs to be an integer 257 

 Trans0I-1<=Trans0-epsilon2; 258 

 Trans0<=Trans0I; 259 

  260 

 // The day for prepare the initial inventory should be 261 

integer 262 

 x2-1<=x1-epsilon3; 263 

 x1<=x2;  264 

 };  265 

 266 

 // The number of truck needs to be an integer 267 

 assert TCFWI==ceil(TCFW); 268 

 assert Trans0I==ceil(Trans0); 269 

 // The day for prepare the initial inventory should be 270 

integer 271 

 assert x2==ceil(x1);   272 

  273 

//=======================PRINT 274 

VARIABLES==================================// 275 

 276 

// The highest inventory level for all time 277 

dexpr float WM= 278 

max(t in 0..NMD) WV[t]; 279 

 280 

// Total production cost fix 281 

dexpr float TPCf= PFCW0+ProdCostFix; 282 

 283 

// Total production cost variable 284 

dexpr float TPCv= PVCW0+ProdCostVar; 285 

 286 

// Total transportation cost 287 

dexpr float TTTC=Trans0II+TransCost; 288 

 289 
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 290 

//} 291 

//============================================================292 

===========// 293 

 294 

main { 295 

  //var status = 0; 296 

  thisOplModel.generate(); 297 

 298 

  var produce = thisOplModel;     299 

  var H=thisOplModel.h;   300 

  var Y1=thisOplModel.d1; 301 

  var Y2=thisOplModel.d2; 302 

  var Y3=thisOplModel.d3; 303 

  var Y4=thisOplModel.d4; 304 

  var Y5=thisOplModel.d5; 305 

  var Y6=thisOplModel.d6; 306 

  var Y7=thisOplModel.d7; 307 

  var Y8=thisOplModel.d8; 308 

  var C=thisOplModel.c; 309 

 310 

   311 

  //var best; 312 

  var totalcost; 313 

  //var basis = new IloOplCplexBasis(); 314 

  var ofile = new IloOplOutputFile("NFS70.txt"); 315 

  while ( 1 ) { 316 

    //best = curr; 317 

    writeln("Solve with Demand scenario Number(",H,"): 318 

",Y1[H]," Pods on 6/24, ",Y2[H]," Pods on 6/25, ",Y3[H]," Pods 319 

on 6/26 "); 320 

    writeln( Y4[H]," Pods on 6/27, ",Y5[H]," Pods on 6/28, 321 

",Y6[H]," Pods on 6/29",Y6[H]," Pods on 6/30",Y7[H]," Pods on 322 

7/01",Y8[H]); 323 

    if ( cplex.solve() ) { 324 

      totalcost = cplex.getObjValue(); 325 

      writeln("The daily production rate for 6/24 is 326 

",produce.MR[1], "Pods for pod-A and pod-B"); 327 

      writeln("The daily production rate for 6/25 is 328 

",produce.MR[2], "Pods for pod-A and pod-B"); 329 

      writeln("The daily production rate for 6/26 is 330 

",produce.MR[3], "Pods for pod-A and pod-B"); 331 

      writeln("The daily production rate for 6/27 is 332 

",produce.MR[4], "Pods for pod-A and pod-B"); 333 

      writeln("The daily production rate for 6/28 is 334 

",produce.MR[5], "Pods for pod-A and pod-B"); 335 

      writeln("The daily production rate for 6/29 is 336 

",produce.MR[6], "Pods for pod-A and pod-B"); 337 
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      writeln("The daily production rate for 6/30 is 338 

",produce.MR[7], "Pods for pod-A and pod-B"); 339 

      writeln("The daily production rate for 7/01 is 340 

",produce.MR[8], "Pods for pod-A and pod-B"); 341 

      writeln("The best initail inventory level for pod-A and 342 

pod-B is", produce.W[0]); 343 

      writeln("Total cost in this scenario is: ",totalcost); 344 

   345 

      writeln(); 346 

      ofile.writeln("Solve with Demand scenario Number(",H,"): 347 

",Y1[H]," Pods on 6/24, ",Y2[H]," Pods on 6/25, ",Y3[H]," Pods 348 

on 6/26 ");  349 

      ofile.writeln(Y4[H]," Pods on 6/27, ",Y5[H]," Pods on 350 

6/28,",Y6[H], " Pods on 6/30",Y7[H]," Pods on 7/01",Y8[H]);      351 

      ofile.writeln("The daily production rate for 6/24 is 352 

",produce.MR[1], "Pods for pod-A and pod-B"); 353 

      ofile.writeln("The daily production rate for 6/25 is 354 

",produce.MR[2], "Pods for pod-A and pod-B"); 355 

      ofile.writeln("The daily production rate for 6/26 is 356 

",produce.MR[3], "Pods for pod-A and pod-B"); 357 

      ofile.writeln("The daily production rate for 6/27 is 358 

",produce.MR[4], "Pods for pod-A and pod-B"); 359 

      ofile.writeln("The daily production rate for 6/28 is 360 

",produce.MR[5], "Pods for pod-A and pod-B"); 361 

      ofile.writeln("The daily production rate for 6/29 is 362 

",produce.MR[6], "Pods for pod-A and pod-B"); 363 

      ofile.writeln("The daily production rate for 6/30 is 364 

",produce.MR[7], "Pods for pod-A and pod-B"); 365 

      ofile.writeln("The daily production rate for 7/01 is 366 

",produce.MR[8], "Pods for pod-A and pod-B"); 367 

      ofile.writeln("The best initail inventory level for pod-368 

A and pod-B is", produce.W[0]); 369 

      ofile.writeln("The fix production cost00 is 370 

",produce.PFCW0); 371 

      ofile.writeln("The fix production cost is 372 

",produce.ProdCostFix); 373 

      ofile.writeln("The variable production cost00 is 374 

",produce.PVCW0); 375 

      ofile.writeln("The variable production cost is 376 

",produce.ProdCostVar); 377 

      ofile.writeln("The inventory cost is ",produce.InvCost); 378 

      ofile.writeln("The transportation cost00 is 379 

",produce.Trans0II); 380 

      ofile.writeln("The transportation cost is 381 

",produce.TransCost); 382 

      ofile.writeln("The site fix cost is ",produce.SiteFix); 383 

      ofile.writeln("The assembly cost is ",produce.AssmCost); 384 

      ofile.writeln("Total cost in this scenario is: 385 

",totalcost); 386 
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      ofile.writeln();        387 

    }  388 

    else { 389 

      writeln("No solution!"); 390 

      break; 391 

    } 392 

    if ( H==C ) break; 393 

 394 

    //if ( !basis.getBasis(cplex) ) { 395 

      //writeln("warm start preparation failed: 396 

",basis.status); 397 

      //break; 398 

    //} 399 

 400 

    // prepare next iteration 401 

    var def = produce.modelDefinition; 402 

    var data = produce.dataElements;       403 

    if ( produce!=thisOplModel ) { 404 

      produce.end(); 405 

    } 406 

    produce = new IloOplModel(def,cplex); 407 

    H++; 408 

    data.d1[1]=Y1[H]; 409 

    data.d2[1]=Y2[H]; 410 

    data.d3[1]=Y3[H]; 411 

    data.d4[1]=Y4[H]; 412 

    data.d5[1]=Y5[H]; 413 

    data.d6[1]=Y6[H]; 414 

    data.d7[1]=Y7[H]; 415 

    data.d8[1]=Y8[H];          416 

    produce.addDataSource(data); 417 

    produce.generate(); 418 

 419 
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Appendix E – CPLEX code for deterministic model – deal with abrupt disruptions 
 

 

/********************************************* 1 

 * OPL 12.6.0.0 Model 2 

 * Author: ph14 3 

 * Creation Date: Aug 18, 2016 at 10:20:21 AM 4 

 *********************************************/ 5 

//===============INDICES===============// 6 

//  7 

// site = Construction site 8 

{string} site=...; 9 

 10 

// ptype = Product type 11 

{string} ptype=...; 12 

 13 

// NMD = Number of days 14 

int NMD=...; 15 

 16 

// wdays= Working days 17 

range wdays=1..NMD; 18 

 19 

//Expected working day 20 

float EXPD=...; 21 

 22 

//shword = Shortest working durations 23 

int shword=...; 24 

 25 

//===============PARAMETERS===============// 26 

 27 

//*********** Construction Site ***********// 28 

 29 

// D = Demand of certain kind of product at certain site on 30 

certain working day (predetermined demand) 31 

 32 

int c=1; 33 

float d1[1..c]=...; 34 

float d2[1..c]=...; 35 

float d3[1..c]=...; 36 

float d4[1..c]=...; 37 

float d5[1..c]=...; 38 

float d6[1..c]=...; 39 

//float d7[1..c]=...; 40 

 41 

//float D[wdays][site][ptype]=[[[6,4],[4,3]], 42 

                             //[[6,4],[5,3]], 43 

                             //[[6,3],[5,3]]]; 44 

                             //[[4,3],[5,2]], 45 

                             //[[4,2],[5,2]], 46 
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                             //[[4,2],[6,2]]]; 47 

 48 

// Abrupt dusruption on 2nd day on site 1 49 

float D[wdays][site][ptype]=[[[3,2],[5,3]], 50 

                             [[6,3],[5,3]], 51 

                             [[3,2],[0,0]]]; 52 

                              53 

// Abrupt dusruption on 3rd day on site 2                           54 

//float D[wdays][site][ptype]=[[[6,3],[2,1]], 55 

                             //[[6,3],[3,2]]]; 56 

                                 57 

                                                        58 

                              59 

// AC = Assembly cost of a certain type of product  60 

int AC[ptype]=...; 61 

 62 

// SF = Fixed cost (overhead)per day for construction site 63 

int SF[site]=...; 64 

 65 

//**************** Warehouse ****************// 66 

 67 

//Wi = Inventory of certain type of product at warehouse 68 

before the disruption 69 

int Wi[ptype]=...; 70 

// Wi = Inventory of certain type of product at factory before 71 

the disruption 72 

int WFi[ptype]=...; 73 

// Wi = Inventory of certain type of product at site before 74 

the disruption 75 

int WSi[site][ptype]=...; 76 

 77 

// Vol = The volume of one unit of certain type of product in 78 

m^3 79 

float Vol[ptype]=...; 80 

 81 

// WC = Inventory cost per m^3 per day in warehouse 82 

float WWC=...; 83 

 84 

// WCF = Inventory cost per m^3 per day in factory 85 

float WCF=...; 86 

 87 

// WCS = Inventory cost per m^3 per day in site 88 

float WCS=...; 89 

 90 

// WCAP = Maximum warehouse inventory capacity in m^3 91 

int WCAP=...; 92 

 93 

// FCAP= Maximum Factory inventory capacity in m^3 94 

int FCAP=...; 95 
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 96 

// SCAP=Maximum Site inventory capacity in m^3 97 

int SCAP[site]=...; 98 

 99 

//************ Factory ************// 100 

 101 

// MRM = Maximum manufacturing rate of certain kind of product 102 

per day 103 

int MRM[ptype]=...; 104 

 105 

// MF = Fixed cost (overhead)per day for factory 106 

int MF=...; 107 

 108 

// MV =Basal unitary (variable) cost for making one unit of 109 

certain kind of product  110 

int MV[ptype]=...; 111 

 112 

// ADJ = Adjustment factor for the variable unitary cost of 113 

certain kind of product  114 

float ADJ[ptype]=...; 115 

 116 

//The original manufacturing rate  117 

int iMR[ptype]=...; 118 

 119 

//***********Transportation***********// 120 

 121 

// LPW = Length (Distance) between factory and warehouse in km 122 

float LPW=...; 123 

 124 

// LWS = LPW = Length (Distance) between Warehouse and every 125 

construction sites in km 126 

float LWS[site]=...; 127 

 128 

// Transportation scenario input and probability 129 

tuple Trancost { 130 

float cost; 131 

float prob; 132 

}  133 

 134 

{Trancost} transcost=...; 135 

 136 

//Expected vaule for the transportation scenario 137 

float TC= sum(t in transcost)t.cost*t.prob; 138 

float TCII= 1.8; 139 

 140 

// TCAP = Truck loading capacity in m^3 141 

float TCAP=...; 142 

 143 



207 

 

// TCAP = Truck loading capacity in m^3 (from warehouse to 144 

sites) 145 

float TCAPII=...; 146 

 147 

int iTM[ptype]=...; 148 

int iTM2[site][ptype]=...; 149 

 150 

//==========DECISION VARIABLES===========// 151 

 152 

// MR = Manufacturing rate of certain kind of product in 153 

factory on certain working day  154 

dvar int MR[wdays][ptype]; 155 

 156 

// W = Quantity of inventory of certain product in warehouse 157 

from day 0 to day NMD 158 

dvar int W[0..NMD][ptype]; 159 

 160 

// WF = Quantity of inventory of certain product in factory 161 

from day 0 to day NMD 162 

dvar int WF[0..NMD][ptype]; 163 

 164 

// WS = Quantity of inventory of certain product in Site from 165 

day 0 to day NMD 166 

dvar int WS[0..NMD][site][ptype]; 167 

 168 

//TM=daily transportation quantity from factory to the 169 

warehouse 170 

dvar int TM[wdays][ptype]; 171 

 172 

//TM=daily transportation quantity from warehouse to sites  173 

dvar int TMII[wdays][site][ptype]; 174 

 175 

//==========DECISION EXPRESSIONS===========// 176 

 177 

//Calculate the total volume of inventory (all types of 178 

products) in factory  179 

dexpr float FWV [t in 0..NMD]= 180 

sum(j in ptype)WF[t][j]*Vol[j]; 181 

 182 

//Calculate the total volume of inventory (all types of 183 

products) in warehouse  184 

dexpr float WV [t in 0..NMD]= 185 

sum(j in ptype)W[t][j]*Vol[j]; 186 

 187 

//Calculate the total volume of inventory (all types of 188 

products) in site  189 

dexpr float SWV [t in 0..NMD][i in site]= 190 

sum(j in ptype)WS[t][i][j]*Vol[j]; 191 

 192 
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//Calculate the fixed production cost 193 

dexpr float ProdCostFix= NMD*MF; 194 

 195 

//Calculate the variable production cost 196 

dexpr float ProdCostVar= 197 

sum(j in ptype, t in wdays) 198 

MR[t][j]*MV[j]*(1+ADJ[j]*(MR[t][j]/MRM[j])); 199 

 200 

//Calculate the production cost for initial inventory 201 

(variable) 202 

//dexpr float PVCW0= 203 

//sum(j in ptype)(WF[0][j]+W[0][j]+sum(i in 204 

site)WS[0][i][j])*MV[j]*(1+ADJ[j]*0.5); 205 

 206 

//Calculate the production cost for initial inventory (fixed) 207 

//dexpr float x0[j in ptype]=((WF[0][j]+W[0][j]+sum(i in 208 

site)WS[0][i][j])*2/MRM[j]); 209 

//dexpr float x1=max(j in ptype)x0[j]; 210 

//float epsilon3=0.0001; 211 

//dvar int x2; 212 

//dexpr float PFCW0=x2*MF; 213 

 214 

//Calculate the inventory cost 215 

dexpr float InvCost= 216 

sum(j in ptype, t in 0..NMD)WF[t][j]*Vol[j]*WCF+sum(j in 217 

ptype, t in 0..NMD)W[t][j]*Vol[j]*WWC+sum(j in ptype, t in 218 

0..NMD, i in site)WS[t][i][j]*Vol[j]*WCS; 219 

 220 

//Calculate the transportation cost from factory to warehouse 221 

dexpr float TCFW = sum(j in ptype, t in 222 

wdays)(TM[t][j]/floor(TCAP/Vol[j])); 223 

float epsilon=0.0001; 224 

dvar int TCFWI; 225 

dexpr float TCFWII= TCFWI*TC*LPW; 226 

 227 

//Calculate the transportation cost from warehouse to site 228 

dexpr float TCWS= sum(j in ptype, t in wdays, i in 229 

site)(TMII[t][i][j]/floor(TCAPII/Vol[j]))*TCII*LWS[i]; 230 

//float epsilon5=0.0001; 231 

//dvar int TCWSI; 232 

//dexpr float TCWSII= sum(i in site)TCWSI*TCII*LWS[i]; 233 

 234 

//Calculate the transportation cost 235 

dexpr float TransCost= 236 

TCFWII+TCWS; 237 

 238 

////Calculate the transportation cost for initial inventory 239 

from factory to warehouse 240 

//dexpr float Trans0fw= 241 
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//sum(j in ptype)((W[0][j]+sum(i in 242 

site)WS[0][i][j])/floor(TCAP/Vol[j])); 243 

//float epsilon2=0.0001; 244 

//dvar int Trans0Ifw; 245 

//dexpr float Trans0IIfw= Trans0Ifw*TC*LPW; 246 

 247 

////Calculate the transportation cost for initial inventory 248 

from factory to warehouse 249 

//dexpr float Trans0ws= 250 

//sum(j in ptype, i in 251 

site)(WS[0][i][j]/floor(TCAPII/Vol[j]))*TCII*LWS[i]; 252 

//float epsilon4=0.0001; 253 

//dvar int Trans0Iws; 254 

//dexpr float Trans0IIws= sum(i in 255 

site)Trans0Iws*TC*(LPW+LWS[i]); 256 

 257 

//Calculate the fixed site cost 258 

dexpr float SiteFix= NMD*sum(i in site)SF[i]; 259 

 260 

//Calculate the assembly cost 261 

dexpr float AssmCost= 262 

sum(i in site, j in ptype, t in wdays)D[t][i][j]*AC[j]; 263 

 264 

//Calculate total cost 265 

dexpr float Totalcost = 266 

ProdCostFix+ProdCostVar+TransCost+InvCost+AssmCost+SiteFix; 267 

// 268 

 269 

//=================OBJECTIVE FUNCTION 270 

CONSTRAINTS===================// 271 

minimize Totalcost; 272 

 273 

//=================CONSTRAINTS===================// 274 

 275 

subject to { 276 

 277 

 // Manufacturing rate of certain product is in a pre-defined 278 

range 279 

 forall(j in ptype, t in wdays) 280 

   0<=MR[t][j]<= MRM[j]; 281 

      282 

 // Inventory, production and demand balance 283 

 forall(j in ptype, t in wdays, i in site)   284 

   WS[t][i][j] == WS[t-1][i][j] + TMII[t][i][j] - D[t][i][j]; 285 

    286 

 forall(j in ptype, t in wdays) 287 

   W[t][j]==W[t-1][j]+TM[t][j]-sum(i in site)TMII[t][i][j]; 288 

    289 

 forall(j in ptype, t in wdays)   290 
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   WF[t][j] == WF[t-1][j] + MR[t][j] - TM[t][j]; 291 

    292 

 // Non-negative constrains  293 

 forall(j in ptype, t in wdays) 294 

   TM[t][j]>=0; 295 

    296 

 forall(j in ptype, t in wdays, i in site) 297 

   TMII[t][i][j]>=0; 298 

    299 

 forall(j in ptype, t in 0..0, i in site) 300 

   WS[t][i][j]>=0; 301 

    302 

 forall(j in ptype, t in 0..0) 303 

  W[t][j]>=0; 304 

    305 

 forall(j in ptype, t in 0..0) 306 

   WF[t][j]>=0; 307 

    308 

 // Total quantity of certain kind of Product produced = total 309 

demand of that kind of product on all the sites    310 

 forall(j in ptype) 311 

   sum(t in 1..NMD)MR[t][j] ==sum(i in site,t in 312 

wdays)D[t][i][j]-WF[0][j]-W[0][j]-sum(i in site)WS[0][i][j]; 313 

    314 

 // The inventory of any type of product should never become 315 

negative  316 

  forall(j in ptype, t in wdays, i in site) 317 

  WS[t-1][i][j]+TMII[t][i][j]>=D[t][i][j]; 318 

    319 

forall(j in ptype, t in wdays) 320 

  WF[t-1][j]+MR[t][j]>=TM[t][j]; 321 

    322 

 forall(j in ptype, t in wdays) 323 

  W[t-1][j]+TM[t][j]>=sum(i in site)TMII[t][i][j]; 324 

   325 

 // Total volume of inventory cannot be larger than maximum 326 

warehouse capacity    327 

 forall(t in 0..NMD)  328 

  FCAP-FWV[t] >= 0; 329 

    330 

 forall(t in 0..NMD, i in site)  331 

  SCAP[i]-SWV[t][i] >= 0; 332 

   333 

 forall(t in 0..NMD)  334 

  WCAP-WV[t] >= 0; 335 

   336 

 TCFWI-1<=TCFW-epsilon; 337 

 TCFW<=TCFWI; 338 

  339 
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 //TCWSI-1<=TCWS-epsilon5; 340 

 //TCWS<=TCWSI; 341 

  342 

 //Trans0Ifw-1<=Trans0fw-epsilon2; 343 

 //Trans0fw<=Trans0Ifw; 344 

  345 

 //Trans0Iws-1<=Trans0ws-epsilon4; 346 

 //Trans0ws<=Trans0Iws; 347 

  348 

 //x2-1<=x1-epsilon3; 349 

 //x1<=x2; 350 

  351 

  // Starting and inventories are fixed 352 

  forall(j in ptype)  353 

    W[0][j] == Wi[j];  354 

     355 

  forall(j in ptype)  356 

    WF[0][j] == WFi[j]; 357 

     358 

  forall(j in ptype, i in site) 359 

    WS[0][i][j]==WSi[i][j];  360 

     361 

 //Starting manufacutring rate inherits from the previous  362 

  forall(j in ptype)  363 

    MR[1][j] == iMR[j]; 364 

     365 

 //forall(j in ptype) 366 

   //TM[1][j]==iTM[j]; 367 

 //forall(j in ptype, i in site) 368 

   //TMII[1][i][j]==iTM2[i][j]; 369 

 };  370 

// assert TCFWI==ceil(TCFW);  371 

 //assert Trans0I==ceil(Trans0); 372 

 //assert x2==ceil(x1);   373 

  374 

//=======================PRINT 375 

VARIABLES==================================// 376 

 377 

// The highest inventory level for all time 378 

//dexpr float WM= 379 

//max(t in 0..NMD) WV[t]; 380 

 381 

//No delay day1 cost output 382 

dexpr float FPND = 1*MF; 383 

 384 

dexpr float VPND = sum(j in ptype, t in 385 

1..1)MR[t][j]*MV[j]*(1+ADJ[j]*(MR[t][j]/MRM[j])); 386 

 387 
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dexpr float IND= sum(j in ptype, t in 388 

0..1)WF[t][j]*Vol[j]*WCF+sum(j in ptype, t in 389 

0..1)W[t][j]*Vol[j]*WWC+sum(j in ptype, t in 0..1, i in 390 

site)WS[t][i][j]*Vol[j]*WCS; 391 

 392 

//Calculate the transportation cost from factory to warehouse 393 

dexpr float TCFWND = sum(j in ptype, t in 394 

1..1)(TM[t][j]/floor(TCAP/Vol[j]))*TC*LPW; 395 

//float epsilon=0.0001; 396 

//dvar int TCFWI; 397 

//dexpr float TCFWII= TCFWI*TC*LPW; 398 

 399 

//Calculate the transportation cost from warehouse to site 400 

dexpr float TCWSND= sum(j in ptype, t in 1..1, i in 401 

site)(TMII[t][i][j]/floor(TCAPII/Vol[j]))*TCII*LWS[i]; 402 

//float epsilon5=0.0001; 403 

//dvar int TCWSI; 404 

//dexpr float TCWSII= sum(i in site)TCWSI*TCII*LWS[i]; 405 

dexpr float TND=TCFWND+TCWSND; 406 

 407 

dexpr float SFND =1*sum(i in site)SF[i]; 408 

 409 

dexpr float AsND = sum(i in site, j in ptype,t in 410 

1..1)D[t][i][j]*AC[j]; 411 

 412 

dexpr float TOTND = FPND+VPND+IND+TND+SFND+AsND; 413 

 414 

execute 415 

{ 416 

    417 

   //Output 418 

    writeln("The fix production cost is ",FPND," GBP"); 419 

   writeln("The variable production cost is ",VPND," GBP"); 420 

   writeln("The inventory cost is ",IND," GBP"); 421 

   writeln("The transportation cost is ",TND," GBP"); 422 

   writeln("The site fix cost is ",SFND," GBP"); 423 

   writeln("The assembly cost is ",AsND," GBP"); 424 

   writeln("The total cost is ",TOTND," GBP"); 425 

} 426 
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Appendix F – CPLEX code for two-stage stochastic programming model 
 

/********************************************* 1 

 * OPL 12.6.0.0 Model 2 

 * Author: ph14 3 

 * Creation Date: Oct 12, 2016 at 9:25:21 AM 4 

 *********************************************/ 5 

  6 

//===============INDECES===============// 7 

 8 

// site = Construction site 9 

{string} site=...; 10 

 11 

// ptype = Product type 12 

{string} ptype=...; 13 

 14 

// NMD = Number of days 15 

int NMD=...; 16 

 17 

// wdays= Working days 18 

range wdays=1..NMD; 19 

 20 

// The number of working day of factory  21 

int shmd=...; 22 

 23 

// TSN= Total number of scenario number 24 

int TSN=...; 25 

 26 

// scn=scenario number 27 

range scn=1..TSN; 28 

 29 

//===============PARAMETERS===============// 30 

 31 

//*********** Construction Site ***********// 32 

 33 

// DP= The probability for every scenario to happen 34 

float DP[scn]=...; 35 

 36 

// The working day on site of a certain demand scenario 37 

int DD[scn]=...; 38 

 39 

// D = Demand of certain kind of product at certain site on 40 

certain working day (predetermined demand) 41 

int D[scn][wdays][site][ptype]=...; 42 

 43 

int NDI=3; 44 

range idays=1..NDI; 45 

//int D0[idays][site][ptype]=//[[[0,0],[0,0],[0,0]], 46 
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                            //[[0,0],[0,0],[0,0]], 47 

                            //[[0,0],[0,0],[0,0]]]; 48 

 49 

// AC = Assembly cost of a certain type of product  50 

int AC[ptype]=...; 51 

 52 

// SF = Fixed cost (overhead)per day for construction site 53 

int SF=...; 54 

 55 

// space for site inventory for each product 56 

int SCAP[site]=...; 57 

 58 

// Inventory cost on site 59 

int WCS=...; 60 

 61 

//**************** Warehouse ****************// 62 

 63 

// Vol = The volume of one unit of certain type of product in 64 

m^3 65 

float Vol[ptype]=...; 66 

 67 

// WCAP = Maximum warehouse inventory capacity in m^3 68 

int WCAP=...; 69 

 70 

// WC = Inventory cost per m^3 per day in warehouse 71 

int WC=...; 72 

 73 

//************ Factory ************// 74 

 75 

// MRM = Maximum manufacturing rate of certain kind of product 76 

per day 77 

int MRM[ptype]=...; 78 

 79 

 80 

// MF = Fixed cost (overhead)per day for factory 81 

int MF=...; 82 

 83 

// MV =Basal unitary (variable) cost for making one unit of 84 

certain kind of product  85 

int MV[ptype]=...; 86 

 87 

// ADJ = Adjustment factor for the variable unitary cost of 88 

certain kind of product  89 

float ADJ[ptype]=...; 90 

 91 

//Factory inventory capacity 92 

int FCAP=...; 93 

 94 

//Inventory cost in factory  95 
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int WCF=...; 96 

 97 

//***********Transportation***********// 98 

 99 

// LPW = Length (WSitestance) between factory and warehouse in 100 

km 101 

int LPW=...; 102 

 103 

// LWS = LPW = Length (WSitestance) between Warehouse and 104 

every construction sites in km 105 

int LWS[site]=...; 106 

 107 

// Transportation scenario input and probability 108 

tuple Trancost { 109 

float cost; 110 

float prob; 111 

}  112 

 113 

{Trancost} transcost=...; 114 

 115 

//Expected vaule for the transportation scenario 116 

float TC= sum(t in transcost)t.cost*t.prob; 117 

 118 

// TCAP = Truck loading capacity in m^3 from factory to 119 

warehouse 120 

float TCAP=...; 121 

 122 

// TCAP = Truck loaWSiteng capacity in m^3 from warehouse to 123 

site 124 

float TCAPII=...; 125 

 126 

// Truck number before day0 127 

//float iT[j in ptype]=ceil((MRM[j]/2)/floor(TCAP/Vol[j])); 128 

 129 

//==========DECISION VARIABLES===========// 130 

 131 

// MR = Manufacturing rate of certain kind of product in 132 

factory on certain working day  133 

dvar int MR[wdays][ptype]; 134 

 135 

//////////////////////For test prupose 136 

ONLY///////////////////////////////////!!!!!!!!!!!!! 137 

dvar int iMR[idays][ptype]; 138 

 139 

// W = Quantity of inventory of certain product in warehouse 140 

on day 0  141 

dvar int iW[1..NDI][ptype]; 142 

 143 
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// W = Quantity of inventory of certain product in warehouse 144 

on day 1 to day NMD 145 

dvar int W[scn][1..NMD][ptype]; 146 

 147 

//Daily Transportation quantitiy (factory to warehouse) 148 

dvar float TT [scn][1..NMD][ptype]; 149 

 150 

//Daily Transportation quantitiy (warehouse to each site) 151 

dvar float TTT[scn][1..NMD][site][ptype]; 152 

 153 

//Invenotry on the sites 154 

dvar int iWSite[idays][site][ptype]; 155 

dvar int WSite[scn][1..NMD][site][ptype]; 156 

 157 

//Inventory at factory 158 

dvar int iWFac[idays][ptype]; 159 

dvar int WFac[scn][1..NMD][ptype]; 160 

 161 

//=================DECISION EXPRESSIONS=================// 162 

 163 

//===========================================INVENTORY COST 164 

SECTION=======================================================165 

======// 166 

 167 

//Calculate the total volume of inventory (all types of 168 

products) in warehouse  169 

dexpr float WFacV [s in scn][t in 1..NMD]=sum(j in 170 

ptype)WFac[s][t][j]*Vol[j]; 171 

dexpr float WV [s in scn][t in 1..NMD]=sum(j in 172 

ptype)W[s][t][j]*Vol[j]; 173 

dexpr float WsiteR [s in scn][t in 1..NMD][i in site][j in 174 

ptype]=maxl(WSite[s][t][i][j],0); 175 

 176 

//Correction of inventory level  177 

dexpr float WSitex [s in scn][t in 1..NMD][i in site]=sum(j in 178 

ptype)WsiteR[s][t][i][j]*Vol[j]; 179 

 180 

//Calculate the invenotry cost in every scneario from day 1 to 181 

NMD 182 

dexpr float WFacC=sum(s in scn,t in 183 

1..NMD)WFacV[s][t]*WCF*DP[s]; 184 

dexpr float WWareC=sum(s in scn,t in 1..NMD)WV[s][t]*WC*DP[s]; 185 

dexpr float WSiteC=sum(s in scn,t in 1..NMD, i in 186 

site)WSitex[s][t][i]*WCS*DP[s]; 187 

dexpr float AWC=WFacC+WWareC+WSiteC; 188 

 189 

//Calculate the cost for holding inital inventory 190 

dexpr float iWV=sum(t in idays,j in ptype)iW[t][j]*Vol[j]; 191 

//dexpr float aiWV[j in ptype]=(iW[0][j]/2)*Vol[j]; 192 



217 

 

 193 

//This is the total inventory cost! 194 

dexpr float iWC=iWV*WC; 195 

 196 

//The final form of inventory cost for all time! 197 

dexpr float InvCost= AWC+iWC; 198 

 199 

 200 

//============================================================201 

==============================================================202 

====// 203 

 204 

//===========================================PRODUCTION COST 205 

SECTION=======================================================206 

=====// 207 

 208 

//Calculate the fixed production cost from 1 to SHMD 209 

dexpr float PFC= shmd*MF; 210 

 211 

//Calculate the fixed production cost for initial inventory  212 

dexpr float PFCW0=NDI*MF; 213 

//dexpr float x0[j in ptype]=(iW[0][j]*2)/MRM[j]; 214 

//float epsilon3=0.0001; 215 

//dvar int x1[j in ptype]; 216 

//dexpr float x2=max(j in ptype)x1[j]; 217 

//dvar int x2; 218 

 219 

//Calculate the variable production cost 220 

dexpr float PVC= 221 

sum(j in ptype, t in 1..shmd) 222 

MR[t][j]*MV[j]*(1+ADJ[j]*(MR[t][j]/MRM[j])); 223 

 224 

 225 

//Calculate the variable production cost for initial inventory 226 

dexpr float PVCW0= 227 

sum(t in idays,j in ptype) 228 

iMR[t][j]*MV[j]*(1+ADJ[j]*(iMR[t][j]/MRM[j])); 229 

 230 

 231 

//dexpr float x1[t in idays]=sum(j in ptype)iMR[t][j]; 232 

//dexpr float x2[t in idays]=x1[t]/(x1[t]-0.0001); 233 

//dexpr float x3=round(sum(t in idays)x2[t]); 234 

//dexpr float x4=x3*MF;  235 

//dexpr float x5=PFCW0-x4; 236 

//============================================================237 

==============================================================238 

====// 239 

 240 
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//===========================================TRANSPORTATION 241 

COST 242 

SECTION=======================================================243 

= // 244 

 245 

// Calculate the transporation cost first part 246 

dexpr float NTFW[s in scn][t in wdays][j in ptype] 247 

=TT[s][t][j]/floor(TCAP/Vol[j]); 248 

float epsilon=0.0001; 249 

dvar int NTFWI[s in scn][t in wdays][j in ptype]; 250 

dexpr float TCFW= sum(s in scn, t in 1..NMD, j in 251 

ptype)NTFWI[s][t][j]*TC*LPW*DP[s]; 252 

 253 

//Calculate the transportation cost second part 254 

dexpr float NTWS[s in scn][t in wdays][i in site][j in 255 

ptype]=TTT[s][t][i][j]/floor(TCAPII/Vol[j]); 256 

float epsilona=0.0001; 257 

dvar int NTWSI[s in scn][t in wdays][i in site][j in ptype]; 258 

dexpr float TCWS=sum(s in scn, t in 1..NMD, i in site, j in 259 

ptype)NTWSI[s][t][i][j]*TC*LWS[i]*DP[s]; 260 

 261 

////Calculate the transportation cost for initial inventory 262 

from factory to warehouse 263 

dexpr float NT0[t in idays][j in ptype] 264 

=iMR[t][j]/floor(TCAP/Vol[j]); 265 

float epsilonb=0.0001; 266 

dvar int NT0I[t in idays][j in ptype]; 267 

dexpr float TC0=sum(t in idays, j in ptype)NT0I[t][j]*TC*LPW; 268 

//============================================================269 

==============================================================270 

====// 271 

 272 

//===========================================CONSTRUCTION COST 273 

SECTION=======================================================274 

=====// 275 

 276 

//Calculate the fixed site cost 277 

dexpr float SiteFix=sum(s in scn) DD[s]*SF*DP[s]; 278 

 279 

//Calculate the assembly cost 280 

dexpr float AssmCost= 281 

sum(i in site, j in ptype, t in wdays)D[1][t][i][j]*AC[j]; 282 

 283 

//Pentaly for unfulfill 284 

dexpr float Penalty=sum(s in scn)maxl(0,(shmd-285 

DD[s]))*SF*DP[s]; 286 

//============================================================287 

==============================================================288 

====// 289 
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 290 

//Calculate total cost 291 

dexpr float EXPTotalcost = 292 

PFCW0+PVCW0+PFC+PVC+TC0+TCFW+TCWS+InvCost+AssmCost+SiteFix+Pen293 

alty; 294 

 295 

//=================OBJECTIVE FUNCTION+ 296 

CONSTRAINTS===================// 297 

minimize EXPTotalcost; 298 

 299 

subject to { 300 

 //Manufacturing rate of certain product is in a pre-defined 301 

range 302 

   forall(j in ptype, t in idays) 303 

    0<=iMR[t][j]<= MRM[j]; 304 

   forall(j in ptype, t in wdays) 305 

    0<=MR[t][j]<= MRM[j]; 306 

      307 

 //Inventory balance at factory 308 

   forall(j in ptype, t in 1..1, s in scn, w in NDI..NDI)   309 

    WFac[s][t][j] == iWFac[w][j] + MR[t][j] - TT[s][t][j]; 310 

   forall(j in ptype, t in 2..NMD, s in scn)   311 

    WFac[s][t][j] == WFac[s][t-1][j] + MR[t][j] - TT[s][t][j]; 312 

   313 

 //Inventory balance at warehouse   314 

  forall (j in ptype) 315 

    iW[1][j]==iMR[1][j]; 316 

   forall(j in ptype, t in 2..NDI) 317 

    iW[t][j]==iW[t-1][j]+iMR[t][j]; 318 

 319 

     320 

   forall(j in ptype, t in 1..1, s in scn, w in NDI..NDI)   321 

    W[s][t][j] == iW[w][j] + TT[s][t][j] - sum(i in 322 

site)TTT[s][t][i][j]; 323 

   forall(j in ptype, t in 2..NMD, s in scn)   324 

    W[s][t][j] == W[s][t-1][j] + TT[s][t][j] - sum(i in 325 

site)TTT[s][t][i][j]; 326 

  327 

  // Inventory balance at site 328 

   forall(j in ptype, t in 1..1,i in site, s in scn, w in 329 

NDI..NDI) 330 

     WSite[s][t][i][j]==iWSite[w][i][j]+TTT[s][t][i][j]-331 

D[s][t][i][j];  332 

   forall (j in ptype, t in 2..NMD,i in site, s in scn) 333 

     WSite[s][t][i][j]==WSite[s][t-1][i][j]+TTT[s][t][i][j]-334 

D[s][t][i][j]; 335 

  336 

 //Invenotry at factory should never be negative! 337 

  forall(j in ptype, t in 1..1, s in scn, w in NDI..NDI)  338 
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   iWFac[w][j] + MR[t][j]>= TT[s][t][j]; 339 

  forall(j in ptype, t in 2..NMD, s in scn)   340 

   WFac[s][t-1][j] +MR[t][j] >= TT[s][t][j]; 341 

    342 

  //Invenotry at warehouse should never be negative! 343 

   forall(j in ptype, t in 1..1, s in scn, w in NDI..NDI)  344 

    iW[w][j] + TT[s][t][j]>= sum(i in site)TTT[s][t][i][j];     345 

   forall(j in ptype, t in 2..NMD, s in scn)   346 

    W[s][t-1][j] + TT[s][t][j] >= sum(i in 347 

site)TTT[s][t][i][j]; 348 

    349 

 // Total quantity of certain kind of Product produced = total 350 

demand of that kind of product on all the sites    351 

 forall(j in ptype) 352 

   sum(t in 1..shmd)MR[t][j]+sum(w in 1..NDI)iMR[w][j] ==sum(i 353 

in site,t in wdays)D[1][t][i][j]; 354 

    355 

  //Initial inventory can only be put in the warehouse 356 

   forall (j in ptype, t in idays) 357 

     iWFac[t][j]==0;      358 

   forall (j in ptype, i in site, t in idays) 359 

     iWSite[t][i][j]==0; 360 

      361 

 //There should be nothing in the end  362 

   forall(s in scn,t in NMD..NMD, j in ptype, i in site) 363 

     WSite[s][t][i][j]==0; 364 

          365 

 // Total volume of inventory cannot be larger than maximum 366 

warehouse capacity    367 

 forall (t in idays) 368 

  sum(j in ptype)iW[t][j]*Vol[j]<=WCAP; 369 

  370 

 forall(t in wdays, s in scn)  371 

  WCAP-WV[s][t] >= 0;  372 

 373 

 // Total volume of inventory cannot be larger than maximum 374 

factory storage capacity (1..NMD)     375 

   forall(t in wdays, s in scn)  376 

  FCAP-WFacV[s][t] >= 0;  377 

  378 

  // Total volume of inventory cannot be larger than maximum 379 

site storage capacity (1..NMD)      380 

    forall(t in 1..NMD, i in site, s in 1 ..TSN) 381 

    WSitex[s][t][i]<=SCAP[i]; 382 

  383 

 // Trnasportation quantity I sohuld never be negative    384 

  forall(j in ptype, t in 1..NMD, s in 1..TSN) 385 

         0<=TT[s][t][j]; 386 

          387 
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  // Transportation quantity II should never be negative    388 

  forall(j in ptype, t in 1..NMD, i in site, s in 1..TSN) 389 

         0<=TTT[s][t][i][j]; 390 

         391 

 // Transportation quantity I equals all we have  392 

 forall(s in scn, j in ptype) 393 

   sum(t in 1..NMD)TT[s][t][j]==sum(t in 1..shmd)MR[t][j]; 394 

 395 

 // Transportation quantity II equals all we have     396 

 forall(s in scn, j in ptype, w in NDI..NDI) 397 

   sum(t in 1..NMD, i in site)TTT[s][t][i][j]==sum(t in 398 

1..shmd)MR[t][j]+iW[w][j]; 399 

   400 

  //Truck ceiling for first part trnasport 401 

  forall(t in 1..NMD, s in 1..TSN, j in ptype)     402 

  NTFWI[s][t][j]-1<=NTFW[s][t][j]-epsilon; 403 

  404 

  forall(t in 1..NMD, s in 1..TSN, j in ptype)     405 

  NTFW[s][t][j]<=NTFWI[s][t][j]; 406 

  407 

  //Ceiling for zero part trnasport 408 

  forall(t in idays,j in ptype) 409 

  NT0I[t][j]-1<=NT0[t][j]-epsilonb; 410 

   411 

  forall(t in idays,j in ptype) 412 

  NT0[t][j]<=NT0I[t][j];   413 

  414 

  //Truck ceiling for second part trnasport 415 

  forall(t in 1..NMD, i in site, s in 1..TSN, j in ptype) 416 

  NTWSI[s][t][i][j]-1<=NTWS[s][t][i][j]-epsilona; 417 

   418 

  forall(t in 1..NMD, i in site, s in 1..TSN, j in ptype) 419 

  NTWS[s][t][i][j]<=NTWSI[s][t][i][j]; 420 

 };  421 

 422 

//=======================PRINT OBJECCTIVE 423 

FUNCTION==================================// 424 

 425 

execute 426 

{ 427 

   writeln(EXPTotalcost); 428 

} 429 
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Appendix G – CPLEX code for robust optimisation model 
 

/********************************************* 1 

 * OPL 12.6.0.0 Model 2 

 * Author: ph14 3 

 * Creation Date: Jun 13, 2017 at 5:27:13 PM 4 

 *********************************************/ 5 

//===============INDECES===============// 6 

 7 

// site = Construction site 8 

{string} site=...; 9 

 10 

// ptype = Product type 11 

{string} ptype=...; 12 

 13 

// NMD = Number of days 14 

int NMD=...; 15 

 16 

// wdays= Working days 17 

range wdays=1..NMD; 18 

 19 

// The number of working day of factory  20 

int shmd=...; 21 

 22 

// TSN= Total number of scenario number 23 

int TSN=...; 24 

 25 

// scn=scenario number 26 

range scn=1..TSN; 27 

 28 

//===============PARAMETERS===============// 29 

 30 

//*********** Construction Site ***********// 31 

 32 

// DP= The probability for every scenario to happen 33 

float DP[scn]=...; 34 

 35 

// The working day on site of a certain demand scenario 36 

int DD[scn]=...; 37 

 38 

// D = Demand of certain kind of product at certain site on 39 

certain working day (predetermined demand) 40 

int D[scn][wdays][site][ptype]=...; 41 

 42 

//NDI = Initial inventory preparation duration 43 

int NDI=...; 44 

range idays=1..NDI; 45 

 46 

// AC = Assembly cost of a certain type of product  47 



223 

 

int AC[ptype]=...; 48 

 49 

// SF = Fixed cost (overhead)per day for construction site 50 

int SF=...; 51 

 52 

// space for site inventory for each product 53 

int SCAP[site]=...; 54 

 55 

// Inventory cost on site 56 

float WCS=...; 57 

 58 

//**************** Warehouse ****************// 59 

 60 

// Vol = The volume of one unit of certain type of product in 61 

m^3 62 

float Vol[ptype]=...; 63 

 64 

// WCAP = Maximum warehouse inventory capacity in m^3 65 

int WCAP=...; 66 

 67 

// WC = Inventory cost per m^3 per day in warehouse 68 

float WC=...; 69 

 70 

int WEC=...; 71 

//************ Factory ************// 72 

 73 

// MRM = Maximum manufacturing rate of certain kind of product 74 

per day 75 

int MRM[ptype]=...; 76 

 77 

// MF = Fixed cost (overhead)per day for factory 78 

int MF=...; 79 

 80 

// MV =Basal unitary (variable) cost for making one unit of 81 

certain kind of product  82 

int MV[ptype]=...; 83 

 84 

// ADJ = Adjustment factor for the variable unitary cost of 85 

certain kind of product  86 

float ADJ[ptype]=...; 87 

 88 

//Factory inventory capacity 89 

int FCAP=...; 90 

 91 

//Inventory cost in factory  92 

float WCF=...; 93 

 94 

//***********Transportation***********// 95 

 96 
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// LPW = Length (WSitestance) between factory and warehouse in 97 

km 98 

int LPW=...; 99 

 100 

// LWS = LPW = Length (WSitestance) between Warehouse and 101 

every construction sites in km 102 

int LWS[site]=...; 103 

 104 

// Transportation cost per truck per km in F to W sector 105 

float TC= ...; 106 

// Transportation cost per truck per km in W to S sectors 107 

float TCII=...; 108 

 109 

// TCAP = Truck loading capacity in m^3 from factory to 110 

warehouse 111 

float TCAP=...; 112 

 113 

// TCAPII = Truck loading capacity in m^3 from warehouse to 114 

site 115 

float TCAPII=...; 116 

 117 

//==========DECISION VARIABLES===========// 118 

 119 

// MR = Manufacturing rate of certain kind of product in 120 

factory on certain working day  121 

dvar int+ MR[wdays][ptype]; 122 

 123 

//Manufacturing rate of certain kind of product in factory on 124 

certain preparing day 125 

dvar int+ iMR[idays][ptype]; 126 

 127 

// W = Quantity of inventory of certain product in warehouse 128 

on day 0 beofre  129 

dvar int+ iW[idays][ptype]; 130 

 131 

// W = Quantity of inventory of certain product in warehouse 132 

on day 1 to day NMD 133 

dvar int+ W[scn][wdays][ptype]; 134 

 135 

//Daily Transportation quantitiy (factory to warehouse) 136 

dvar int+ TT [scn][wdays][ptype]; 137 

 138 

//Daily Transportation quantitiy (warehouse to each site) 139 

dvar int+ TTT[scn][wdays][site][ptype]; 140 

 141 

//Invenotry on the sites 142 

dvar int iWSite[idays][site][ptype]; 143 

dvar int WSite[scn][wdays][site][ptype]; 144 

 145 
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//Inventory at factory 146 

dvar int+ iWFac[idays][ptype]; 147 

dvar int+ WFac[scn][wdays][ptype]; 148 

 149 

// Linearlize 150 

dvar float+ cida[scn]; 151 

dvar float+ delta[scn]; 152 

 153 

//=================DECISION EXPRESSIONS=================// 154 

 155 

//===========================================INVENTORY COST 156 

SECTION=======================================================157 

======// 158 

 159 

//Calculate the total volume of inventory (all types of 160 

products) in warehouse and factory after start  161 

dexpr float WFacV [s in scn][t in wdays]=sum(j in 162 

ptype)WFac[s][t][j]*Vol[j]; 163 

dexpr float WV [s in scn][t in wdays]=sum(j in 164 

ptype)W[s][t][j]*Vol[j]; 165 

//dexpr float WsiteR [s in scn][t in wdays][i in site][j in 166 

ptype]=maxl(WSite[s][t][i][j],0); 167 

 168 

//Correction of inventory level  169 

dexpr float WSitex [s in scn][t in wdays][i in site]=sum(j in 170 

ptype)maxl(WSite[s][t][i][j],0)*Vol[j]; 171 

 172 

//Calculate the invenotry cost in every scneario from day 1 to 173 

NMD 174 

dexpr float WFacC=sum(s in scn,t in 175 

wdays)WFacV[s][t]*WCF*DP[s]; 176 

dexpr float WWareC=sum(s in scn,t in wdays)WV[s][t]*WC*DP[s]; 177 

dexpr float WSiteC=sum(s in scn,t in wdays, i in 178 

site)WSitex[s][t][i]*WCS*DP[s]; 179 

dexpr float AWC=WFacC+WWareC+WSiteC; 180 

 181 

//Calculate the cost for holding inital inventory 182 

dexpr float iWV=sum(t in idays,j in ptype)iW[t][j]*Vol[j]; 183 

 184 

//This is the total inventory cost! 185 

dexpr float iWC=iWV*WC; 186 

 187 

//The final form of inventory cost for all time! 188 

dexpr float InvCost= AWC+iWC; 189 

//============================================================190 

==============================================================191 

====// 192 

 193 
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//===========================================PRODUCTION COST 194 

SECTION=======================================================195 

=====// 196 

 197 

//Calculate the fixed production cost from 1 to SHMD 198 

dexpr float PFC= shmd*MF; 199 

 200 

//Calculate the fixed production cost for initial inventory  201 

dexpr float PFCW0=NDI*MF; 202 

 203 

//Calculate the variable production cost 204 

dexpr float PVC= 205 

sum(j in ptype, t in 1..shmd) 206 

MR[t][j]*MV[j]*(1+ADJ[j]*(MR[t][j]/MRM[j])); 207 

 208 

//Calculate the variable production cost for initial inventory 209 

dexpr float PVCW0= 210 

sum(t in idays,j in ptype) 211 

iMR[t][j]*MV[j]*(1+ADJ[j]*(iMR[t][j]/MRM[j])); 212 

 213 

//============================================================214 

==============================================================215 

====// 216 

 217 

//===========================================TRANSPORTATION 218 

COST 219 

SECTION=======================================================220 

= // 221 

 222 

// Calculate the transporation cost first part 223 

dexpr float NTFW[s in scn][t in wdays][j in ptype] 224 

=TT[s][t][j]/2; 225 

float epsilon=0.0001; 226 

dvar int NTFWI[s in scn][t in wdays][j in ptype]; 227 

dexpr float TCFW= sum(s in scn, t in wdays, j in 228 

ptype)NTFWI[s][t][j]*TC*LPW*DP[s]; 229 

 230 

//Calculate the transportation cost second part 231 

dexpr float NTWSI[s in scn][t in wdays][i in site][j in 232 

ptype]=TTT[s][t][i][j]; 233 

//float epsilona=0.0001; 234 

//dvar int NTWSI[s in scn][t in wdays][i in site][j in ptype]; 235 

dexpr float TCWS=sum(s in scn, t in wdays, i in site, j in 236 

ptype)NTWSI[s][t][i][j]*TCII*LWS[i]*DP[s]; 237 

 238 

////Calculate the transportation cost for initial inventory 239 

from factory to warehouse 240 

dexpr float NT0[t in idays][j in ptype] =iMR[t][j]/2; 241 

float epsilonb=0.0001; 242 
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dvar int NT0I[t in idays][j in ptype]; 243 

dexpr float TC0=sum(t in idays, j in ptype)NT0I[t][j]*TC*LPW; 244 

//============================================================245 

==============================================================246 

====// 247 

 248 

//===========================================CONSTRUCTION COST 249 

SECTION=======================================================250 

=====// 251 

 252 

//Calculate the fixed site cost 253 

dexpr float SiteFix=sum(s in scn) DD[s]*SF*DP[s]; 254 

 255 

//Calculate the assembly cost 256 

dexpr float AssmCost= 257 

sum(i in site, j in ptype, t in wdays)D[1][t][i][j]*AC[j]; 258 

 259 

//Pentaly for unfulfill 260 

dexpr float Penalty=sum(s in scn)maxl(0,(shmd-261 

DD[s]))*SF*DP[s]; 262 

//============================================================263 

==============================================================264 

====// 265 

 266 

//Calculate total cost 267 

dexpr float EXPTotalcost = 268 

PFCW0+PVCW0+PFC+PVC+TC0+TCFW+TCWS+InvCost+AssmCost+SiteFix+Pen269 

alty+WEC; 270 

 271 

dexpr float no2[s in scn]=PFCW0+PVCW0+PFC+PVC+TC0+WEC+sum(t in 272 

wdays, j in ptype)NTFWI[s][t][j]*TC*LPW 273 

+sum(t in wdays, i in site, j in 274 

ptype)NTWSI[s][t][i][j]*TC*LWS[i]+sum(t in 275 

wdays)WFacV[s][t]*WCF+sum(t in wdays)WV[s][t]*WC 276 

+sum(t in wdays, i in 277 

site)WSitex[s][t][i]*WCS+iWC+AssmCost+DD[s]*SF+maxl(0,(shmd-278 

DD[s]))*SF; 279 

 280 

dexpr float no2v2=sum(s in scn)DP[s]*(no2[s]-281 

EXPTotalcost+2*cida[s]); 282 

 283 

dexpr float no3[s in scn]=sum(t in wdays, i in site, j in 284 

ptype)minl(WSite[s][t][i][j],0); 285 

dexpr float no3V2=sum(s in scn)DP[s]*(no3[s]+2*delta[s]); 286 

 287 

dexpr float OB=EXPTotalcost+no2v2+no3V2; 288 

//=================OBJECTIVE FUNCTION+ 289 

CONSTRAINTS===================// 290 

minimize OB; 291 
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 292 

subject to { 293 

 //Manufacturing rate of certain product is in a pre-defined 294 

range 295 

   forall(j in ptype, t in idays) 296 

    iMR[t][j]<= MRM[j]; 297 

   forall(j in ptype, t in wdays) 298 

    MR[t][j]<= MRM[j]; 299 

      300 

 //Inventory balance at factory 301 

   forall(j in ptype, t in 1..1, s in scn, w in NDI..NDI)   302 

    WFac[s][t][j] == iWFac[w][j] + MR[t][j] - TT[s][t][j]; 303 

   forall(j in ptype, t in 2..NMD, s in scn)   304 

    WFac[s][t][j] == WFac[s][t-1][j] + MR[t][j] - TT[s][t][j]; 305 

   306 

 //Inventory balance at warehouse   307 

  forall (j in ptype) 308 

    iW[1][j]==iMR[1][j]; 309 

   forall(j in ptype, t in 2..NDI) 310 

    iW[t][j]==iW[t-1][j]+iMR[t][j]; 311 

 312 

   forall(j in ptype, t in 1..1, s in scn, w in NDI..NDI)   313 

    W[s][t][j] == iW[w][j] + TT[s][t][j] - sum(i in 314 

site)TTT[s][t][i][j]; 315 

   forall(j in ptype, t in 2..NMD, s in scn)   316 

    W[s][t][j] == W[s][t-1][j] + TT[s][t][j] - sum(i in 317 

site)TTT[s][t][i][j]; 318 

  319 

  // Inventory balance at site 320 

   forall(j in ptype, t in 1..1,i in site, s in scn, w in 321 

NDI..NDI) 322 

     WSite[s][t][i][j]==iWSite[w][i][j]+TTT[s][t][i][j]-323 

D[s][t][i][j];  324 

   forall (j in ptype, t in 2..NMD,i in site, s in scn) 325 

     WSite[s][t][i][j]==WSite[s][t-1][i][j]+TTT[s][t][i][j]-326 

D[s][t][i][j]; 327 

     328 

 // Total quantity of certain kind of Product produced = total 329 

demand of that kind of product on all the sites    330 

 forall(j in ptype) 331 

   sum(t in 1..shmd)MR[t][j]+sum(w in 1..NDI)iMR[w][j] ==sum(i 332 

in site,t in wdays)D[1][t][i][j]; 333 

    334 

  //Initial inventory can only be put in the warehouse 335 

   forall (j in ptype, t in idays) 336 

     iWFac[t][j]==0;      337 

   forall (j in ptype, i in site, t in idays) 338 

     iWSite[t][i][j]==0; 339 

      340 
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 //There should be nothing in the end  341 

   forall(s in scn,t in NMD..NMD, j in ptype, i in site) 342 

     WSite[s][t][i][j]==0; 343 

          344 

 // Total volume of inventory cannot be larger than maximum 345 

warehouse capacity    346 

 forall (t in idays) 347 

  sum(j in ptype)iW[t][j]*Vol[j]<=WCAP; 348 

  349 

 forall(t in wdays, s in scn)  350 

  WV[s][t] <= WCAP;  351 

 352 

 // Total volume of inventory cannot be larger than maximum 353 

factory storage capacity (1..NMD)     354 

   forall(t in wdays, s in scn)  355 

   WFacV[s][t] <= FCAP; 356 

  357 

  // Total volume of inventory cannot be larger than maximum 358 

site storage capacity (1..NMD)      359 

    forall(t in 1..NMD, i in site, s in 1 ..TSN) 360 

    WSitex[s][t][i]<=SCAP[i]; 361 

          362 

 // Transportation quantity I equals all we have  363 

 forall(s in scn, j in ptype) 364 

   sum(t in 1..NMD)TT[s][t][j]==sum(t in 1..shmd)MR[t][j]; 365 

 366 

 // Transportation quantity II equals all we have     367 

 forall(s in scn, j in ptype, w in NDI..NDI) 368 

   sum(t in 1..NMD, i in site)TTT[s][t][i][j]==sum(t in 369 

1..shmd)MR[t][j]+iW[w][j]; 370 

   371 

  //Truck ceiling for first part trnasport 372 

  forall(t in 1..NMD, s in 1..TSN, j in ptype)     373 

  NTFWI[s][t][j]-1<=NTFW[s][t][j]-epsilon; 374 

  375 

  forall(t in 1..NMD, s in 1..TSN, j in ptype)     376 

  NTFW[s][t][j]<=NTFWI[s][t][j]; 377 

  378 

  //Ceiling for zero part trnasport 379 

  forall(t in idays,j in ptype) 380 

  NT0I[t][j]-1<=NT0[t][j]-epsilonb; 381 

   382 

  forall(t in idays,j in ptype) 383 

  NT0[t][j]<=NT0I[t][j]; 384 

  385 

  //Truck ceiling for second part trnasport 386 

  //forall(t in 1..NMD, i in site, s in 1..TSN, j in ptype) 387 

  //NTWSI[s][t][i][j]-1<=NTWS[s][t][i][j]-epsilona; 388 

   389 
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  //forall(t in 1..NMD, i in site, s in 1..TSN, j in ptype) 390 

  //NTWS[s][t][i][j]<=NTWSI[s][t][i][j]; 391 

   392 

 forall(s in scn) 393 

 EXPTotalcost-no2[s]-cida[s]<=0; 394 

  395 

 forall (s in scn) 396 

  -no3[s]-delta[s]<=0; 397 

 };  398 

 399 

 //=======================PRINT OBJECCTIVE 400 

FUNCTION==================================// 401 

 402 

execute 403 

{ 404 

   writeln(OB); 405 

   writeln("prepaer",NDI,"days ; ","keep 406 

manufacturing",shmd,"days" ) 407 

   writeln("Manufacutre after site work starts",MR); 408 

   writeln("Production during initial invenotry 409 

preparation",iMR); 410 

 } 411 
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Appendix H – CPLEX code for outsourcing model (2-SP) 
 

/********************************************* 1 

 * OPL 12.6.0.0 Model 2 

 * Author: ph14 3 

 * Creation Date: Mar 22, 2017 at 10:46:24 AM 4 

 *********************************************/ 5 

  6 

//===============INDECES===============// 7 

 8 

// ptype = Product type 9 

{string} ptype=...; 10 

 11 

// TSN= Total number of scenario number 12 

int TSN=...; 13 

 14 

// scn=scenario number 15 

range scn=1..TSN; 16 

 17 

//===============PARAMETERS===============// 18 

 19 

// SP= The probability for every scenario to happen 20 

float SP[scn]=...; 21 

 22 

// OP = Original production quantity for each kind of product 23 

in each scenario 24 

int OriginPrduct[scn][ptype]=...; 25 

 26 

// PlanOutUnitcost =Planned outsourcing cost for one unit of 27 

each kind of product  28 

int PlanOutUnitcost[ptype]=...; 29 

 30 

//EmC=Emergency outsourcing cost for one unit of each kind of 31 

product 32 

int EmC[ptype]=...; 33 

 34 

//RtC= Redundant treatment cost for one unit of each kind of 35 

product 36 

int RtC[ptype]=...; 37 

 38 

//TotalNeed= The total quantity needed fo reach product for 39 

all time 40 

int TotalNeed[ptype]=...; 41 

 42 

//===============DECISION VARIABLE===============// 43 

 44 

// POQ = Quantity of planned outsouring for each kind of 45 

product  46 

dvar int PlanOutQuantity[ptype]; 47 
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 48 

//===============DECISION EXPRESSION===============// 49 

 50 

//Calculate the planned outsourcing cost 51 

dexpr float TotalPlanOutCost= 52 

sum(j in ptype) PlanOutQuantity[j]*PlanOutUnitcost[j]; 53 

 54 

//Pentaly for unfulfill 55 

dexpr float Penalty[j in ptype]=sum(s in 56 

scn)(maxl((OriginPrduct[s][j]+PlanOutQuantity[j]-57 

TotalNeed[j]),0)*RtC[j]+maxl((TotalNeed[j]-PlanOutQuantity[j]-58 

OriginPrduct[s][j]),0)*EmC[j])*SP[s]; 59 

dexpr float FinalPenalty=sum(j in ptype)Penalty[j]; 60 

//============================================================61 

==============================================================62 

====// 63 

 64 

//Calculate total cost 65 

dexpr float OBJ = 66 

TotalPlanOutCost+ FinalPenalty; 67 

 68 

dexpr float P_Redundant[s in scn][j in ptype]= 69 

maxl((OriginPrduct[s][j]+PlanOutQuantity[j]-TotalNeed[j]),0); 70 

dexpr float P_Indufficient[s in scn][j in ptype]= 71 

maxl((TotalNeed[j]-PlanOutQuantity[j]-OriginPrduct[s][j]),0); 72 

//=================OBJECTIVE FUNCTION+ 73 

CONSTRAINTS===================// 74 

minimize OBJ; 75 

 76 

subject to { 77 

 //Non-negative for Planned out sourcing quantity 78 

   forall(j in ptype) 79 

    0<=PlanOutQuantity[j]; 80 

 };  81 

 82 

//=======================PRINT OBJECCTIVE 83 

FUNCTION==================================// 84 

 85 

execute 86 

{ 87 

   writeln(P_Redundant); 88 

   writeln(P_Indufficient); 89 

 90 

} 91 
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Appendix I – CPLEX code for outsourcing model (MILP) 
 

/********************************************* 1 

 * OPL 12.6.0.0 Model 2 

 * Author: ph14 3 

 * Creation Date: Jan 20, 2017 at 1:21:49 PM 4 

 *********************************************/ 5 

  6 

////////////INDECIES//////////// 7 

 8 

//ptype = Product type 9 

{string} ptype=...; 10 

 11 

//NMD = Number of weeks 12 

int NMD=...; 13 

 14 

////////////PARAMETERS//////////// 15 

 16 

//wdays= Working weeks 17 

range wdays=1..NMD; 18 

 19 

//Product volume 20 

float Vol[ptype]=...; 21 

 22 

//Planned outsourcing number 23 

int PlanOutNo[ptype]=...; 24 

 25 

//Demand of certain kind of product on certain working day 26 

(predetermined demand) 27 

int D[wdays][ptype]=...; 28 

 29 

//Weekly expected production rate 30 

int OP[wdays][ptype]=...; 31 

 32 

//Inventory cost per unit time 33 

float InvCostF=...; 34 

float InvCostW=...; 35 

float InvCostS=...; 36 

 37 

//Storage capacity in each tier 38 

int StoreCapF=...; 39 

int StoreCapW=...; 40 

int StoreCapS=...; 41 

 42 

//Stating the initial status of the inventory level 43 

int InitialF=...; 44 

int InitialW=...; 45 

int InitialS=...; 46 

 47 



234 

 

//Truck capacity 48 

float Tcap1=...; 49 

float Tcap2=...; 50 

 51 

//Transportation number 52 

float N1[j in ptype]=floor(Tcap1/Vol[j]); 53 

float N2[j in ptype]=floor(Tcap2/Vol[j]); 54 

 55 

//Transportation cost 56 

float T1cost=...; 57 

float T2cost=...; 58 

 59 

//Distance 60 

int D1=...; 61 

int D2=...; 62 

 63 

////////////DECISION VARIABLES//////////// 64 

 65 

//The usage pattern of the planned outsourcing (OS can only be 66 

sent to site) 67 

dvar int PlOUT[wdays][ptype]; 68 

 69 

//The pattern for calling EMERGENCY outsourcing (OS can only 70 

be sent to site) 71 

dvar int EmOUT[wdays][ptype]; 72 

 73 

//Change of the inventroy level(controled by the constrain) 74 

dvar int INVF[0..NMD][ptype]; 75 

dvar int INVW[0..NMD][ptype]; 76 

dvar int INVS[0..NMD][ptype]; 77 

 78 

//Trasnportation qunatity 79 

dvar int T1[wdays][ptype]; 80 

dvar int T2[wdays][ptype]; 81 

 82 

////////////DECISION EXPRESSIONS//////////// 83 

 84 

//The invneotry cost for whole period 85 

dexpr float ICF=sum(t in wdays, j in 86 

ptype)INVF[t][j]*InvCostF; 87 

dexpr float ICW=sum(t in wdays, j in 88 

ptype)INVW[t][j]*InvCostW; 89 

dexpr float ICS=sum(t in wdays, j in 90 

ptype)INVS[t][j]*InvCostS; 91 

 92 

//Transporatation cost for whole period 93 

dexpr float NoTruck1[t in wdays][j in ptype]=T1[t][j]/N1[j]; 94 

dexpr float Transcost1=sum(t in wdays, j in 95 

ptype)NoTruck1[t][j]*T1cost*D1; 96 
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 97 

dexpr float NoTruck2[t in wdays][j in ptype]=T2[t][j]/N2[j]; 98 

dexpr float Transcost2=sum(t in wdays, j in 99 

ptype)NoTruck2[t][j]*T2cost*D2; 100 

 101 

// Sum up all costs 102 

dexpr float TotalCost=ICF+ICW+ICS+Transcost1+Transcost2; 103 

 104 

////////////OBJECTIVE FUNCTION//////////// 105 

 106 

//Objective function 107 

minimize TotalCost; 108 

 109 

////////////CONSTRAINS//////////// 110 

 111 

subject to { 112 

 113 

//The total planned amount of outsourcing cannot be surpassed 114 

  forall (j in ptype) 115 

   sum(t in wdays)PlOUT[t][j]==PlanOutNo[j]; 116 

 117 

//The balance of inventory 118 

  forall (j in ptype, t in wdays) 119 

   INVF[t][j]==INVF[t-1][j]+OP[t][j]-T1[t][j]; 120 

  121 

  forall (j in ptype, t in wdays) 122 

   INVW[t][j]==INVW[t-1][j]+T1[t][j]-T2[t][j]; 123 

 124 

  forall (j in ptype, t in wdays) 125 

   INVS[t][j]==INVS[t-1][j]+PlOUT[t][j]+EmOUT[t][j]+T2[t][j]-126 

D[t][j]; 127 

    128 

//Quantity of inventory cannot be negative 129 

  forall (j in ptype, t in wdays) 130 

   INVF[t-1][j]+OP[t][j]-T1[t][j]>=0; 131 

    132 

  forall (j in ptype, t in wdays) 133 

   INVW[t-1][j]+T1[t][j]-T2[t][j]>=0; 134 

    135 

  forall (j in ptype, t in wdays) 136 

   INVS[t-1][j]+PlOUT[t][j]+EmOUT[t][j]+T2[t][j]-D[t][j]>=0; 137 

 138 

//Quantity of inventory cannot  over capacity 139 

  forall (t in wdays) 140 

   sum(j in ptype)INVF[t][j]*Vol[j]<=StoreCapF; 141 

 142 

  forall (t in wdays) 143 

   sum(j in ptype)INVW[t][j]*Vol[j]<=StoreCapW; 144 

 145 
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  forall (t in wdays) 146 

   sum(j in ptype)INVS[t][j]*Vol[j]<=StoreCapS; 147 

   148 

//Assigning the initial status of the inventory level at all 149 

tier 150 

  forall (j in ptype, t in 1..1) 151 

   INVF[t-1][j]==InitialF; 152 

   153 

  forall (j in ptype, t in 1..1) 154 

   INVW[t-1][j]==InitialW; 155 

   156 

  forall (j in ptype, t in 1..1) 157 

   INVS[t-1][j]==InitialS; 158 

 159 

//The balance between demand and supply   160 

  forall ( j in ptype) 161 

   sum(t in wdays)D[t][j]==sum(t in 162 

wdays)(PlOUT[t][j]+EmOUT[t][j]+OP[t][j]); 163 

 164 

//Transportation quantity I should never be negative    165 

  forall(j in ptype, t in wdays) 166 

   0<=T1[t][j]; 167 

        168 

  forall(j in ptype, t in wdays) 169 

   0<=T2[t][j]; 170 

          171 

//Transportation quantity equals all we have  172 

  forall(j in ptype) 173 

   sum(t in wdays)T1[t][j]==sum(t in wdays)OP[t][j]; 174 

 175 

  forall(j in ptype) 176 

   sum(t in wdays)T2[t][j]==sum(t in wdays)OP[t][j]; 177 

        178 

//Non-negative constrain for outsourcing 179 

   forall(j in ptype, t in wdays) 180 

   PlOUT[t][j]>=0; 181 

    182 

   forall(j in ptype, t in wdays) 183 

   EmOUT[t][j]>=0; 184 

} 185 
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Appendix J – CPLEX outputs for the deterministic model in section 4.1 
 
Solve with Demand scenario Number(1): [4,4,4,0,0,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [18 18] 
The best production scheme for pod-A and pod-B is 
 [6 6] [6 6] [6 6] [0 0] [0 0] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [12 12] [6 6] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:89544.4 
 
Solve with Demand scenario Number(2): [3,4,4,1,0,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [12 12] 
The best production scheme for pod-A and pod-B is 
 [7 7] [7 7] [7 7] [3 3] [0 0] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [10 10] [5 5] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90857 
 
Solve with Demand scenario Number(3): [4,3,4,1,0,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [12 12] 
The best production scheme for pod-A and pod-B is 
 [7 7] [7 7] [7 7] [3 3] [0 0] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [7 7] [5 5] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90737 
 
Solve with Demand scenario Number(4): [4,4,3,1,0,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [12 12] 
The best production scheme for pod-A and pod-B is 
 [7 7] [7 7] [7 7] [3 3] [0 0] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [7 7] [2 2] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90617 
 
Solve with Demand scenario Number(5): [2,2,4,4,0,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [7 7] [7 7] [8 8] [8 8] [0 0] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [7 7] [8 8] [4 4] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90604.4 
 
Solve with Demand scenario Number(6): [2,3,3,4,0,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [7 7] [7 7] [8 8] [8 8] [0 0] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [7 7] [5 5] [4 4] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90557 
 
Solve with Demand scenario Number(7): [2,3,4,3,0,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [7 7] [7 7] [8 8] [8 8] [0 0] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [7 7] [5 5] [1 1] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90437 
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Solve with Demand scenario Number(8): [2,4,2,4,0,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [7 7] [7 7] [8 8] [8 8] [0 0] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [7 7] [2 2] [4 4] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90364.4 
 
Solve with Demand scenario Number(9): [2,4,3,3,0,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [7 7] [7 7] [8 8] [8 8] [0 0] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [7 7] [2 2] [1 1] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90317 
 
Solve with Demand scenario Number(10): [2,4,4,2,0,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [12 12] 
The best production scheme for pod-A and pod-B is 
 [6 6] [6 6] [6 6] [6 6] [0 0] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [12 12] [6 6] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90304.4 
 
Solve with Demand scenario Number(11): [3,2,3,4,0,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [7 7] [7 7] [8 8] [8 8] [0 0] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [4 4] [5 5] [4 4] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90437 
 
Solve with Demand scenario Number(12): [3,2,4,3,0,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [7 7] [7 7] [8 8] [8 8] [0 0] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [4 4] [5 5] [1 1] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90317 
 
Solve with Demand scenario Number(13): [3,3,2,4,0,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [7 7] [7 7] [8 8] [8 8] [0 0] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [4 4] [2 2] [4 4] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90317 
 
Solve with Demand scenario Number(14): [3,3,3,3,0,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [7 7] [7 7] [8 8] [8 8] [0 0] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [4 4] [2 2] [1 1] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90269.7 
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Solve with Demand scenario Number(15): [3,3,4,2,0,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [12 12] 
The best production scheme for pod-A and pod-B is 
 [6 6] [6 6] [6 6] [6 6] [0 0] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [9 9] [6 6] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90257 
 
Solve with Demand scenario Number(16): [3,4,2,3,0,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [7 7] [8 8] [7 7] [8 8] [0 0] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [4 4] [0 0] [1 1] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90117 
 
Solve with Demand scenario Number(17): [3,4,3,2,0,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [12 12] 
The best production scheme for pod-A and pod-B is 
 [6 6] [6 6] [6 6] [6 6] [0 0] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [9 9] [3 3] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90137 
 
Solve with Demand scenario Number(18): [4,2,2,4,0,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [7 7] [7 7] [8 8] [8 8] [0 0] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [1 1] [2 2] [4 4] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90124.4 
 
Solve with Demand scenario Number(19): [4,2,3,3,0,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [7 7] [7 7] [8 8] [8 8] [0 0] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [1 1] [2 2] [1 1] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90077 
 
Solve with Demand scenario Number(20): [4,2,4,2,0,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [12 12] 
The best production scheme for pod-A and pod-B is 
 [6 6] [6 6] [6 6] [6 6] [0 0] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [6 6] [6 6] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90064.4 
 
Solve with Demand scenario Number(21): [4,3,2,3,0,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [7 7] [8 8] [7 7] [8 8] [0 0] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [1 1] [0 0] [1 1] [0 0] [0 0] [0 0] 
Total cost in this scenario is:89997 
 
Solve with Demand scenario Number(22): [4,3,3,2,0,0] from day 1 to 6 for both pod A and B for 3 sites 
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The best initial inventory level for pod-A and pod-B is: [12 12] 
The best production scheme for pod-A and pod-B is 
 [6 6] [6 6] [6 6] [6 6] [0 0] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [6 6] [3 3] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90017 
 
Solve with Demand scenario Number(23): [4,4,2,2,0,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [12 12] 
The best production scheme for pod-A and pod-B is 
 [6 6] [6 6] [6 6] [6 6] [0 0] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [6 6] [0 0] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:89824.4 
 
Solve with Demand scenario Number(24): [2,2,3,4,1,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [6 6] [7 7] [7 7] [7 7] [3 3] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [6 6] [7 7] [5 5] [0 0] [0 0] [0 0] 
Total cost in this scenario is:91737 
 
Solve with Demand scenario Number(25): [2,2,4,3,1,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [6 6] [7 7] [7 7] [7 7] [3 3] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [6 6] [7 7] [2 2] [0 0] [0 0] [0 0] 
Total cost in this scenario is:91617 
 
Solve with Demand scenario Number(26): [2,3,2,4,1,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [6 6] [7 7] [7 7] [7 7] [3 3] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [6 6] [4 4] [5 5] [0 0] [0 0] [0 0] 
Total cost in this scenario is:91617 
 
Solve with Demand scenario Number(27): [2,3,3,3,1,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [6 6] [7 7] [7 7] [7 7] [3 3] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [6 6] [4 4] [2 2] [0 0] [0 0] [0 0] 
Total cost in this scenario is:91569.7 
 
Solve with Demand scenario Number(28): [2,3,4,2,1,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [7 7] [7 7] [7 7] [6 6] [3 3] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [7 7] [5 5] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:91497 
 
Solve with Demand scenario Number(29): [2,4,2,3,1,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 



241 

 

The best production scheme for pod-A and pod-B is 
 [6 6] [7 7] [7 7] [7 7] [3 3] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [6 6] [1 1] [2 2] [0 0] [0 0] [0 0] 
Total cost in this scenario is:91377 
 
Solve with Demand scenario Number(30): [2,4,3,2,1,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [7 7] [7 7] [7 7] [6 6] [3 3] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [7 7] [2 2] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:91377 
 
Solve with Demand scenario Number(31): [3,2,2,4,1,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [6 6] [7 7] [7 7] [7 7] [3 3] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [3 3] [4 4] [5 5] [0 0] [0 0] [0 0] 
Total cost in this scenario is:91497 
 
Solve with Demand scenario Number(32): [3,2,3,3,1,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [6 6] [7 7] [7 7] [7 7] [3 3] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [3 3] [4 4] [2 2] [0 0] [0 0] [0 0] 
Total cost in this scenario is:91449.7 
 
Solve with Demand scenario Number(33): [3,2,4,2,1,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [7 7] [7 7] [7 7] [6 6] [3 3] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [4 4] [5 5] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:91377 
 
Solve with Demand scenario Number(34): [3,3,2,3,1,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [6 6] [7 7] [7 7] [7 7] [3 3] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [3 3] [1 1] [2 2] [0 0] [0 0] [0 0] 
Total cost in this scenario is:91329.7 
 
Solve with Demand scenario Number(35): [3,3,3,2,1,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [7 7] [7 7] [7 7] [6 6] [3 3] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [4 4] [2 2] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:91329.7 
 
Solve with Demand scenario Number(36): [3,4,2,2,1,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 



242 

 

 [7 7] [8 8] [6 6] [6 6] [3 3] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [4 4] [0 0] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:91277 
 
Solve with Demand scenario Number(37): [4,2,2,3,1,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [6 6] [7 7] [7 7] [7 7] [3 3] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [0 0] [1 1] [2 2] [0 0] [0 0] [0 0] 
Total cost in this scenario is:91137 
 
Solve with Demand scenario Number(38): [4,2,3,2,1,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [7 7] [7 7] [7 7] [6 6] [3 3] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [1 1] [2 2] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:91137 
 
Solve with Demand scenario Number(39): [4,3,2,2,1,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [7 7] [8 8] [6 6] [6 6] [3 3] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [1 1] [0 0] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:91157 
 
Solve with Demand scenario Number(40): [2,2,2,2,4,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [0 0] 
The best production scheme for pod-A and pod-B is 
 [6 6] [7 7] [7 7] [8 8] [8 8] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [0 0] [1 1] [2 2] [4 4] [0 0] [0 0] 
Total cost in this scenario is:90884.4 
 
Solve with Demand scenario Number(41): [2,2,2,3,3,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [0 0] 
The best production scheme for pod-A and pod-B is 
 [6 6] [7 7] [7 7] [8 8] [8 8] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [0 0] [1 1] [2 2] [1 1] [0 0] [0 0] 
Total cost in this scenario is:90837 
 
Solve with Demand scenario Number(42): [2,2,2,4,2,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [0 0] 
The best production scheme for pod-A and pod-B is 
 [7 7] [7 7] [8 8] [8 8] [6 6] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [1 1] [2 2] [4 4] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90884.4 
 
Solve with Demand scenario Number(43): [2,2,3,2,3,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [0 0] 
The best production scheme for pod-A and pod-B is 
 [7 7] [7 7] [7 7] [7 7] [8 8] [0 0] 
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The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [1 1] [2 2] [0 0] [1 1] [0 0] [0 0] 
Total cost in this scenario is:90737 
 
Solve with Demand scenario Number(44): [2,2,3,3,2,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [0 0] 
The best production scheme for pod-A and pod-B is 
 [7 7] [7 7] [8 8] [8 8] [6 6] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [1 1] [2 2] [1 1] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90837 
 
Solve with Demand scenario Number(45): [2,2,4,2,2,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [6 6] [6 6] [6 6] [6 6] [6 6] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [6 6] [6 6] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90824.4 
 
Solve with Demand scenario Number(46): [2,3,2,2,3,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [0 0] 
The best production scheme for pod-A and pod-B is 
 [7 7] [8 8] [7 7] [7 7] [7 7] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [1 1] [0 0] [1 1] [2 2] [0 0] [0 0] 
Total cost in this scenario is:90737 
 
Solve with Demand scenario Number(47): [2,3,2,3,2,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [0 0] 
The best production scheme for pod-A and pod-B is 
 [7 7] [8 8] [7 7] [8 8] [6 6] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [1 1] [0 0] [1 1] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90757 
 
Solve with Demand scenario Number(48): [2,3,3,2,2,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [6 6] [6 6] [6 6] [6 6] [6 6] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [6 6] [3 3] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90777 
 
Solve with Demand scenario Number(49): [2,4,2,2,2,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [6 6] [6 6] [6 6] [6 6] [6 6] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [6 6] [0 0] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90584.4 
 
Solve with Demand scenario Number(50): [3,2,2,2,3,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [5 5] [6 6] [6 6] [6 6] [7 7] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 



244 

 

 [2 2] [2 2] [2 2] [2 2] [0 0] [0 0] 
Total cost in this scenario is:90837 
 
Solve with Demand scenario Number(51): [3,2,2,3,2,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [5 5] [6 6] [6 6] [7 7] [6 6] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [2 2] [2 2] [2 2] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90757 
 
Solve with Demand scenario Number(52): [3,2,3,2,2,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [6 6] [6 6] [6 6] [6 6] [6 6] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [3 3] [3 3] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90657 
 
Solve with Demand scenario Number(53): [3,3,2,2,2,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [6 6] [6 6] [6 6] [6 6] [6 6] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [3 3] [0 0] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90537 
 
Solve with Demand scenario Number(54): [4,2,2,2,2,0] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [6 6] 
The best production scheme for pod-A and pod-B is 
 [6 6] [6 6] [6 6] [6 6] [6 6] [0 0] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [0 0] [0 0] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:90344.4 
 
Solve with Demand scenario Number(55): [2,2,2,2,3,1] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [0 0] 
The best production scheme for pod-A and pod-B is 
 [6 6] [6 6] [7 7] [7 7] [7 7] [3 3] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [0 0] [0 0] [1 1] [2 2] [0 0] [0 0] 
Total cost in this scenario is:91897 
 
Solve with Demand scenario Number(56): [2,2,2,3,2,1] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [0 0] 
The best production scheme for pod-A and pod-B is 
 [6 6] [7 7] [7 7] [7 7] [6 6] [3 3] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [0 0] [1 1] [2 2] [0 0] [0 0] [0 0] 
Total cost in this scenario is:91897 
 
Solve with Demand scenario Number(57): [2,2,3,2,2,1] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [0 0] 
The best production scheme for pod-A and pod-B is 
 [7 7] [7 7] [7 7] [6 6] [6 6] [3 3] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [1 1] [2 2] [0 0] [0 0] [0 0] [0 0] 



245 

 

Total cost in this scenario is:91897 
 
Solve with Demand scenario Number(58): [2,3,2,2,2,1] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [0 0] 
The best production scheme for pod-A and pod-B is 
 [7 7] [8 8] [6 6] [6 6] [6 6] [3 3] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [1 1] [0 0] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:91917 
 
Solve with Demand scenario Number(59): [3,2,2,2,2,1] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [0 0] 
The best production scheme for pod-A and pod-B is 
 [9 9] [6 6] [6 6] [6 6] [6 6] [3 3] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [0 0] [0 0] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:92077 
 
Solve with Demand scenario Number(60): [2,2,2,2,2,2] from day 1 to 6 for both pod A and B for 3 sites 
The best initial inventory level for pod-A and pod-B is: [0 0] 
The best production scheme for pod-A and pod-B is 
 [6 6] [6 6] [6 6] [6 6] [6 6] [6 6] 
The change of inventory for pod-A and pod-B from day 1 to day 6 is: 
 [0 0] [0 0] [0 0] [0 0] [0 0] [0 0] 
Total cost in this scenario is:91104.4 
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Appendix K – CPLEX outputs for the stochastic model in section 4.2 

 

(Foreseeable/near future problem instance) 
 

 
 

  
 

 

 

Scenario (01)

Date

Pod type A B A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 6 6 6 6 6 7 6 7 6 0 0 0 0

Transport(F to W) 6 4 6 5 6 6 6 6 0 6 12 4 8 8 0 0 0 0

Inventory(F) -- -- -- -- -- -- -- -- 6 0 1 2 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- -- -- 20 26 16 5 8 8 0 0 0 0

Inventory(W) 6 4 12 9 18 15 24 21 4 1 0 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- -- -- 20 18 20 18 4 3 0 0 0 0

Inventory(S) -- -- -- -- -- -- -- -- 0 8 -4 -5 0 0 0 0 0 0

Period for assembling modules

10/29/30 10/19/24 9/25 9/26 9/27 9/28 9/29

Period for initial inventory

Scenario (02)

Date

Pod type A B A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 6 6 6 6 6 7 6 7 6 0 0 0 0

Transport(F to W) 6 4 6 5 6 6 6 6 2 2 10 8 8 8 0 0 0 0

Inventory(F) -- -- -- -- -- -- -- -- 4 4 1 2 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- -- -- 24 18 12 13 8 8 0 0 0 0

Inventory(W) 6 4 12 9 18 15 24 21 2 5 0 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- -- -- 20 18 16 14 8 7 0 0 0 0

Inventory(S) -- -- -- -- -- -- -- -- 4 0 0 -1 0 0 0 0 0 0

Period for assembling modules

10/2

Period for initial inventory

9/24 9/25 9/26 9/27 9/28 9/29 9/30 10/1

Scenario (03)

Date

Pod type A B A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 6 6 6 6 6 7 6 7 6 0 0 0 0

Transport(F to W) 6 4 6 5 6 6 6 6 2 3 10 8 8 7 0 0 0 0

Inventory(F) -- -- -- -- -- -- -- -- 4 3 1 1 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- -- -- 20 14 16 18 8 7 0 0 0 0

Inventory(W) 6 4 12 9 18 15 24 21 6 10 0 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- -- -- 16 14 20 18 8 7 0 0 0 0

Inventory(S) -- -- -- -- -- -- -- -- 4 0 0 0 0 0 0 0 0 0

Period for assembling modules

10/2

Period for initial inventory

9/24 9/25 9/26 9/27 9/28 9/29 9/30 10/1

Scenario (04)

Date

Pod type A B A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 6 6 6 6 6 7 6 7 6 0 0 0 0

Transport(F to W) 6 4 6 5 6 6 6 6 0 6 10 4 10 8 0 0 0 0

Inventory(F) -- -- -- -- -- -- -- -- 6 0 3 2 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- -- -- 16 22 18 9 10 8 0 0 0 0

Inventory(W) 6 4 12 9 18 15 24 21 8 5 0 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- -- -- 16 14 16 14 12 11 0 0 0 0

Inventory(S) -- -- -- -- -- -- -- -- 0 8 2 3 0 0 0 0 0 0

Period for assembling modules

10/29/24 9/25 9/26 9/27 9/28 9/29 9/30 10/1

Period for initial inventory
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Scenario (05)

Date

Pod type A B A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 6 6 6 6 6 7 6 7 6 0 0 0 0

Transport(F to W) 6 4 6 5 6 6 6 6 2 2 6 8 12 8 0 0 0 0

Inventory(F) -- -- -- -- -- -- -- -- 4 4 5 2 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- -- -- 22 22 10 9 12 8 0 0 0 0

Inventory(W) 6 4 12 9 18 15 24 21 4 1 0 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- -- -- 20 18 10 9 14 12 0 0 0 0

Inventory(S) -- -- -- -- -- -- -- -- 2 4 2 4 0 0 0 0 0 0

Period for assembling modules

10/2

Period for initial inventory

9/24 9/25 9/26 9/27 9/28 9/29 9/30 10/1

Scenario (06)

Date

Pod type A B A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 6 6 6 6 6 7 6 7 6 0 0 0 0

Transport(F to W) 6 4 6 5 6 6 6 6 2 2 6 8 12 8 0 0 0 0

Inventory(F) -- -- -- -- -- -- -- -- 4 4 5 2 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- -- -- 10 17 22 14 12 8 0 0 0 0

Inventory(W) 6 4 12 9 18 15 24 21 16 6 0 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- -- -- 10 9 20 18 14 12 0 0 0 0

Inventory(S) -- -- -- -- -- -- -- -- 0 8 2 4 0 0 0 0 0 0

Period for assembling modules

10/2

Period for initial inventory

9/24 9/25 9/26 9/27 9/28 9/29 9/30 10/1

Scenario (07)

Date

Pod type A B A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 6 6 6 6 6 7 6 7 6 0 0 0 0

Transport(F to W) 6 4 6 5 6 6 6 6 2 2 8 4 10 12 0 0 0 0

Inventory(F) -- -- -- -- -- -- -- -- 4 4 3 6 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- -- -- 24 18 7 9 13 12 0 0 0 0

Inventory(W) 6 4 12 9 18 15 24 21 2 5 3 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- -- -- 20 18 8 7 16 14 0 0 0 0

Inventory(S) -- -- -- -- -- -- -- -- 4 0 3 2 0 0 0 0 0 0

Period for assembling modules

10/2

Period for initial inventory

9/24 9/25 9/26 9/27 9/28 9/29 9/30 10/1

Scenario (08)

Date

Pod type A B A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 6 6 6 6 6 7 6 7 6 0 0 0 0

Transport(F to W) 6 4 6 5 6 6 6 6 0 6 10 0 10 12 0 0 0 0

Inventory(F) -- -- -- -- -- -- -- -- 6 0 3 6 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- -- -- 8 15 24 10 12 14 0 0 0 0

Inventory(W) 6 4 12 9 18 15 24 21 16 12 2 2 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- -- -- 8 7 20 18 16 14 0 0 0 0

Inventory(S) -- -- -- -- -- -- -- -- 0 8 4 0 0 0 0 0 0 0

10/2

Period for assembling modulesPeriod for initial inventory

9/24 9/25 9/26 9/27 9/28 9/29 9/30 10/1
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Scenario (09)

Date

Pod type A B A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 6 6 6 6 6 7 6 7 6 0 0 0 0

Transport(F to W) 6 4 6 5 6 6 6 6 0 6 8 4 12 8 0 0 0 0

Inventory(F) -- -- -- -- -- -- -- -- 6 0 5 2 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- -- -- 20 14 6 17 18 8 0 0 0 0

Inventory(W) 6 4 12 9 18 15 24 21 4 13 6 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- -- -- 16 14 10 9 18 16 0 0 0 0

Inventory(S) -- -- -- -- -- -- -- -- 4 0 0 8 0 0 0 0 0 0

Period for assembling modules

10/2

Period for initial inventory

9/24 9/25 9/26 9/27 9/28 9/29 9/30 10/1

Scenario (10)

Date

Pod type A B A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 6 6 6 6 6 7 6 7 6 0 0 0 0

Transport(F to W) 6 4 6 5 6 6 6 6 0 6 8 4 12 8 0 0 0 0

Inventory(F) -- -- -- -- -- -- -- -- 6 0 5 2 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- -- -- 10 17 16 14 18 8 0 0 0 0

Inventory(W) 6 4 12 9 18 15 24 21 14 10 6 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- -- -- 10 9 16 14 18 16 0 0 0 0

Inventory(S) -- -- -- -- -- -- -- -- 0 8 0 8 0 0 0 0 0 0

Period for assembling modules

10/2

Period for initial inventory

9/24 9/25 9/26 9/27 9/28 9/29 9/30 10/1

Scenario (11)

Date

Pod type A B A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 6 6 6 6 6 7 6 7 6 0 0 0 0

Transport(F to W) 6 4 6 5 6 6 6 6 2 2 6 8 12 8 0 0 0 0

Inventory(F) -- -- -- -- -- -- -- -- 4 4 5 2 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- -- -- 24 18 1 12 19 9 0 0 0 0

Inventory(W) 6 4 12 9 18 15 24 21 2 5 7 1 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- -- -- 20 18 5 4 19 17 0 0 0 0

Inventory(S) -- -- -- -- -- -- -- -- 4 0 0 8 0 0 0 0 0 0

9/28 9/29 9/30 10/1 10/2

Period for initial inventory Period for assembling modules

9/24 9/25 9/26 9/27

Scenario (12)

Date

Pod type A B A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 6 6 6 6 6 7 6 7 6 0 0 0 0

Transport(F to W) 6 4 6 5 6 6 6 6 2 2 6 8 12 8 0 0 0 0

Inventory(F) -- -- -- -- -- -- -- -- 4 4 5 2 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- -- -- 9 4 16 26 19 9 0 0 0 0

Inventory(W) 6 4 12 9 18 15 24 21 17 19 7 1 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- -- -- 5 4 20 18 19 17 0 0 0 0

Inventory(S) -- -- -- -- -- -- -- -- 4 0 0 8 0 0 0 0 0 0

9/28 9/29 9/30 10/1 10/2

Period for initial inventory Period for assembling modules

9/24 9/25 9/26 9/27
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Scenario (13)

Date

Pod type A B A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 6 6 6 6 6 7 6 7 6 0 0 0 0

Transport(F to W) 6 4 6 5 6 6 6 6 3 0 4 12 13 6 0 0 0 0

Inventory(F) -- -- -- -- -- -- -- -- 3 6 6 0 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- -- -- 22 21 2 8 20 10 0 0 0 0

Inventory(W) 6 4 12 9 18 15 24 21 5 0 7 4 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- -- -- 20 18 4 3 20 18 0 0 0 0

Inventory(S) -- -- -- -- -- -- -- -- 2 3 0 8 0 0 0 0 0 0

9/28 9/29 9/30 10/1 10/2

Period for initial inventory Period for assembling modules

9/24 9/25 9/26 9/27

Scenario (14)

Date

Pod type A B A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 6 6 6 6 6 7 6 7 6 0 0 0 0

Transport(F to W) 6 4 6 5 6 6 6 6 4 0 4 10 12 8 0 0 0 0

Inventory(F) -- -- -- -- -- -- -- -- 2 6 5 2 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- -- -- 17 20 11 1 16 18 0 0 0 0

Inventory(W) 6 4 12 9 18 15 24 21 11 1 4 10 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- -- -- 16 14 8 7 20 18 0 0 0 0

Inventory(S) -- -- -- -- -- -- -- -- 1 6 4 0 0 0 0 0 0 0

9/28 9/29 9/30 10/1 10/2

Period for initial inventory Period for assembling modules

9/24 9/25 9/26 9/27

Scenario (15)

Date

Pod type A B A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 6 6 6 6 6 7 6 7 6 0 0 0 0

Transport(F to W) 6 4 6 5 6 6 6 6 4 0 4 10 12 8 0 0 0 0

Inventory(F) -- -- -- -- -- -- -- -- 2 6 5 2 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- -- -- 8 15 16 14 20 10 0 0 0 0

Inventory(W) 6 4 12 9 18 15 24 21 20 6 8 2 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- -- -- 8 7 16 14 20 18 0 0 0 0

Inventory(S) -- -- -- -- -- -- -- -- 0 8 0 8 0 0 0 0 0 0

9/24 9/25 9/26 9/27 9/28 9/29 9/30 10/1 10/2

Period for initial inventory Period for assembling modules

Scenario (16)

Date

Pod type A B A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 6 6 6 6 6 7 6 7 6 0 0 0 0

Transport(F to W) 6 4 6 5 6 6 6 6 3 0 4 12 13 6 0 0 0 0

Inventory(F) -- -- -- -- -- -- -- -- 3 6 6 0 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- -- -- 4 11 20 18 20 10 0 0 0 0

Inventory(W) 6 4 12 9 18 15 24 21 23 10 7 4 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- -- -- 4 3 20 18 20 18 0 0 0 0

Inventory(S) -- -- -- -- -- -- -- -- 0 8 0 8 0 0 0 0 0 0

Period for initial inventory Period for assembling modules

9/24 9/25 9/26 9/27 9/28 9/29 9/30 10/1 10/2
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(Long term problem instance) 

 

 

Scenario (17)

Date

Pod type A B A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 6 6 6 6 6 7 6 7 6 0 0 0 0

Transport(F to W) 6 4 6 5 6 6 6 6 2 2 6 8 8 4 4 4 0 0

Inventory(F) -- -- -- -- -- -- -- -- 4 4 5 2 4 4 0 0 0 0

Transport(W to S) -- -- -- --- -- -- -- -- 17 12 6 17 17 6 4 4 0 0

Inventory(W) 6 4 12 9 18 15 24 21 9 11 9 2 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- -- -- 13 12 10 9 14 12 7 6 0 0

Inventory(S) -- -- -- -- -- -- -- -- 4 0 0 8 3 2 0 0 0 0

Period for initial inventory Period for assembling modules

9/24 9/25 9/26 9/27 9/28 9/29 9/30 10/1 10/2

Scenario (18)

Date

Pod type A B A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 6 6 6 6 6 7 6 7 6 0 0 0 0

Transport(F to W) 6 4 6 5 6 6 6 6 0 6 8 4 8 4 0 0 4 4

Inventory(F) -- -- -- -- -- -- -- -- 6 0 5 2 4 4 4 4 0 0

Transport(W to S) -- -- -- --- -- -- -- -- 9 16 10 0 8 16 13 3 4 4

Inventory(W) 6 4 12 9 18 15 24 21 15 11 13 15 13 3 0 0 0 0

Demand on site -- -- -- -- -- -- -- -- 9 8 7 6 11 10 10 9 7 6

Inventory(S) -- -- -- -- -- -- -- -- 0 8 3 2 0 8 3 2 0 0

Period for initial inventory Period for assembling modules

9/24 9/25 9/26 9/27 9/28 9/29 9/30 10/1 10/2

Scenario (01)

Date

Pod type A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 6 6 6 6 0 0 0 0 0 0 0

Transport(F to W) 6 4 6 5 6 6 6 4 6 8 0 0 0 0 0 0

Inventory(F) -- -- -- -- -- -- 0 2 0 0 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- 24 18 6 8 0 0 0 0 0 0

Inventory(W) 6 4 12 9 18 15 0 0 0 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- 20 18 10 8 0 0 0 0 0 0

Inventory(S) -- -- -- -- -- -- 4 0 0 0 0 0 0 0 0 0

Period for initial inventory Period for assembling modules

4 5-3 -2 -1 1 2 3

Scenario (02)

Date

Pod type A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 5 6 6 6 6 0 0 0 0 0 0

Transport(F to W) 6 4 6 5 6 5 2 4 10 8 0 0 0 0 0 0

Inventory(F) -- -- -- -- -- -- 4 2 0 0 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- 20 14 10 12 0 0 0 0 0 0

Inventory(W) 6 4 12 9 18 14 0 4 0 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- 16 14 14 12 0 0 0 0 0 0

Inventory(S) -- -- -- -- -- -- 4 0 0 0 0 0 0 0 0 0

Period for initial inventory Period for assembling modules

-3 -2 -1 1 2 3 4 5



251 

 

 

 

 

 

 

 

 

Scenario (03)

Date

Pod type A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 5 6 6 6 6 0 0 0 0 0 0

Transport(F to W) 6 4 6 5 6 5 2 4 10 8 0 0 0 0 0 0

Inventory(F) -- -- -- -- -- -- 4 2 0 0 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- 11 14 19 12 0 0 0 0 0 0

Inventory(W) 6 4 12 9 18 14 9 4 0 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- 10 9 20 17 0 0 0 0 0 0

Inventory(S) -- -- -- -- -- -- 1 5 0 0 0 0 0 0 0 0

Period for assembling modulesPeriod for initial inventory

-3 -2 -1 1 2 3 4 5

Scenario (04)

Date

Pod type A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 5 6 6 6 6 0 0 0 0 0 0

Transport(F to W) 6 4 6 5 6 5 6 4 6 8 0 0 0 0 0 0

Inventory(F) -- -- -- -- -- -- 0 2 0 0 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- 24 18 6 8 0 0 0 0 0 0

Inventory(W) 6 4 12 9 18 14 0 0 0 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- 20 18 8 7 2 1 0 0 0 0

Inventory(S) -- -- -- -- -- -- 4 0 2 1 0 0 0 0 0 0

Period for initial inventory Period for assembling modules

4 5-3 -2 -1 1 2 3

Scenario (05)

Date

Pod type A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 5 6 6 6 6 0 0 0 0 0 0

Transport(F to W) 6 4 6 5 6 5 4 0 8 12 0 0 0 0 0 0

Inventory(F) -- -- -- -- -- -- 2 6 0 0 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- 10 10 20 16 0 0 0 0 0 0

Inventory(W) 6 4 12 9 18 14 12 4 0 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- 8 7 20 18 2 1 0 0 0 0

Inventory(S) -- -- -- -- -- -- 2 3 2 1 0 0 0 0 0 0

Period for initial inventory Period for assembling modules

-3 -2 -1 1 2 3 4 5

Scenario (06)

Date

Pod type A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 5 6 6 6 6 0 0 0 0 0 0

Transport(F to W) 6 4 6 5 6 5 2 4 10 4 0 4 0 0 0 0

Inventory(F) -- -- -- -- -- -- 4 2 0 4 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- 18 18 12 4 0 4 0 0 0 0

Inventory(W) 6 4 12 9 18 14 2 0 0 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- 16 14 10 9 4 3 0 0 0 0

Inventory(S) -- -- -- -- -- -- 2 4 4 -1 0 0 0 0 0 0

Period for initial inventory Period for assembling modules

-3 -2 -1 1 2 3 4 5
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Scenario (07)

Date

Pod type A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 5 6 6 6 6 0 0 0 0 0 0

Transport(F to W) 6 4 6 5 6 5 2 4 8 8 2 0 0 0 0 0

Inventory(F) -- -- -- -- -- -- 4 2 2 0 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- 10 17 18 9 2 0 0 0 0 0

Inventory(W) 6 4 12 9 18 14 10 1 0 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- 10 9 16 14 4 3 0 0 0 0

Inventory(S) -- -- -- -- -- -- 0 8 2 3 0 0 0 0 0 0

Period for initial inventory Period for assembling modules

-3 -2 -1 1 2 3 4 5

Scenario (08)

Date

Pod type A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 5 6 6 6 6 0 0 0 0 0 0

Transport(F to W) 6 4 6 5 6 5 2 4 8 4 2 4 0 0 0 0

Inventory(F) -- -- -- -- -- -- 4 2 2 4 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- 20 18 8 4 2 4 0 0 0 0

Inventory(W) 6 4 12 9 18 14 0 0 0 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- 20 18 5 4 5 4 0 0 0 0

Inventory(S) -- -- -- -- -- -- 0 0 3 0 0 0 0 0 0 0

Period for initial inventory Period for assembling modules

-3 -2 -1 1 2 3 4 5

Scenario (09)

Date

Pod type A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 5 6 6 6 6 0 0 0 0 0 0

Transport(F to W) 6 4 6 5 6 5 2 4 8 4 2 4 0 0 0 0

Inventory(F) -- -- -- -- -- -- 4 2 2 4 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- 5 12 23 10 2 4 0 0 0 0

Inventory(W) 6 4 12 9 18 14 15 6 0 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- 5 4 20 18 5 4 0 0 0 0

Inventory(S) -- -- -- -- -- -- 0 8 3 0 0 0 0 0 0 0

Period for initial inventory Period for assembling modules

-3 -2 -1 1 2 3 4 5

Scenario (10)

Date

Pod type A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 5 6 6 6 6 0 0 0 0 0 0

Transport(F to W) 6 4 6 5 6 5 6 4 2 4 4 4 0 0 0 0

Inventory(F) -- -- -- -- -- -- 0 2 4 4 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- 24 18 2 4 4 4 0 0 0 0

Inventory(W) 6 4 12 9 18 14 0 0 0 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- 20 18 4 3 6 5 0 0 0 0

Inventory(S) -- -- -- -- -- -- 4 0 2 1 0 0 0 0 0 0

Period for initial inventory Period for assembling modules

-3 -2 -1 1 2 3 4 5
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Scenario (11)

Date

Pod type A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 5 6 6 6 6 0 0 0 0 0 0

Transport(F to W) 6 4 6 5 6 5 2 4 6 4 4 4 0 0 0 0

Inventory(F) -- -- -- -- -- -- 4 2 4 4 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- 18 18 8 4 4 4 0 0 0 0

Inventory(W) 6 4 12 9 18 14 2 0 0 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- 16 14 8 7 6 5 0 0 0 0

Inventory(S) -- -- -- -- -- -- 2 4 2 1 0 0 0 0 0 0

Period for initial inventory Period for assembling modules

-3 -2 -1 1 2 3 4 5

Scenario (12)

Date

Pod type A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 5 6 6 6 6 0 0 0 0 0 0

Transport(F to W) 6 4 6 5 6 5 2 4 4 8 6 0 0 0 0 0

Inventory(F) -- -- -- -- -- -- 4 2 6 0 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- 8 14 16 12 6 0 0 0 0 0

Inventory(W) 6 4 12 9 18 14 12 4 0 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- 8 7 16 14 6 5 0 0 0 0

Inventory(S) -- -- -- -- -- -- 0 7 0 5 0 0 0 0 0 0

Period for initial inventory Period for assembling modules

-3 -2 -1 1 2 3 4 5

Scenario (13)

Date

Pod type A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 5 6 6 6 6 0 0 0 0 0 0

Transport(F to W) 6 4 6 5 6 5 2 4 8 4 2 4 0 0 0 0

Inventory(F) -- -- -- -- -- -- 4 2 2 4 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- 4 10 23 12 3 4 0 0 0 0

Inventory(W) 6 4 12 9 18 14 16 8 1 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- 4 3 20 18 6 5 0 0 0 0

Inventory(S) -- -- -- -- -- -- 0 7 3 1 0 0 0 0 0 0

Period for initial inventory Period for assembling modules

-3 -2 -1 1 2 3 4 5

Scenario (14)

Date

Pod type A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 5 6 6 6 6 0 0 0 0 0 0

Transport(F to W) 6 4 6 5 6 5 6 4 2 4 4 4 0 0 0 0

Inventory(F) -- -- -- -- -- -- 0 2 4 4 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- 24 18 2 2 4 6 0 0 0 0

Inventory(W) 6 4 12 9 18 14 0 0 0 2 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- 20 18 2 2 8 6 0 0 0 0

Inventory(S) -- -- -- -- -- -- 4 0 4 0 0 0 0 0 0 0

Period for initial inventory Period for assembling modules

-3 -2 -1 1 2 3 4 5
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Scenario (15)

Date

Pod type A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 5 6 6 6 6 0 0 0 0 0 0

Transport(F to W) 6 4 6 5 6 5 2 4 4 8 6 0 0 0 0 0

Inventory(F) -- -- -- -- -- -- 4 2 6 0 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- 2 10 21 16 7 0 0 0 0 0

Inventory(W) 6 4 12 9 18 14 18 8 1 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- 2 2 20 18 8 6 0 0 0 0

Inventory(S) -- -- -- -- -- -- 0 8 1 6 0 0 0 0 0 0

Period for initial inventory Period for assembling modules

-3 -2 -1 1 2 3 4 5

Scenario (16)

Date

Pod type A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 5 6 6 6 6 0 0 0 0 0 0

Transport(F to W) 6 4 6 5 6 5 2 4 4 8 6 0 0 0 0 0

Inventory(F) -- -- -- -- -- -- 4 2 6 0 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- 20 14 4 6 6 6 0 0 0 0

Inventory(W) 6 4 12 9 18 14 0 4 0 6 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- 16 14 5 4 9 8 0 0 0 0

Inventory(S) -- -- -- -- -- -- 4 0 3 2 0 0 0 0 0 0

Period for initial inventory Period for assembling modules

-3 -2 -1 1 2 3 4 5

Scenario (17)

Date

Pod type A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 5 6 6 6 6 0 0 0 0 0 0

Transport(F to W) 6 4 6 5 6 5 2 4 4 8 6 0 0 0 0 0

Inventory(F) -- -- -- -- -- -- 4 2 6 0 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- 9 4 15 16 6 6 0 0 0 0

Inventory(W) 6 4 12 9 18 14 11 14 0 6 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- 5 4 16 14 9 8 0 0 0 0

Inventory(S) -- -- -- -- -- -- 4 0 3 2 0 0 0 0 0 0

-1 1 2 3 4 5

Period for initial inventory Period for assembling modules

-3 -2

Scenario (18)

Date

Pod type A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 5 6 6 6 6 0 0 0 0 0 0

Transport(F to W) 6 4 6 5 6 5 6 4 0 8 6 0 0 0 0 0

Inventory(F) -- -- -- -- -- -- 0 2 6 0 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- 24 18 0 0 6 8 0 0 0 0

Inventory(W) 6 4 12 9 18 14 0 0 0 8 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- 20 18 0 0 10 8 0 0 0 0

Inventory(S) -- -- -- -- -- -- 4 0 4 0 0 0 0 0 0 0

4 5

Period for initial inventory Period for assembling modules

-3 -2 -1 1 2 3
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Scenario (19)

Date

Pod type A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 5 6 6 6 6 0 0 0 0 0 0

Transport(F to W) 6 4 6 5 6 5 2 4 4 8 6 0 0 0 0 0

Inventory(F) -- -- -- -- -- -- 4 2 6 0 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- 14 8 6 18 10 0 0 0 0 0

Inventory(W) 6 4 12 9 18 14 6 10 4 0 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- 10 9 10 9 10 8 0 0 0 0

Inventory(S) -- -- -- -- -- -- 4 -1 0 8 0 0 0 0 0 0

Period for initial inventory Period for assembling modules

-3 -2 -1 1 2 3 4 5

Scenario (20)

Date

Pod type A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 5 6 6 6 6 0 0 0 0 0 0

Transport(F to W) 6 4 6 5 6 5 2 4 4 8 0 0 0 0 6 0

Inventory(F) -- -- -- -- -- -- 4 2 6 0 6 0 6 0 0 0

Transport(W to S) -- -- -- --- -- -- 9 8 7 3 6 5 2 10 6 0

Inventory(W) 6 4 12 9 18 14 11 10 8 15 2 10 0 0 0 0

Demand on site -- -- -- -- -- -- 6 6 6 5 6 5 6 5 6 5

Inventory(S) -- -- -- -- -- -- 3 2 4 0 4 0 0 5 0 0

Period for initial inventory Period for assembling modules

-3 -2 -1 1 2 3 4 5

Scenario (21)

Date

Pod type A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 5 6 6 6 6 0 0 0 0 0 0

Transport(F to W) 6 4 6 5 6 5 2 4 4 8 6 0 0 0 0 0

Inventory(F) -- -- -- -- -- -- 4 2 6 0 0 0 0 0 0 0

Transport(W to S) -- -- -- --- -- -- 9 4 5 4 16 18 0 0 0 0

Inventory(W) 6 4 12 9 18 14 11 14 10 18 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- 5 4 5 4 20 18 0 0 0 0

Inventory(S) -- -- -- -- -- -- 4 0 4 0 0 0 0 0 0 0

Period for initial inventory Period for assembling modules

-3 -2 -1 1 2 3 4 5

Scenario (22)

Date

Pod type A B A B A B A B A B A B A B A B

Production 6 4 6 5 6 5 6 6 6 6 0 0 0 0 0 0

Transport(F to W) 6 4 6 5 6 5 2 4 6 4 0 0 4 4 0 0

Inventory(F) -- -- -- -- -- -- 4 2 4 4 4 4 0 0 0 0

Transport(W to S) -- -- -- --- -- -- 10 10 10 4 6 8 4 4 0 0

Inventory(W) 6 4 12 9 18 14 10 8 6 8 0 0 0 0 0 0

Demand on site -- -- -- -- -- -- 8 7 8 7 8 7 6 5 0 0

Inventory(S) -- -- -- -- -- -- 2 3 4 0 2 1 0 0 0 0

Period for initial inventory Period for assembling modules

-3 -2 -1 1 2 3 4 5
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Appendix L – CPLEX outputs for the robust optimisation model  
 

The solutions for the best warehouse location 

 

 

 

 

 

 

 

Scenario (01)

Days -2 -1 1 2 3 4 5

Production 3 3 4 3 3 0 0

Transport(F to W) 3 3 4 2 4 0 0

Inventory(F) - - 0 1 0 0 0

Transport(W to S) - - 10 2 4 0 0

Inventory(W) 3 6 0 0 0 0 0

Demand on site - - 10 6 0 0 0

Inventory(S) - - 0 -4 0 0 0

Period for assembling modulesInitial inventory preparation

Scenario (02)

Days -2 -1 1 2 3 4 5

Production 3 3 4 3 3 0 0

Transport(F to W) 3 3 4 2 4 0 0

Inventory(F) - - 0 1 0 0 0

Transport(W to S) - - 8 4 4 0 0

Inventory(W) 3 6 2 0 0 0 0

Demand on site - - 8 8 0 0 0

Inventory(S) - - 0 -4 0 0 0

Initial inventory preparation Period for assembling modules

Scenario (03)

Days -2 -1 1 2 3 4 5

Production 3 3 4 3 3 0 0

Transport(F to W) 3 3 4 2 4 0 0

Inventory(F) - - 0 1 0 0 0

Transport(W to S) - - 10 2 4 0 0

Inventory(W) 3 6 0 0 0 0 0

Demand on site - - 10 5 1 0 0

Inventory(S) - - 0 -3 0 0 0

Initial inventory preparation Period for assembling modules

Scenario (04)

Days -2 -1 1 2 3 4 5

Production 3 3 4 3 3 0 0

Transport(F to W) 3 3 4 2 4 0 0

Inventory(F) - - 0 1 0 0 0

Transport(W to S) - - 5 7 4 0 0

Inventory(W) 3 6 5 0 0 0 0

Demand on site - - 5 10 1 0 0

Inventory(S) - - 0 -3 0 0 0

Initial inventory preparation Period for assembling modules

Scenario (05)

Days -2 -1 1 2 3 4 5

Production 3 3 4 3 3 0 0

Transport(F to W) 3 3 4 2 4 0 0

Inventory(F) - - 0 1 0 0 0

Transport(W to S) - - 5 5 6 0 0

Inventory(W) 3 6 5 2 0 0 0

Demand on site - - 5 5 6 0 0

Inventory(S) - - 0 0 0 0 0

Initial inventory preparation Period for assembling modules
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Scenario (06)

Days -2 -1 1 2 3 4 5

Production 3 3 4 3 3 0 0

Transport(F to W) 3 3 4 2 4 0 0

Inventory(F) - - 0 1 0 0 0

Transport(W to S) - - 10 0 6 0 0

Inventory(W) 3 6 0 2 0 0 0

Demand on site - - 10 0 6 0 0

Inventory(S) - - 0 0 0 0 0

Initial inventory preparation Period for assembling modules

Scenario (07)

Days -2 -1 1 2 3 4 5

Production 3 3 4 3 3 0 0

Transport(F to W) 3 3 4 2 4 0 0

Inventory(F) - - 0 1 0 0 0

Transport(W to S) - - 0 10 6 0 0

Inventory(W) 3 6 10 2 0 0 0

Demand on site - - 0 10 6 0 0

Inventory(S) - - 0 0 0 0 0

Initial inventory preparation Period for assembling modules

Scenario (08)

Days -2 -1 1 2 3 4 5

Production 3 3 4 3 3 0 0

Transport(F to W) 3 3 4 2 4 0 0

Inventory(F) - - 0 1 0 0 0

Transport(W to S) - - 8 4 4 0 0

Inventory(W) 3 6 2 0 0 0 0

Demand on site - - 8 5 3 0 0

Inventory(S) - - 0 -1 0 0 0

Initial inventory preparation Period for assembling modules

Scenario (09)

Days -2 -1 1 2 3 4 5

Production 3 3 4 3 3 0 0

Transport(F to W) 3 3 4 2 4 0 0

Inventory(F) - - 0 1 0 0 0

Transport(W to S) - - 5 7 4 0 0

Inventory(W) 3 6 5 0 0 0 0

Demand on site - - 5 8 3 0 0

Inventory(S) - - 0 -1 0 0 0

Initial inventory preparation Period for assembling modules

Scenario (10)

Days -2 -1 1 2 3 4 5

Production 3 3 4 3 3 0 0

Transport(F to W) 3 3 4 2 4 0 0

Inventory(F) - - 0 1 0 0 0

Transport(W to S) - - 10 2 4 0 0

Inventory(W) 3 6 0 0 0 0 0

Demand on site - - 10 4 2 0 0

Inventory(S) - - 0 -2 0 0 0

Initial inventory preparation Period for assembling modules
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Scenario (11)

Days -2 -1 1 2 3 4 5

Production 3 3 4 3 3 0 0

Transport(F to W) 3 3 4 2 4 0 0

Inventory(F) - - 0 1 0 0 0

Transport(W to S) - - 4 8 4 0 0

Inventory(W) 3 6 6 0 0 0 0

Demand on site - - 4 10 2 0 0

Inventory(S) - - 0 -2 0 0 0

Initial inventory preparation Period for assembling modules

Scenario (12)

Days -2 -1 1 2 3 4 5

Production 3 3 4 3 3 0 0

Transport(F to W) 3 3 4 2 4 0 0

Inventory(F) - - 0 1 0 0 0

Transport(W to S) - - 10 2 4 0 0

Inventory(W) 3 6 0 0 0 0 0

Demand on site - - 10 2 4 0 0

Inventory(S) - - 0 0 0 0 0

Initial inventory preparation Period for assembling modules

Scenario (13)

Days -2 -1 1 2 3 4 5

Production 3 3 4 3 3 0 0

Transport(F to W) 3 3 4 2 4 0 0

Inventory(F) - - 0 1 0 0 0

Transport(W to S) - - 2 10 4 0 0

Inventory(W) 3 6 8 0 0 0 0

Demand on site - - 2 10 4 0 0

Inventory(S) - - 0 0 0 0 0

Initial inventory preparation Period for assembling modules

Scenario (14)

Days -2 -1 1 2 3 4 5

Production 3 3 4 3 3 0 0

Transport(F to W) 3 3 4 2 4 0 0

Inventory(F) - - 0 1 0 0 0

Transport(W to S) - - 4 4 8 0 0

Inventory(W) 3 6 6 4 0 0 0

Demand on site - - 4 4 8 0 0

Inventory(S) - - 0 0 0 0 0

Initial inventory preparation Period for assembling modules

Scenario (15)

Days -2 -1 1 2 3 4 5

Production 3 3 4 3 3 0 0

Transport(F to W) 3 3 4 2 4 0 0

Inventory(F) - - 0 1 0 0 0

Transport(W to S) - - 5 5 5 1 0

Inventory(W) 3 6 5 2 1 0 0

Demand on site - - 5 5 5 1 0

Inventory(S) - - 0 0 0 0 0

Initial inventory preparation Period for assembling modules



259 

 

 

 

 

 

 

 

 

 

 

Scenario (16)

Days -2 -1 1 2 3 4 5

Production 3 3 4 3 3 0 0

Transport(F to W) 3 3 4 2 4 0 0

Inventory(F) - - 0 1 0 0 0

Transport(W to S) - - 10 2 3 1 0

Inventory(W) 3 6 0 0 1 0 0

Demand on site - - 10 5 0 1 0

Inventory(S) - - 0 -3 0 0 0

Initial inventory preparation Period for assembling modules

Scenario (17)

Days -2 -1 1 2 3 4 5

Production 3 3 4 3 3 0 0

Transport(F to W) 3 3 4 2 4 0 0

Inventory(F) - - 0 1 0 0 0

Transport(W to S) - - 10 0 5 1 0

Inventory(W) 3 6 0 2 1 0 0

Demand on site - - 10 0 5 1 0

Inventory(S) - - 0 0 0 0 0

Initial inventory preparation Period for assembling modules

Scenario (18)

Days -2 -1 1 2 3 4 5

Production 3 3 4 3 3 0 0

Transport(F to W) 3 3 4 2 4 0 0

Inventory(F) - - 0 1 0 0 0

Transport(W to S) - - 5 7 3 1 0

Inventory(W) 3 6 5 0 1 0 0

Demand on site - - 5 10 0 1 0

Inventory(S) - - 0 -3 0 0 0

Initial inventory preparation Period for assembling modules

Scenario (19)

Days -2 -1 1 2 3 4 5

Production 3 3 4 3 3 0 0

Transport(F to W) 3 3 4 2 4 0 0

Inventory(F) - - 0 1 0 0 0

Transport(W to S) - - 5 0 10 1 0

Inventory(W) 3 6 5 7 1 0 0

Demand on site - - 5 0 10 1 0

Inventory(S) - - 0 0 0 0 0

Initial inventory preparation Period for assembling modules

Scenario (20)

Days -2 -1 1 2 3 4 5

Production 3 3 4 3 3 0 0

Transport(F to W) 3 3 4 2 4 0 0

Inventory(F) - - 0 1 0 0 0

Transport(W to S) - - 0 10 5 1 0

Inventory(W) 3 6 10 2 1 0 0

Demand on site - - 0 10 5 1 0

Inventory(S) - - 0 0 0 0 0

Initial inventory preparation Period for assembling modules
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Scenario (21)

Days -2 -1 1 2 3 4 5

Production 3 3 4 3 3 0 0

Transport(F to W) 3 3 4 2 4 0 0

Inventory(F) - - 0 1 0 0 0

Transport(W to S) - - 0 5 10 1 0

Inventory(W) 3 6 10 7 1 0 0

Demand on site - - 0 5 10 1 0

Inventory(S) - - 0 0 0 0 0

Initial inventory preparation Period for assembling modules

Scenario (22)

Days -2 -1 1 2 3 4 5

Production 3 3 4 3 3 0 0

Transport(F to W) 3 3 4 2 4 0 0

Inventory(F) - - 0 1 0 0 0

Transport(W to S) - - 4 4 4 4 0

Inventory(W) 3 6 6 4 4 0 0

Demand on site - - 4 4 4 4 0

Inventory(S) - - 0 0 0 0 0

Initial inventory preparation Period for assembling modules

Scenario (23)

Days -2 -1 1 2 3 4 5

Production 3 3 4 3 3 0 0

Transport(F to W) 3 3 4 2 4 0 0

Inventory(F) - - 0 1 0 0 0

Transport(W to S) - - 4 3 3 3 3

Inventory(W) 3 6 6 5 6 3 0

Demand on site - - 4 3 3 3 3

Inventory(S) - - 0 0 0 0 0

Initial inventory preparation Period for assembling modules
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Appendix M – CPLEX outputs for the outsourcing model  

The optimal distribution schemes for all possible self-manufacturing duration options 

 

Week -7 -6 -5 -4 -3 -2 -1 1 2 3 4 5 

Component w b w b w b w b w b w b w b w b w b w b w b w b 

Production Quantity 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Transp. (Fac→Whse) 0 4 4 12 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Inventory (Fac) 12 4 20 0 20 0 20 0 20 0 20 0 20 0 20 0 20 0 20 0 20 0 20 0 

Transp. (Whse→Site) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 21 14 21 14 21 14 21 14 21 14 

Inventory (Whse) 0 4 4 16 16 24 28 32 40 40 52 48 64 56 55 50 46 44 37 38 28 32 19 26 

Planned-Outsource 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Emergency-Outsource 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Site Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 21 14 21 14 21 14 21 14 21 14 

Inventory (Site) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

              

Week 6 7 8 9 10 11 12 13 14 15 16 17 

Component w b w b w b w b w b w b w b w b w b w b w b w b 

Production Quantity 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Transp. (Fac→Whse) 12 8 12 8 20 4 21 10 15 10 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Inventory (Fac) 20 0 20 0 12 4 3 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Transp. (Whse→Site) 21 14 21 14 21 14 21 14 15 10 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Inventory (Whse) 10 20 1 14 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Planned-Outsource 0 0 0 0 0 0 0 0 6 4 9 6 9 6 9 6 9 6 9 6 9 6 12 6 

Emergency-Outsource 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 

Site Demand 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 24 16 

Inventory (Site) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Table M-1 Detailed distribution schemes for option I (24 weeks in total). 

 

Week -6 -5 -4 -3 -2 -1 1 2 3 4 5 6 

Component w b w b w b w b w b w b w b w b w b w b w b w b 

Production Quantity 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Transp. (Fac→Whse) 0 4 4 12 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 14 7 

Inventory (Fac) 12 4 20 0 20 0 20 0 20 0 20 0 20 0 20 0 20 0 20 0 20 0 18 1 

Transp. (Whse→Site) 0 0 0 0 0 0 0 0 0 0 0 0 21 14 21 14 21 14 21 14 21 14 21 14 

Inventory (Whse) 0 4 4 16 16 24 28 32 40 40 52 48 43 42 34 36 25 30 16 24 7 18 0 11 

Planned-Outsource 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Emergency-Outsource 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Site Demand 0 0 0 0 0 0 0 0 0 0 0 0 21 14 21 14 21 14 21 14 21 14 21 14 

Inventory (Site) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

              

Week 7 8 9 10 11 12 13 14 15 16 17 

Component w b w b w b w b w b w b w b w b w b w b w b 

Production Quantity 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Transp. (Fac→Whse) 21 4 21 13 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Inventory (Fac) 9 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Transp. (Whse→Site) 21 14 21 14 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Inventory (Whse) 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Planned-Outsource 0 0 0 0 9 6 9 6 9 6 9 6 9 6 9 6 9 6 9 6 12 6 

Emergency-Outsource 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 

Site Demand 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 

Inventory (Site) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Table M-2 Detailed distribution schemes for option II (23 weeks in total). 
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Week -5 -4 -3 -2 -1 1 2 3 4 5 6 

Component w b w b w b w b w b w b w b w b w b w b w b 

Production Quantity 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Transp. (Fac→Whse) 0 4 4 12 12 8 12 8 12 8 12 8 12 8 12 8 12 8 17 6 21 6 

Inventory (Fac) 12 4 20 0 20 0 20 0 20 0 20 0 20 0 20 0 20 0 15 2 6 4 

Transp. (Whse→Site) 0 0 0 0 0 0 0 0 0 0 21 14 21 14 21 14 21 14 21 14 21 14 

Inventory (Whse) 0 4 4 16 16 24 28 32 40 40 31 34 22 28 13 22 4 16 0 8 0 0 

Planned-Outsource 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Emergency-Outsource 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Site Demand 0 0 0 0 0 0 0 0 0 0 21 14 21 14 21 14 21 14 21 14 21 14 

Inventory (Site) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

             

Week 7 8 9 10 11 12 13 14 15 16 17 

Component w b w b w b w b w b w b w b w b w b w b w b 

Production Quantity 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Transp. (Fac→Whse) 18 12 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Inventory (Fac) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Transp. (Whse→Site) 18 12 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Inventory (Whse) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Planned-Outsource 3 2 9 6 9 6 9 6 9 6 9 6 9 6 9 6 9 4 9 6 12 8 

Emergency-Outsource 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 

Site Demand 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 24 16 

Inventory (Site) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Table M-3 Detailed distribution schemes for option III (22 weeks in total). 

 

Week -4 -3 -2 -1 1 2 3 4 5 6 7 

Component w b w b w b w b w b w b w b w b w b w b w b 

Production Quantity 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Transp. (Fac→Whse) 0 4 4 12 12 8 12 8 12 8 12 8 12 8 20 4 21 10 15 10 12 8 

Inventory (Fac) 12 4 20 0 20 0 20 0 20 0 20 0 20 0 12 4 3 2 0 0 0 0 

Transp. (Whse→Site) 0 0 0 0 0 0 0 0 21 14 21 14 21 14 21 14 21 14 15 10 12 8 

Inventory (Whse) 0 4 4 16 16 24 28 32 19 26 10 20 1 14 0 4 0 0 0 0 0 0 

Planned-Outsource 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 4 9 6 

Emergency-Outsource 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Site Demand 0 0 0 0 0 0 0 0 21 14 21 14 21 14 21 14 21 14 21 14 21 14 

Inventory (Site) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

             

Week 8 9 10 11 12 13 14 15 16 17   

Component w b w b w b w b w b w b w b w b w b w b   

Production Quantity 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8   

Transp. (Fac→Whse) 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8   

Inventory (Fac) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0   

Transp. (Whse→Site) 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8   

Inventory (Whse) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0   

Planned-Outsource 9 6 9 6 9 6 9 6 9 6 9 6 9 6 9 4 9 6 12 8   

Emergency-Outsource 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0   

Site Demand 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 24 16   

Inventory (Site) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0   

Table M-4 Detailed distribution schemes for option IV (21 weeks in total). 
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Week -3 -2 -1 1 2 3 4 5 6 7 8 

Component w b w b w b w b w b w b w b w b w b w b w b 

Production Quantity 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Transp. (Fac→Whse) 0 4 4 12 12 8 12 8 14 7 21 4 21 13 12 8 12 8 12 8 12 8 

Inventory (Fac) 12 4 20 0 20 0 20 0 18 1 9 5 0 0 0 0 0 0 0 0 0 0 

Transp. (Whse→Site) 0 0 0 0 0 0 21 14 21 14 21 14 21 14 12 8 12 8 12 8 12 8 

Inventory (Whse) 0 4 4 16 16 24 7 18 0 11 0 1 0 0 0 0 0 0 0 0 0 0 

Planned-Outsource 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9 6 9 4 9 6 9 6 

Emergency-Outsource 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 

Site Demand 0 0 0 0 0 0 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 

Inventory (Site) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

             

Week 9 10 11 12 13 14 15 16 17 

Component w b w b w b w b w b w b w b w b w b 

Production Quantity 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Transp. (Fac→Whse) 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Inventory (Fac) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Transp. (Whse→Site) 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Inventory (Whse) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Planned-Outsource 9 6 9 6 9 6 9 6 9 6 9 6 9 6 9 6 12 8 

Emergency-Outsource 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Site Demand 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 24 16 

Inventory (Site) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Table M-5 Detailed distribution schemes for option V (20 weeks in total). 

 

Week -2 -1 1 2 3 4 5 6 7 8 9 

Component w b w b w b w b w b w b w b w b w b w b w b 

Production Quantity 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Transp. (Fac→Whse) 0 4 4 12 17 6 21 6 18 12 12 8 12 8 12 8 12 8 12 8 12 8 

Inventory (Fac) 12 4 20 0 15 2 6 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Transp. (Whse→Site) 0 0 0 0 21 14 21 14 18 12 12 8 12 8 12 8 12 8 12 8 12 8 

Inventory (Whse) 0 4 4 16 0 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Planned-Outsource 0 0 0 0 0 0 0 0 3 2 9 6 9 6 9 6 9 6 9 6 9 6 

Emergency-Outsource 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Site Demand 0 0 0 0 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 

Inventory (Site) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

             

Week 10 11 12 13 14 15 16 17 

Component w b w b w b w b w b w b w b w b 

Production Quantity 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Transp. (Fac→Whse) 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Inventory (Fac) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Transp. (Whse→Site) 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Inventory (Whse) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Planned-Outsource 9 6 9 6 9 6 9 6 9 4 9 6 9 6 12 8 

Emergency-Outsource 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 

Site Demand 21 14 21 14 21 14 21 14 21 14 21 14 21 14 24 16 

Inventory (Site) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Table M-6 Detailed distribution schemes for option VI (19 weeks in total). 
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Week -1 1 2 3 4 5 6 7 8 9 10 

Component w b w b w b w b w b w b w b w b w b w b w b 

Production Quantity 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Transp. (Fac→Whse) 0 4 21 10 15 10 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Inventory (Fac) 12 4 3 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Transp. (Whse→Site) 0 0 21 14 15 10 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Inventory (Whse) 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Planned-Outsource 0 0 0 0 6 4 9 6 9 6 9 6 9 6 9 6 9 6 9 6 9 6 

Emergency-Outsource 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Site Demand 0 0 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 

Inventory (Site) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

             

Week 11 12 13 14 15 16 17 

Component w b w b w b w b w b w b w b 

Production Quantity 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Transp. (Fac→Whse) 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Inventory (Fac) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Transp. (Whse→Site) 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Inventory (Whse) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Planned-Outsource 9 6 9 6 9 6 9 4 9 6 9 6 12 8 

Emergency-Outsource 0 0 0 0 0 0 2 0 0 0 0 0 0 0 

Site Demand 21 14 21 14 21 14 21 14 21 14 21 14 24 16 

Inventory (Site) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Table M-7 Detailed distribution schemes for option VII (18 weeks in total). 

 

Week 1 2 3 4 5 6 7 8 9 10 11 

Component w b w b w b w b w b w b w b w b w b w b w b 

Production Quantity 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Transp. (Fac→Whse) 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Inventory (Fac) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Transp. (Whse→Site) 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 12 8 

Inventory (Whse) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Planned-Outsource 9 4 9 6 9 6 9 6 9 6 9 6 9 6 9 6 9 6 9 6 9 6 

Emergency-Outsource 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Site Demand 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 21 14 

Inventory (Site) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

             

Week 12 13 14 15 16 17 

Component w b w b w b w b w b w b 

Production Quantity 12 8 12 8 12 8 12 8 12 8 12 8 

Transp. (Fac→Whse) 12 8 12 8 12 8 12 8 12 8 12 8 

Inventory (Fac) 0 0 0 0 0 0 0 0 0 0 0 0 

Transp. (Whse→Site) 12 8 12 8 12 8 12 8 12 8 12 8 

Inventory (Whse) 0 0 0 0 0 0 0 0 0 0 0 0 

Planned-Outsource 9 6 9 6 9 6 9 6 9 6 12 8 

Emergency-Outsource 0 0 0 0 0 0 0 0 0 0 0 0 

Site Demand 21 14 21 14 21 14 21 14 21 14 24 16 

Inventory (Site) 0 0 0 0 0 0 0 0 0 0 0 0 

Table M-8 Detailed distribution schemes for option VIII (17 weeks in total). 
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Appendix N – New classification method applied to the 22 collected reference 

Table N-1 Delay factors reclassification for Ref.17  

Developed Level

Contient

Nation

Classification

                    Ref No.                                  

Group names

No. Operational and managerial

1 Project manager's responsiblities are ill defined

2 Poor managerial strategies/procedures

3 Consultant lack of competence and skills

4 Consultant lack of of oganizational stability (Often change in staff)

No. Client/Owner

1 Owner changes requirements 

2 Owner's funding change/lack or sudden bankrucptcy

3 Design/scope change by owner

4 Difficult in site acquisition

5 Delay payment to contractors

No. Technological

1 Obsolescence of methods and technologies

2 Not familiar with new materials and advance technology

No. Subcontractor

1 Delays in subcontractors' works

2 Poor management/ plan for subcontractors

3 Low productivity/inconsistent/ Low quality of subcontractors

No. Technological

1 Obsolescence of modern design software

No. Design

1 Poor and incomplete drawings/scope

2 Inadequate specifications

4 Lack of design standards

5 Design Errors and omissions

6 Design documents not issued on time

Equipment-related  factors

No. Political

1 Changes in legislation on employment

2 Labour strikes

No. Financial/economic

1 Shortages in resources availability/materials

Project-related factors

No. Political

1 Change in government

3 War and civil disorder

4 Pemits and government approval

5 Corruptions and bribes

No. Sociocultural

1 Demographic change

No. Legal/regulatory

1 Law which impose new requirments

No. Environmental

1 Conservation restrictions

2 Polluation rules

No. Financial/economic

1 Exchange rate fluctuation

2 Effect in global economy

3 Inflation rate fluctuation

4 Market competition

5 Change in demand

No. Operational and managerial

1 Lack of coordination/communication between parties

No. Sociocultural

1 Criminals acts on site

2 Opposition of neighboring community

3 Conflicts due to different cultures 

No. Job site related

1 Access denied by villagers

No. Acts of God

1 Natural disaster

2 Land sildes

3 Weather conditions (wind,temp,rain)

No. Job site related

1 Inconsistent/different site conditions

2 Bad road conditions/site surrounding

3 Geological conditions

Environment
Environmental/

Natural-related factors

Labour-related  factors

Human/safety/

security-related factors

Material-related  factors

Stakeholders

Developed Country

America

USA

Contractor-related

 factors

Owner-related

 factors

[17]

Consultant-related

 factors

Phases/Stages

Economic/Finance/

Market-related factors

Government/Legal

Regulation-related factors

Design-related

 factors

Social-

economic 

conditions 
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Table N-2 Delay factors reclassification for Ref.11 

Developed Level

Contient

Nation

Classification

                    Ref No.                                  

Group names

No. Risks related to consultant

1 Incomplete or inaccurate cost estimate

2 Unavailability of sufficient site managers

No. Risks related to clients

1 Variations by the client

2 Contractors’ difficulty in reimbursement

No. Risks related to contractors

1 Contractors’ poor management ability

2 Lack of readily available utilities on site

3 Contractors’ poor management ability

No. Risks related to designers

1 Inadequate time for design

2 Inadequate design information (soil test and survey report)

Equipment-related  factors

No. Risks related to labours

1 Poor competency of labourer

2 Unavailability of sufficient amount of skilled labours

No. Risks related to subcontractors/suppliers

1 Suppliers’ incompetency to deliver materials on time
No. External issues

1 Price inflation of construction materials

No. Risks related to projects

1 Tight project schedule

2 Project funding problems

No. Risks related to government agencies

1 Bureaucracy of government

2 Prosecution due to unlawful disposal of construction waste

3 Serious air pollution due to construction activities

4 Serious noise pollution caused by construction

5 Prosecution due to unlawful disposal of construction waste

6 Serous water pollution caused by construction

No. External issues

1 Excessive procedures of government approvals

Economic/Finance/

Market-related factors

No. Safety related risks

1 Employees did not buy safety insurance

2 Inadequate safety measures or unsafe operations

3 Inadequate safety measures or unsafe operations

No. Environment related risks

1 Lack of readily available utilities on site

Phases/Stages

Stakeholders

Environment

Social-

economic 

conditions 

Developed Country

Contractor-related

 factors

Consultant- related

 factors

Environmental/

Natural-related factors

Australia

Australia/China

Human/safety/

security-related factors

[11]

Owner-related  factors

Design-related

 factors

Labour-related  factors

Project-related factors

Government/Legal

Regulation-related factors

Material-related factors
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Table N-3 Delay factors reclassification for Ref.9  

Developed Level

Contient

Nation

                   Ref No.                                  

Group names

No. Engineer related Overall  Rank Group Rank

1 Inaccurate bill of quantities 29 3

2 Poor site management and supervision by consultant 6 1

3 Delay in providing design information and approval of contractor submissions 13 2

No. Client related Overall  Rank Group Rank

1 Client variations/change of scope 10 1

2 Unavailability of the site access area 11 2

3 Unrealitic client requirment 19 3

No. Contractor related Overall  Rank Group Rank

1 Inexperienced contractors 4 1

2 Delay caused by domestic subcontractors 18 2

3 Delay caused by nominated subcontractors 24 3

No. Engineer related Overall  Rank Group Rank

1 Necessary design variations 14 1

Equipment-related  factors

No. Contractor related Overall  Rank Group Rank

1 Poor workmanship 21 1

No. Resource related Overall  Rank Group Rank

2 Lack of skill labour/technical personnel 26 2

No. Resource related Overall  Rank Group Rank

1 Inadequate resource due to contractor/lack of capital 1 1

No. Client related

1 Defective materials provided by clients 30 2

No. Project-related Overall  Rank Group Rank

1 Buildability 12 3

No. Engineer related

1 Inconsistency in contract document 25 5

No. Contractor related

1 Exceptionally low bids 3 1

No. Client related

1 Unrelastic contract duration imposed by client 7 2

2 Imblance in the risk allocation 22 4

No. External factors Overall  Rank Group Rank

1 Uncontroal external factors 16 2

No. Engineer related

1 Slow coordination and seeking of approval from concerned authorities 9 1

No. External factors Overall  Rank Group Rank

1 Uncontroal external factors 16 1

No. Human behaviour related Overall  Rank Group Rank

1 Adversarial/confrontational/controversial culture 23 3

2 Delays in the response of project teams for disruption resolution 15 1

3 Lack of communication 20 2

4 Personality clash between contractor agent and resident engineer 28 5

No. Contractor related

1 Occurance of site accidents 27 4

No. External factors Overall  Rank Group Rank

1 Inclement weather 17 4

2 Environmemntal restrictions 8 3

No. Project-related 

1 Unforseen ground conditions 2 1

2 Work conflict with existing utilities 5 2

Developing Country

Asia

Hong Kong

Design-related  factors

Owner-related

 factors

Contractor-related

 factors

Material-related factors

Project-related 

factors

Government/Legal

Regulation-related factors

Human/safety/

security-related factors

Environmental/

Natural-related factors

Economic/Finance/

Market-related factors

Consultant- related

 factors

[9]

Labour-related  factors
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Table N-4 Delay factors reclassification for Ref.2 

Contient

Nation

Classification

                    Ref No.                                  

Group names

No. Consultant- related factors

1 Lack of communication between consultant and contractor

2 Long waiting time for approval of drawings

3 Long waiting time for approval of test samples of materials

4 Poor site management and supervision

5 Inadequate managerial skills

6 Shortage of managerial and

7 Lack of communication between client and consultant

No. Owner-related factors

1 Client-initiated variations

2 Low speed of decision making

3 Lack of communication between client and contractor

4 Lack of communication between client and consultant

No. Contractor-related factors

1 Lack of communication between consultant and contractor

2 Delays in subcontractors' work

3 Inadequate managerial skills

4 Inadequate contractor experience

5 Unsuitable management structure and style of contractor

6 Lack of communication between client and contractor

7 Unsuitable leadership style of contractor's construction manager

8 Improper control over site resource allocation

9 Inadequate managerial skills on subcontractor

10 Improper methods for construction

11 Contractor's deficiencies in planning and scheduling at preconstruction stage

12 Necessary variations of works (rework)

No. Design-related factors

1 Mistakes and discrepancies in design documents

2 Delays in design information

3 Small extent of design information available at construction start

No. Equipment-related factors

1 Shortage of plant/equipment

No. Labour-related-related factors

1 Shortage of skilled labour

No. Material-related factors

1 Poor procurement programming of materials

2 Shortage of materials in markets

No. Project-related factors

1 Inappropriate overall organizational structure linking all project teams

2 Unrealistic contract durations

3 Project construction complexity

No. Externality-related factors

1 Disputes/conflicts

2 Slow information flow between project team members

No. Externality-related factors

1 Unforeseen ground conditions

Asia

Hong Kong

Stakeholders

Consultant- related

 factors

Owner-related

 factors

Contractor-related

 factors

[2]

Phases/Stages

Design-related

 factors

Equipment-related

 factors

Labour-related

 factors

Material-related 

factors

Project-related 

factors

Environment
Environmental/

Natural-related factors

Social-

economic 

conditions

Government/Legal

Regulation-related factors

Economic/Finance/

Market-related factors

Human/safety/

security-related factors
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Table N-5 Delay factors reclassification for Ref.4 

Developed Level

Contient

Nation

Classification

                    Ref No.                                  

Group names

No. Consultant

Overall 

Rank

Rank in 

Group

1 Supervising officers deliberately creating difficulties for contractors 29 1

No. Owner
Overall 

Rank

Rank in 

Group

1 Owners’ delayed payment 2 1

2 Owners’ unreasonable upfront capital demand 5 2

3 Owners’ improper intervention 8 3

4 Unexpected change of design required 17 4

5 Owners’ breach of contracts and disputes with contractors 19 5

No.
Contractor Overall 

Rank

Rank in 

Group

1 Subcontractors’ poor management 9 1

2 Subcontractors’ poor technology 12 2

3 Inadequate information obtained by contractors prior to tending 16 3

4 Quotation errors in tendering or construction time prediction errors 24 4

5 Subcontractors’ breach of contracts, and disputes with main contractors 27 5

6 Abrupt quality issues in construction 31 6

No.  Design
Overall 

Rank

Rank in 

Group

1 Unexpected change of design required by design units 22 1

No.
Equipment Overall 

Rank

Rank in 

Group

1 Lack or departure of competent and qualified operators 26 1

No.

Labor Overall 

Rank

Rank in 

Group

1 Lack or departure of competent and qualified technicians 26 1

No
Material Overall 

Rank

Rank in 

Group

1 Quality problems of suppliers’ goods 15 1

2 Unexpected delay of goods supply by suppliers 28 2

No
Project Overall 

Rank

Rank in 

Group

1 Capital return difficulty 1 1

2 Unfairness in tendering 3 2

3 Unreasonably tight project duration 6 3

4 Difficulty in claiming indemnity 7 4

5 Absence of sound, effective, and fair arbitration means 13 5

6 Difficulty in relevant insurance compensation 14 6

No. Government/Legal
Overall 

Rank

Rank in 

Group

1 Low efficiency of construction administration departments to approve 10 1

2 Government’s improper intervention 11 2

3 Influence of noise, pollution regulations etc. 18 3

4 Corruption and bribes 23 4

5 Sudden changes of government laws and regulations 25 5

6 Import and export restrictions on imported goods needed in construction 32 6

No. Economic/Finance
Overall 

Rank

Rank in 

Group

1 Inflation and sudden changes of prices 30 1

No.

Human Overall 

Rank

Rank in 

Group

1 Local protectionism 4 1

2 Accidents occurring during construction 20 2

No. Environmental

Overall 

Rank

Rank in 

Group

1 Influence of unpredictably inclement waether 21 1

Environment
Environmental/

Natural-related factors

Economic/Finance/

Market-related factors

Project-related 

factors

Government/Legal

Regulation-related 

factors

Social-economic 

conditions

Human/safety/

security-related 

factors

Phases/Stages

Design-related factors

Equipment-related 

factors

Labour-related factors

Material-related 

factors

Developing Country

Asia

China

[4]

Stakeholders

Consultant-related

 factor

Owner/client-related 

factors

Contractor-related

 factors
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Table N-6 Delay factors reclassification for Ref.19 

Developed Level

Contient

Nation

Classification

                    Ref No.                                  

Group names

No. Consultant related Overall Rank Group Rank

1 Lack of experience of consultant in construction projects 30 3

2 Inaccurate bills of quantities 35 4

3 Poor application of quality control 24 2

No. Plan related

1 Lack of data base in estimating activity duration and resources 21 1

2 Improper project feasibility study 30 3

No. Owner/Client related Overall Rank Group Rank

1 Delay in financial support by owner to the contractor 6 2

2 Design changes by owner or his agent during construction 2 1

3 Lack of experience of owner in construction projects 28 4

4 Lack of incentives for contractor to finish ahead of schedule 34 5

5 Slowness in decision making 15 3

6 Defective materials provided by client 36 6

No. Contractor-related Overall Rank Group Rank

1 Obsolete technology 16 3

2 Rework due to errors 5 1

No. Scheduling and control techniques related

1 Underestimation of time of completion 26 5

2 Choice of wrong construction method 18 4

No. Plan related

1 Lack of program on works 36 6

2 Poor site management &Inaccurate site investigation 7 2

No. Design-related Overall Rank Group Rank

1 Design errors made by designers due to unfamiliarity with local conditions 10 1

2 Complexity of project design 17 3

No. Engineer related

1 Unclear and inadequate details in drawings 14 2

No. Plan related

1 Insufficient data collection and survey before design 23 4

No. Equipment related Overall Rank Group Rank

1 Equipment failure or breakdown 25 5

2 Unskilled equipment operators 20 4

3 Equipment allocation problem 10 2

4 Wrong selection of type /capacity of equipment 8 1

5 Inadequate modern equipment 11 3

No. Labour related Overall Rank Group Rank

1 Shortage of unskilled & skilled labor 1 1

2 Personal conflicts among workers 30 2

3 strike 31 3

No. Material-related Overall Rank Group Rank

1 Shortages of materials on site or market 13 1

2 Late delivery of material 29 3

3 Poor material procurement planning 27 2

4 Receiving materials that do not fulfill project requirements 31 4

No. Project related Overall Rank Group Rank

1 High waiting time for availability of work teams 4 1

2 Project complexity 19 2

3 Imbalance in the risk allocation 23 3

No. Government action related Overall Rank Group Rank

1 Legal disputes 31 3

2 Delays in obtaining approval from municipality 27 1

3 Discrepancy between design specification and building code 34 4

4 Delay in performing final inspection & certification by a third party 30 2

5 Changes in government regulations and laws 36 5

No. Financing related Overall Rank Group Rank

1 Non availability of bank loan 15 2

2 Fluctuation of prices 3 1

No. Human-related Overall Rank Group Rank

1 Accidents during construction 37 4

2 Application of safety aspect 22 1

3 Lack of communication between parties 33 3

4 Lack of coordination among project-teams 24 2

No. External factor related Overall Rank Group Rank

1 Geological problems on site 7 1

2 Bad weather conditions /Natural disasters (flood, earthquake) 9 2

Labour-related factors

Consultant-related factor

Phases/Stages

[19]

Owner/client-related 

factors
Stakeholders

Design-related factors

Social-

economic 

conditions

Environment

Developing Country

Asia

India

Material-related 

factors

Project-related 

factors

Government/Legal

Regulation-related factors

Economic/Finance/

Market-related factors

Human/safety/

security-related factors

Environmental/

Natural-related factors

Contractor-related

 factors

Equipment-related factors
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Table N-7 Delay factors reclassification for Ref.16 

Developed Level

Contient

Nation

Classification

                    Ref No.                                  

Group names

No. Project related Overall Rank Group Rank

1 Faulty soil investigation report 35 4

No. Site related

1 Inaccurate specification of site condition 41 6

No. Process related

1 Delay in approval of shop drawings and samples 13 1

2 Delay in finalisation of rates for extra items 25 2

No. Human related

1 Consultant or architect's reluctance for change 27 3

No. Authority related

1 Poor organisational structure for client or consultant 39 5

No. Site related Overall rank Group Rank

1 Slow decisions from owner 7 1

No. Process related

1 Delay in approval of completed work by client 30 4

2 Delay in handing over of site 17 3

3 Delay in running bill payments to the contractor 14 2

4 Bureaucracy in client's organisation 36 5

5 Poor organisational structure for client or consultant 39 6

No. Technical issues

1 Lack of motivation for contractors for early finish 44 7

No. Project related Overall rank Group Rank

1 Rework due to error in execution 21 7

No. Human related

1 Poor site management and supervision 8 2

2 Frequent change of sub contractors 16 4

No. Authority related

1 Lack of control over sub contractor 20 6

No. Technical issues

1 Improper planning of contractor during bidding stage 19 5

2 Financial constraints of contractors 3 1

3 Inadequate experience of contractor 12 3

4 Use of improper or obsolete construction methods 22 8

No. Project related Overall rank Group Rank

1 Non availability of drawing/design on time 2 1

No. Human related Overall rank Group Rank

1 Lack of skilled operators for specialised equipments 37 1

No. Technical issues

1 Inefficient use of equipments 40 2

No. Technical issues Overall rank Group Rank

1 Poor labour productivity 11 1

No. Site related Overall rank Group Rank

1 Delay in material delivery by vendors 1 1

No. Process related

1 Delay in material procurement by contractor 9 3

2 Improper storage of materials leading to damage 42 5

3 Delay in material to be supplied by the owner 6 2

No. Technical issues

1 Change in material prices or price escalation 34 4

No. Project-related factors Overall rank Group Rank

1 Increase in scope of work 4 1

2 Ambiguity in specifications and conflicting interpretation by parties 30 2

No. Technical issues

1 Unrealistic inspection and testing methods proposed in contract 43 4

No. Authority related

1 Poor means of contracting 32 3

No. Site related
Overall rank Group Rank

1 Hostile political conditions 24 2

No. Authority related

1 Obtaining permission from local authorities 5 1

2 Changes in government regulations and laws 45 3

Economic/Finance/

Market-related factors

No. Site related
Overall rank Group Rank

1 Site accidents due to negligence 27 2

2 Site accidents due to lack of safety measures 31 3

No. Human related

1 Poor coordination among parties 18 1

No. Site related
Overall rank Group Rank

1 Extreme weather conditions 23 1

2 Unforeseen ground conditions 33 2

3 Restricted access at site 38 3

Asia

Developing Country

Equipment-related factors

Labour-related factors

Material-related 

factors

Consultant-related

 factor

Design-related factors

[16]

Owner/client-related 

factors

Contractor-related

 factors

Environment

Social-economic 

conditions

Phases/Stages

Stakeholders

India

Human/safety/

security-related factors

Environmental/

Natural-related factors

Government/Legal

Regulation-related factors

Project-related 

factors
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Table N-8 Delay factors reclassification for Ref.21 

 

Developed Level

Contient

Nation

Classification

                    Ref No.                                  

Group names

Top 10

No. Consultant

1 Inaccurate cost estimation

2 Very poor consultancy fee

3 Improper feasibility study

No. Managerial

1 Lack of experience construction manager 2

2 Improper planning and scheduling 6

3 Lack of database for estimating activity duration and resources

4 Improper progress monitoring and cost control

No. Owner

1 Interference in owner’s decisions

Financing

1 Funding shortage by owner 1

No. Contractor

1 Poor site management by contractor 5

2 Contractor’s cash flow problem 7

3 Contractor’s excessive workload 10

4 Obsolete (old) onstruction methods 

5 Contractor lack of experience

Managerial

1 Lack of database for estimating activity duration and resources

2 Improper planning and scheduling 6

Design-related factors

No. Manpower and resources

1 Lack of modern equipment

No. Manpower and resources

1 Lack of skilled workers 4

No. Manpower and resources

1 Material transportation problem (delay)

2 Escalation of resources price 8

No. Project-related factors

1 Contract related disputes/claim

2 Lowest bidder selection 3

3 Lack of constructability

No. Rules and Regulation

1 Building permits approval process

2 Obtaining permits from municipality

Economic/Finance/

Market-related factors

No. Rules and Regulation

1 Safety rules

No. Environmental

1 Site constraints 9

Consultant-related

 factor

Equipment-related factors

Labour-related factors

Material-related 

factors

Developing Country

Asia

Bangladesh

Stakeholders

[21]

Owner/client-related factors

Contractor-related

 factors

Phases/Stages

Social-economic 

conditions

Environment
Environmental/

Natural-related factors

Human/safety/

security-related factors

Project-related 

factors

Government/Legal

Regulation-related factors
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Table N-9 Delay factors reclassification for Ref.6 

Developed Level

Contient

Nation

Classification

                    Ref No.                                  

Group names

No. Consultant-related

1 Poor inspection

2 Poor planning and scheduling

3 Poor documentation and no detailed written procedures

4 Conflict in amount of payments

5 Failure in testing

No. Owner-related

1 Client influence

2 Delay in handing over the site

3 Ask for many changes and/or additional works

4 Client has no priority/ urgency to complete the project

5 Delays in payment

No. Contractor-related

1 Improper construction method

2 Financial problems

3 Poor site organizing

4 Poor site management

5 incompetent subcontractors

6 Main contracts' work dealy

7 Conflict in amount of payments

8 Lack of protection of complete work

9 Human error

No. Design-related

1 Design problems

2 Poor design

No. Equipment-related

1 Lack of equipment

2 Lack of maintenance for the equipment

3 Difficulty of having heavy equipment

No. Labour-related

1 Labor shortage

2 Labour lack of skills

No. Material-related 

1 Not enough material

No. Project-related

1 Incomplete contract

No. Caused by third parties

1 Authority approvals

Economic/Finance/

Market-related factors

No. Human related

1 Poor communications and misunderstanding

No. Environment-related

1 Natural-related factors

Developing Country

Asia

Malaysia

[6]

Contractor-related

 factors

Phases/Stages

Design-related factors

Material-related 

factors

Project-related factors

Stakeholders

Consultant-related 

 factor

Owner/client-related 

factors

Environment
Environmental/

Natural-related factors

Equipment-related factors

Labour-related factors

Social-economic 

conditions

Government/Legal

Regulation-related factors

Human/safety/

security-related factors
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Table N-10 Delay factors reclassification for Ref.15 

Developed Level

Contient

Nation

Classification

                    Ref No.                                  

Group names

No. Consultant-related

1 Delay in approving shop drawings and sample materials

2 Inflexibility of consultant

3 Late in reviewing and approving design documents by consultant

4 Conflicts between consultant and design engineer

5 Inadequate experience of consultant

6 Consultant lack of coordination with contractor

7 Supervision too late and slowness in making decisions

8 Lack of consultant’s site staff experience (managerial and supervisory personnel)

9 Absence of consultant’s site staff

No. Owner-related

1 Late in revising and approving design documents by owner

2 Delay to furnish and deliver the site to the contractor

3 Change orders by owner during construction

4 Slowness in decision making process

5 Conflicts between joint-ownership of the project

6 Unavailability of incentives for contractor for finishing ahead of schedule

7 Suspension of work by owner

8 Financial problems (delayed payments, financial difficulties, and economic problems)

9 Slow to give instructions

No. Contractor-related

1 Lack of working knowledge

2 Difficulties in financing project by contractor

3 Conflicts in sub-contractors schedule in execution of project

4 Rework due to errors during construction

5 Conflicts between contractor and other parties (consultant and owner)

6 Poor site management 

7 Improper construction methods

8 Delays in sub-contractors work

9 Frequent change of subcontractors

10 Inadequate Planning & Scheduling of contractor

11 Poor qualification of the contractors technical staff

12 Lack of High-Technology

No. Consultant-related

1 Conflicts between consultant and design engineer

2 Incomplete design documents

Equipment-related factors

No. Caused by third parties

1 Labor dispute and strikes

No. Caused by third parties

1 Materials transportation delays

No. Contractor-related

1 Poor Material Procurement

2 Material/Fabrication Delays

No. Project-related

1 Contract modifications (replace and add new works to the project; change in specifications)

No. Caused by third parties

1 Suspensions from government

Economic/Finance/

Market-related factors

No. Caused by third parties

1 Site catch on fire

2 Poor communication and coordination between parties

No. Act of God

1 Flood

2 Wind Damage

3 Snow

Environmental/

Natural-related factors

Material-related 

factors

Government/Legal

Regulation-related factors

Consultant-related 

 factor

Design-related factors

Labour-related factors

[15]

Owner/client-related 

factors

Contractor-related

 factors

Environment

Human/safety/

security-related factors

Developing Country

Asia

Stakeholders

Phases/Stages

Social-economic 

conditions

Malaysia

Project-related factors
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Table N-11 Delay factors reclassification for Ref.10 

  

Developed Level

Contient

Nation

Classification

                       Ref No.                                  

Group names

No. Consultant- related factors Overall Rank Rank in Group

1 Inadequate management to the contractor 19 2

2 Late in preparation and approval of drawings 16 1

3 Poor quality assurance/control 22 3

4 Late in approval of test and inspections 23 4

No. Client-related factors Overall Rank Rank in Group

1 Finance and late payment of compelete work 4 1

2 Owner interference 20 3

3 Slow decision-making by owners 13 2

No. Contract-related factors

1 Change order 21 4

No. Contractor-related factors Overall Rank Rank in Group

1 Poor site management 2 2

2 Improper construction methods 15 6

3 Improper planning 1 1

4 Mistake during construction stage 10 5

5 Inadequate contractor experience 3 3

6 Incompetent subcontractor 5 4

Design-related

 factors

No. Equipment-related factors Overall Rank Rank in Group

1 Equipment availability and failure 8 1

No. Labour-related factors Overall Rank Rank in Group

1 Shortage of labour supply 7 1

2 Poor labour productivity 11 2

No. Material-related factors Overall Rank Rank in Group

1 Poor quality of material 12 2

2 Shortage in material 6 1

No. Contract-related factors Overall Rank Rank in Group

1 Unrealistic imposed contract duration 24 3

2 Mistakes and discrepancies in contract documents 17 2

No. Contractural relationship-related factors

1 Major disrupt and negotiations 14 1

2 Inappropriate overall organizational structure linking all parties 25 4

No. Externality-related factors Overall Rank Rank in Group

1 Regulatory changes and building codes 26 1

No. Contractural relationship-related factors Overall Rank Rank in Group

1 Lack of communication between parties 9 1

No. External-related factors

1 Problem with neighbours 28 2

No. External-related factors Overall Rank Rank in Group

1 Weather condition 27 2

2 unforseen ground conditions 18 1

Developing Country

Asia

Malaysia

[10]

Stakeholders

Consultant- related

 factors

Owner-related

 factors

Contractor-related

 factors

Phases/Stages

Equipment-related

 factors

Labour-related

 factors

Material-related 

factors

Project-related 

factors

Environment
Environmental/

Natural-related factors

Social-economic 

conditions

Government/Legal

Regulation-related factors

Economic/Finance/

Market-related factors

Human/safety/

security-related factors
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Table N-12 Delay factors reclassification for Ref.5 

Developed Level

Contient

Nation

Classification

                    Ref No.                                  

Group names

No. Owner

1 Lack of strategic management

2 Improper project feasibility study

No. Contractor

1 Inaccurate time estimating

2 Inaccurate cost estimating

3 Improper monitoring and control

4 Inadequacy of site inspection

No. Consultant

1 Lack of responsibility

2 Inadequate project management assistance

3 Slow response

4 Lack of involvement through project life

No. Project

1 Improper quality assurance/control

2 Inaccurate site investigation

No. Owner

2 Confusing requirements

5 Excessive change orders

6 Lack of capable representatives

7 Owner’s financial difficulties

9 Slow decision making

No. Financier

1 Unreasonable constraints to owner

2 Interference in owner’s decisions

No. Contractor

1 Improper planning and scheduling

2 Inadequate experience

3 Inaccurate time estimating

4 Inaccurate cost estimating

5 Inadequacy of site inspection

6 Poor site management

7 Improper monitoring and control

8 Inappropriate construction methods

9 Contractor’s financial difficulties

10 Incompetent project team

11 Material waste

12 Rework due to error

13 Inadequacy of site inspection

14 Lack of competent subcontractors/suppliers

No. Project

1 Obsolete technology

No. Coordination

1 Excessive contractors/subcontractors

No. Consultant

1 Inadequate design experience 

2 Lack of standardization in design

3 Impractical design

No. Project

1 Obsolete technology

No. Contractor

1 Inadequate modern equipment

No. Contractor

1 Poor labor and management relations

No. Environment

1 Material shortage

No. Contractor

1 Lack of competent suppliers

No. Project

1 Ambiguous project scope

2 Unrealistic imposed contract duration

3 Lack of constructability

4 Non-value-added works

No. Owner

1 Lack of clear bidding process

2 Owner’s poor contract management

No. Coordination

1 Lack of comprehensive dispute resolution

2 Inappropriate type of contracts used

3 Unreasonable risk allocation

No. Project

1 Pollution during construction

No. Coordination

1 Fraudulent practices and kickbacks

2 Bureaucracy

No. Environment

1 Unreasonable regulatory framework

2 Unstable regulatory framework

3 Slow government permits

No. Financier

1 High interest rate

No. Environment

1 Price fluctuations

No. Coordination

1 Lack of communication among parties

No. Environment

1 Unforeseen ground conditions

2 Inclement weather

3 Unsatisfactory site compensation

4 Slow site clearance

Environment
Environmental/

Natural-related factors

Asia

Social-economic 

conditions

Government/Legal

Regulation-related 

factors

Economic/Finance/

Market-related factors

Human/safety/

security-related factors

Phases/Stages

Design-related

 factors

Equipment-related

 factors

Labour-related

 factors

Material-related 

factors

Project-related 

factors

Developing Country

Vietnam

[5]

Stakeholders

Consultant- related

 factors

Owner-related

 factors

Contractor-related

 factors
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Table N-13 Delay factors reclassification for Ref.18  
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Table N-14 Delay factors reclassification for Ref.20 

Developed Level

Contient

Nation

Classification

                    Ref No.                                  

Group names

No. Sub-surface

1 Insufficient Geo-technical investigation

No. Engineering and Design

1 Ad-hoc consultants

No. Project management

1 Insufficient management experience

2 Poor quality control process

3 Poor management strategy

No. Schedule

1 Without fast track schedule

No. Owner

1 Owner's type

2 Owner's organization structure

3 On-site access (site delivery)

No. Project management

1 Owner's quality assurance

2 Owner's availability of variations

No. Financial

1 Invoices delay

2 Owner's financial capacity

3 Dealy of progress payment

No. Site location

1 On-site congestion

No. Contractor

1 Unqualified contractor

2 Lack of new technology

3 Defective work

4 Rework

5 Contractor's bad Reputation

6 Nominated sub-contractor

7 Number of subcontractors

8 Human resource planning

No Material

1 Poor material procurement

No. Engineering and Design

1 Insufficient design team experience

2 Complexity of design

3 Design error

No. Equipment

1 Equipment quality

2 Equipment breakdown

3 Equipment maintenance

4 Equipment malfunctions

No. Labor

1 Labour's skill level

2 Labour availability

3 Drop in Labour's productivity

No Material

1 Late material delivery

2 Material storage

3 Material  damage

4 Non-conforming material

5 Material monopoly

6 Nominated vendors

No. Financial

1 Huge project size

No. Project management

1 Unrealistic project goal

2 Unclear scope definition

3 Project duration too short 

4 Unwanted type of contract

No. Site location

1 Delay in permits and licenses

No. Political

1 Bribery and Corruption

2 Wars and revolutions

3 Changes in laws and regulations

No. Labor

1 Dealy in work/labour permits

2 Working hours restrictions

No. Financial

1 Types of Funds

2 Change in currency rate

3 Change in rate of interest

4 Change in tax rate

5 Change inforeign currency

No. Site location

1 Security requirements

2 Safety regulation

No. Labor

1 Labor accidents

No. Environmental

1 Earthquake

2 Precipitation /flood

No. Site location

1 Construction area (rural/urban)

2 Differing site conditions

3 Access conditions

Environmental/

Natural-related factors

Stakeholders

Phases/Stages

Social-economic 

conditions

Environment

Material-related 

factors

Project-related 

factors

Owner/client-related 

factors

Government/Legal

Regulation-related factors

Human/safety/

security-related factors

Economic/Finance/

Market-related factors

Design-related factors

Equipment-related factors

Labour-related factors

Developing Country

Africa

Egypt

[20]

Consultant-related

 factor

Contractor-related

 factors
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Table N-15 Delay factors reclassification for Ref.12 

Developed Level

Contient

Nation

Classification

                    Ref No.                                  

Group names

No. Consultant
Overall 

Rank

Rank in 

Group

1 Nonutilization of professional constructionmanagement 5 1

2 Preparation of shop drawings and material samples 10 2

3 Lack of database in estimating activity duration and resources 11 3

4 Poor organization of the consultant 13 4

5 Waiting for approval of shop drawings and material samples 17 5

6 Improper inspection and testing procedures used in the project 21 6

7 Mistakes in soil investigation 26 7

8 The conflict in point of view between contractor and consultant 28 8

9 Application of quality control based on improper specification 31 9

No. Owner
Overall 

Rank

Rank in 

Group

1 Delays in contractor’s payment by owner 2 1

2 Design changes by owner or his agent during construction 3 2

3 Partial payments during construction 4 3

4 Slowness of the owner decision making process 8 4

5 Excessive bureaucracy in project owner operation 25 5

No.
Contractor Overall 

Rank

Rank in 

Group

1 Financing problem by contractor during construction 1 1

2 The relationship between different subcontractors’ schedules 9 2

3 Poor organization of the contractor 13 3

4 Controlling subcontractors by main contractor in the execution of work 14 4

5 Errors committed due to lack of experience 19 5

6 The conflict in point of view between contractor and consultant 28 6

No.  Design
Overall 

Rank

Rank in 

Group

1 Errors committed due to lack of experience 19 1

2 Design errors/incomplete made by designers 20 2

No.
Equipment Overall 

Rank

Rank in 

Group

1 Shortage in equipment 23 1

2 Unskilled operators 27 2

3 Poor equipment productivity 29 3

No.
Labor Overall 

Rank

Rank in 

Group

1 Poor labor productivity 18 1

2 Shortage in labor 24 2

No
Material Overall 

Rank

Rank in 

Group

1 Slow delivery of materials 6 1

2 Shortage in construction materials 12 2

3 Changes in materials types and specifications during construction 15 3

Project-related 

factors

No.
Government/Legal Overall 

Rank

Rank in 

Group

1 Obtaining permits from municipality 16 1

Economic/Finance/

Market-related factors

No.
Human Overall 

Rank

Rank in 

Group

1 Difficulty of coordination between various parties 7 1

2 Accidents during construction 32 2

No. Environmental
Overall 

Rank

Rank in 

Group

1 Unexpected foundation conditions encountered in the field 22 1

2 Weather effect 31 2

[12]

Egypt

Africa

Developing Country

Environment
Environmental/

Natural-related factors

Social-economic 

conditions

Government/Legal

Regulation-related 

factors

Human/safety/

security-related factors

Phases/Stages

Design-related factors

Equipment-related 

factors

Labour-related factors

Material-related 

factors

Stakeholders

Consultant-related

 factor

Owner/client-related 

factors

Contractor-related

 factors
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Table N-16 Delay factors reclassification for Ref.22  

Developed Level

Contient

Nation

Classification

                    Ref No.                                  

Group names

No. Consultant

1 Ineffective project planning and scheduling

2 Delay in performing inspection and testing

3 Delay in approving design documents

No. Owner

1 Design changes by owner or agent

2 Change orders by owner

3 Delay in site delivery

4 Delay in progress payments

5 Slowness in decision making

No. Contractor

1 Inadequate contractor experience

2 Poor site management and supervision

3 Unreliable subcontractors

No. Design

1 Poor use of advanced design software

Equipment-related factors

No. Labor

1 Unqualified workers

2 Strike

3 Slow mobilization of labour

No. Material

1 Late delivery of materials

2 Escalation of material prices

No. Project 

1 Project complexity

No. Government

1 Change government regulations and laws

No. Economic

1 Price fluctuations

No. Human

1 Problems with neighbors

2 Accidents during construction

3 Poor communication and coordination between parties

No. Environmental

1 Unexpected surface and subsurface conditions (Soil)

2 Loss of time by traffic control

3 Restriction at job site

Stakeholders

Phases/Stages

Social-economic 

conditions

Design-related

 factors

Consultant-related

 factor

Owner/client-related 

factors

Contractor-related

 factors

Labour-related 

factors

Material-related 

factors

Government/Legal

Regulation-related factors

[22]

Nigeria

Africa

Developing Country

Environment
Environmental/

Natural-related factors

Human/safety/

security-related factors

Economic/Finance/

Market-related factors

Project-related 

factors
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Table N-17 Delay factors reclassification for Ref.7 

Developed Level

Contient

Nation

Classification

                    Ref No.                                  

Group names

No. Architect-related Overall Rank Group Rank

1 Architects’ inadequate supervision 32 5

No. Structural engineer-related

1 Structural engineers’ inadequate supervision 27 4

No. Services engineer-related

1 Services engineers’ inadequate supervision 24 3

No. Quantity surveyor-related

1 Late preparation of interim valuation 5 1

2 Late evaluation of variation works 22 2

No. Client-related Overall Rank Group Rank

1 Clients’ variation order 13 2

2 Clients’ slow decision making 15 3

3 Clients’ cash flow problem 2 1

4 Clients’ late contract award 43 4

No. Contractor-related Overall Rank Group Rank

1 Contractors’ financial difficulties 1 1

2 Contractors’ planning and scheduling problems 8 3

3 Contractors’ inadequate site inspection 36 6

No. Subcontractor-related

1 Slow mobilization of subcontractor 4 2

2 Interference with other trades 19 5

3 Financial difficulties of subcontractors 10 4

No. Architect-related Overall Rank Group Rank

1 Architects’ incomplete drawing 3 1

2 Architects’ late issuance of instruction 14 4

3 Architects’ variation orders 16 5

4 Poor information dissemination 31 12

5 Architects’ delay in work approval 26 9

No. Structural engineer-related

1 Incomplete structural drawing 7 2

2 Structural design variations 29 11

3 Structural engineers’ late issuance of instructions 20 6

4 Poor structural design information 28 10

No. Services engineer-related

1 Incomplete services drawing 11 3

2 Services engineers’ variation orders 25 8

3 Services engineers’ late issuance of instruction 23 7

4 Poor services design information 33 13

No. Contractor-related Overall Rank Group Rank

1 Equipment breakdown and maintenance problem 5 1

2 Equipment shortage 17 2

3 Equipment delivery problem 35 3

4 Inadequate skill of equipment operators 39 4

No. Contractor-related Overall Rank Group Rank

1 Shortage of manpower 18 1

No. External factor

1 Labor dispute and strikes 37 2

No. Contractor-related Overall Rank Group Rank

1 Material shortages 12 2

2 Unforeseen material damages 41 4

3 Suppliers-related

4 Late delivery of ordered materials 6 1

5 Noncompliance of material to specifications 34 3

Project-related factors

No. External factor Overall Rank Group Rank

1 Government regulations 38 1

2 Slow permit by government 40 2

No. External factor Overall Rank Group Rank

1 Price escalation 9 1

No. External factor Overall Rank Group Rank

1 Civil disturbances 42 1

No. External factor Overall Rank Group Rank

1 Inclement weather 21 1

2 Acts of God 44 2

Environment
Environmental/

Natural-related factors

Design-related

 factors

Owner/client-related 

factors

Economic/Finance/

Market-related factors

Contractor-related

 factors

Equipment-related factors

Developing Country

Stakeholders

Phases/Stages

Social-economic 

conditions

Labour-related 

factors

Material-related 

factors

Government/Legal

Regulation-related factors

[7]

Africa

Nigeria

Human/safety/

security-related factors

Consultant-related

 factor
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Table N-18 Delay factors reclassification for Ref.1 

Developed Level

Contient

Nation

Classification

                    Ref No.                                  

Group names

No. Change-related factors Overall Rank Group Rank

1 Mistakes in soil investigation 32 7

No. Scheduling and controlling-related factors

1 Preparation and approval of shop drawings 1 1

2 Waiting for sample materials approval 7 2

3 Preparation of scheduling and revisions by consultant 18 4

4 Lack of training personnel and management support to model the construction operation 36 8

5 Lack of database in estimating activity duration and resources 46 10

6 Poor judgment and experience of involved people in estimating time and resources 28 6

7 Inadequate early planning of the project 16 3

8 Inspection and testing procedure used in project 28 5

9 Poor application of quality control 41 9

No. Contractual relationships-related

1 Poor organization of consultant 16 3

2 Unavailability of professional construction management 23 4

No. Financing-related factors Overall Rank Group Rank

1 Delays in contractors' progress payments by owner 2 1

2 Owner's cash problems during construction 5 2

No. Government-related factors

1 Excessive bureaucracy in project-owner operation 13 4

No. Contractual relationships-related factors

1 Uncooperative owner 12 3

2 Slowness of owner's decision-making process 5 2

3 Joint ownership of projects 50 6

4 Insufficient communication between the owner and designer in the design phase 18 5

5 Unavailability of financial incentive for contractor to finish ahead of schedule 18 5

No. Change-related factors

1 Design changes by owner or agent 2 1

No. Financing-related factors Overall Rank Group Rank

1 Contractor's financing problem 18 2

No. Change-related factors

1 Errors committed during field construction on site 32 5

No. Scheduling and controlling-related factors

1 Traffic control regulation practiced on the site 53 6

No. Contractual relationships-related

1 Relationship between different subcontractors' schedules in execution of project 18 3

2 Poor organization of contractor 16 1

3 Controlling subcontractors by general contractors in execution of work 25 4

No. Change-related factors Overall Rank Group Rank

1 Design errors made by designers 7 1

No. Contractual relationships-related

2 Insufficient communication between the owner and designer in the design phase 18 2

No. Equipment-related factors Overall Rank Group Rank

1 Equipment failure 41 2

2 Equipment shortage 41 2

3 Unskilled equipment operators 46 3

4 Slow equipment delivery 36 1

5 Poor equipment productivity 48 4

No. Manpower-related Overall Rank Group Rank

1 Manpower shortage 28 1

2 Inadequate labour skill 36 2

3 Working experience of labours 55 3

No. Material-related Overall Rank Group Rank

1 Material shortage 10 3

2 Material slow delivery 10 3

3 Changes in types and specifications 7 2

4 Damage in storage while needed on site 32 4

5 Delay made by manufacturing  special building materials 4 1

No. Contractual relationships-related Overall Rank Group Rank

1 Project delivery systems used (PCM, design-build, general contracting, turnkey) 41 4

2 Negotiations and obtaining of contracts 25 2

3 Legal disputes between various parties 28 3

4 Difficulty of coordination between various parties 23 1

No. Government-related factors Overall Rank Group Rank

1 Obtaining permits from municipality 49 3

2 Obtaining permits 13 1

3 Building codes used in design of projects 25 2

No. Environment-related factors

1 Social and cultural factors 54 4

Economic/Finance/

Market-related factors

No. Scheduling and controlling-related factors Overall Rank Group Rank

1 Accidents during construction 56 1

No. Change-related factors Overall Rank Group Rank

1 Foundation conditions encountered in the field 25 1

2 Water table conditions on site 40 4

3 Geological problems on site 51 5

No. Environment-related factors Overall Rank Group Rank

1 Hot weather effect on construction activities 36 3

2 Rain effect on construction activities 52 6

3 Insufficient available utilities on site 32 2

Environment

Project-related 

factors

Stakeholders

Phases/Stages

Social-economic 

conditions

Environmental/

Natural-related factors

Government/Legal

Regulation-related 

factors

Europe-Asia

Developing Country

Saudi Arabia

[1]

Design-related

 factors

Consultant-related

 factor

Owner/client-related 

factors

Contractor-related

 factors

Equipment-related 

factors

Labour-related 

factors

Human/safety/

security-related factors

Material-related 

factors
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Table N-19 Delay factors reclassification for Ref.8 

Developed Level

Contient

Nation

Classification

                    Ref No.                                  

Group names

Rank by 

Group

No. Consultant-related

1 Delay in approving shop drawings and sample materials

2 Delay in performing inspection and testing by consultant 

3 Delay in approving major changes in the scope of work by consultant 

4 Inflexibility (rigidity) of consultant 

5 Poor communication/coordination between consultant and other parties 

6 Late in reviewing and approving design documents by consultant 

7 Conflicts between consultant and design engineer 

8 Inadequate experience of consultant

No. Owner-related 

1 Delay in progress payments by owner

2 Delay to furnish and deliver the site to the contractor by the owner

3 Change orders by owner during construction

4 Late in revising and approving design documents by owner

5 Poor communication and coordination by owner and other parties

6 Slowness in decision making process by owner

7 Conflicts between joint-ownership of the project

8 Unavailability of incentives for contractor for finishing ahead of schedule

9 Suspension of work by owner

No. Contractor-related

1 Difficulties in financing project by contractor

2 Conflicts in sub-contractors schedule in execution of project 

3 Rework due to errors during construction Contractor

4 Conflicts between contractor and other parties

5 Poor site management and supervision by contractor 

6 Ineffective planning and scheduling of project by contractor

7 Improper construction methods implemented by contractor

8 Delays in sub-contractor's work 

9 Inadequate contractor's work 

10 Frequent change of sub-contractors because of their inefficient work

11 Poor qualification of the contracto's technical staff

12 Delay in site mobilization 

No. Consultant-related

1 Conflicts between consultant and design engineer 

No. Design-related

1 Mistakes and discrepancies in design documents 

2 Delays in producing design documents

3 Unclear and inadequate details in drawings 

4 Complexity of project design 

5 Insufficient data collection and survey before design Design

6  Misunderstanding of owner's requirements by design engineer 

7  Inadequate design-team experience 

8 Un-use of advanced engineering design software

No. Equipment-related 

1 Equipment breakdowns 

2 Shortage of equipment 

3 Low level of equipment-operator's skill 

4 Low productivity and efficiency of equipment 

5 Lack of high-technology mechanical equipment

No. Labour-related

1 Shortage of labours

2 Unqualified workforce

3 Low productivity level of labours

4 Inexperience labours

5 Personal conflicts among labours

No. Material-related

1 Shortage of construction materials in market 

2 Changes in material types and specifications during construction 

3 Delay in material delivery 

4 Damage of sorted material while they are needed urgently 

5  Delay in manufacturing special building materials 

6  Late procurement of materials Materials

7  Late in selection of finishing materials due to availability of many types 

No. Project-related 

1 Original contract duration is too short

2 Legal disputes between various parts

3 Inadequate definition of substantial completion

4 Ineffective delay penalties

5 Type of construction contract (Turnkey, construction only)

6 Type of project bidding and award (negotiation, lowest bidder)

No. External-related 

1 Delay in obtaining permits from municipality

2 Effect of social and cultural factors

3 Changes in government regulations and laws

4 Delay in providing services from utilities (such as water, electricity)

5 Delay in performing final inspection and certification by a third party

Economic/Finance/

Market-related factors

No.
External-related 

1
Accident during construction

No. External-related 

1 Effects of subsurface conditions (e.g. soil, high water table, etc.)

2 Hot weather effect on construction activities

3 Rain effect on construction activities

4 Wind damage

5 Snow

6 Unavailability of utilities in site (such as, water, electricity, telephone, etc.)

7 Traffic control and restriction at job site

8 Differing site (ground) conditions

9
Environmental/

Natural-related factors
Environment

Stakeholders

Phases/Stages

7

6

8

Social-economic 

conditions 

1

7

9

4

Material-related 

factors

Project-related 

factors

Government/Legal

Regulation-related factors

3

2

Human/safety/

security-related factors

[8]

Saudi Arabia

Europe-Asia

Developing Country

Design-related

 factors

Owner/client-related 

factors

Contractor-related

 factors

Equipment-related factors

Labour-related 

factors

Consultant-related

 factor
5
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Table N-20 Delay factors reclassification for Ref.14 

Developed Level

Contient

Nation

Classification

                    Ref No.                                  

Group names

No. Consultant-related Overall Rank Rank in Group

1 Ineffective quality control 8 1

2 Lack of  administrative personnel 18 3

3 Slow response by the consultant engineer to contractor inquiries 19 4

4 Slow response by the consultant engineer regarding testing and inspection 25 6

5 Poor qualification of consultant engineer’s staff assigned to the project 22 5

6 Poor coordination by the consultant engineer with the parties involved 27 7

7 Delay in the approval of contractor submissions by the engineer 14 2

No. Owner-related Overall Rank Rank in Group

1 Delays in site preparation 35 8

2 Delay in contractor’s claims settlements 20 6

3 Work suspension by the owner 36 9

4 Too many change orders from owner 2 1

5 Slow decision making from owner 8 2

6 Inference by the owner in the construction operations 17 5

7 Delay in progress payments by the owner 11 3

8 Financial constraints faced by the owner 16 4

9 Insufficient coordination among the parties by the Owner 21 7

No. Contractor-related Overall Rank Rank in Group

1 Shortage of technical professionals in the contractor’s organization 5 3

2 Insufficient coordination among the parties by the contractor 9 6

3 Delay in mobilization 32 10

4 Incompetent technical staff assigned to the project 6 4

5 Improper technical study by the contractor during the bidding stage 7 5

6 Poor planning and scheduling of the project by the contractor 3 2

7 Improper handling of the project progress by the contractor 29 8

8 Use of unacceptable construction techniques by the contractor 30 9

9 Financial difficulties faced by the contractor 1 1

10 Delays in contractor’s payments to subcontractors 10 7

No. Design-related Overall Rank Rank in Group

1 Ambiguities and mistakes in specifications and drawings 24 1

No. Equipment-related Overall Rank Rank in Group

1 Shortage of equipments 18 1

2 Failure of equipments 26 2

3 Insufficient equipments 28 3

No. Labour-related Overall Rank Rank in Group

1 Shortage of manpower 12 2

2 Presence of unskilled labor 4 1

No. Material-related Overall Rank Rank in Group

1 Shortage of materials 21 1

2 Delay in materials delivery 23 2

3 Materials price fluctuations 31 3

4 Modifications in materials specifications 33 4

No. External-related Overall Rank Rank in Group

1 Difficulties in obtaining work permits 36 1

2 Changes in Government regulations and laws 37 2

No. Contractor-related Overall Rank Rank in Group

1 Safety rules and regulations are not followed by the contractor 13 1

No. External-related Overall Rank Rank in Group

1 Severe weather conditions on the job site 38 1

Design-related

 factors

Equipment-related factors

Labour-related 

factors

Economic/Finance/

Market-related factors

Stakeholders

Consultant-related

 factor

Owner/client-related 

factors

Contractor-related

 factors

Environment
Environmental/

Natural-related factors

Developing Country

Europe-Asia

Jordan

[14]

Material-related 

factors

Project-related 

factors

Social-economic 

conditions 

Government/Legal

Regulation-related factors

Human/safety/

security-related factors

Phases/Stages
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Table N-21 Delay factors reclassification for Ref.3 

Contient

Nation

Classification

                    Ref No.                                  

Group names

No. Consultant- related factors
 Rank by 

contractor

Rank by 

consultant

1 Inadequate management to the contractor 12 7

2 Late in preparation and approval of drawings 21 19

3 Poor quality assurance/control 25 21

4 Late in approval of test and inspections 18 15

No. Client-related factors
 Rank by 

contractor

Rank by 

consultant

1 Finance and late payment of compelete work 4 2

2 Owner interference 2 4

3 Slow decision-making by owners 8 5

No. Contract-related factors

1 Change order 19 26

No. Contractor-related factors
 Rank by 

contractor

Rank by 

consultant

1 Poor site management 5 13

2 Improper construction methods 5 17

3 Improper planning 10 8

4 Mistake during construction stage 17 11

5 Inadequate contractor experience 3 1

6 Incompetent subcontractor 9 3

Design-related

 factors

No. Equipment-related factors
 Rank by 

contractor

Rank by 

consultant

1 Equipment availability and failure 7 16

No. Labour-related factors
 Rank by 

contractor

Rank by 

consultant

1 Shortage of labour supply 16 12

2 Poor labour productivity 1 9

No. Material-related factors
 Rank by 

contractor

Rank by 

consultant

1 Poor quality of material 26 23

2 Shortage in material 11 10

No. Contract-related factors

 Rank by 

contractor

Rank by 

consultant

1 Unrealistic imposed contract duration 13 6

2 Mistakes and discrepancies in contract documents 14 22

No. Contractural relationship-related factors

1 Major disrupt and negotiations 15 20

2 Inappropriate overall organizational structure linking all parties 22 18

No. Externality-related factors  Rank by 

contractor

Rank by 

consultant

1 Regulatory changes and building codes 27 28

No.
Contractural relationship-related factors

 Rank by 

contractor

Rank by 

consultant

1 Lack of communication between parties 20 14

No. External-related factors

1 Problem with neighbours 28 27

No. External-related factors  Rank by 

contractor

Rank by 

consultant

1 Weather condition 23 24

2 unforseen ground conditions 24 25

Project-related 

factors

Europe-Asia

Jordan

[3]

Consultant- related

 factors

Owner-related

 factors

Contractor-related

 factors

Stakeholders

Environment
Environmental/

Natural-related factors

Social-economic 

conditions

Government/Legal

Regulation-related factors

Economic/Finance/

Market-related factors

Human/safety/

security-related factors

Phases/Stages

Equipment-related

 factors

Labour-related

 factors

Material-related 

factors
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Table N-22 Delay factors reclassification for Ref.13 

Contient

Nation

Classification

                       Ref No.                                  

Group names

No. Consultant- related factors

Overall 

Rank

Rank in 

Group

1 Delays in approvals 8 1

No. Owner-related factors

Overall 

Rank

Rank in 

Group

1 Owners’ delayed payment to contractors 14 3

2 Owners’ improper intervention 6 2

3 Change of design required by owners 5 1

4 Delays in obtaining site access and right of way 26 4

5 Owners’ sudden bankruptcy 36 5

No. Contractor-related factors
Overall 

Rank

Rank in 

Group
1 Poor quality of work 25 4

2 Contractors’ incompetence 13 2

3 Unpredicted technical problems in construction 27 5

4 Subcontractors’ poor performance 3 1

5 Subcontractors’ breach of contracts and disputes 15 3

No. Design-related factors
Overall 

Rank

Rank in 

Group

1 Defective design 29 4

2 Deficiencies in drawings and specifications 16 1

3 Frequent changes of design by designers 17 2

4 Drawings and documents are not issued on time 19 3

No. Equipment-related factors
Overall 

Rank

Rank in 

Group

1 Shortage in equipment availability 18 1

2 Low productivity of equipment 20 2

No. Labour-related factors
Overall 

Rank

Rank in 

Group

1 Lack or departure of qualified staff 9 2

2 Shortage in manpower supply and availability 7 1

3 Low productivity of labour 20 3

4 Labor strikes and disputes 34 4

No. Material-related factors
Overall 

Rank

Rank in 

Group

1 Delay of material supply by suppliers 4 1

2 Shortage in material supply and availability 10 2

3 Quality problems of supplier material 21 3

No. Project-related factors
Overall 

Rank

Rank in 

Group

1 Unreasonably tight schedule 2 1

2 Lack of scope of work definition 11 2

3 Breachs of contracts and disputes 24 6

4 Delays in resolving contractual issues 12 3

5 Delays in resolving disputes 22 4

6 Unfairness in tendering 23 5

7 Difficulty in claiming insurance compensation 28 7

No. Externality-related factors Overall 

Rank

Rank in 

Group

1 Changes in laws and regulations 35 1

2 Corruption and bribes 37 2

3 War threats and political instability 39 3

No. Economic-related factors Overall Rank in 

1 Inflation and sudden changes in prices 1 1

2 Currency fluctuation 32 2

No.
Safety-related factors

Overall 

Rank

Rank in 

Group

1 Accidents during construction 33 2

No. Security-related factors

1 Substance abuse 41 4

2 Criminal acts 42 5

No. Human-related factors

1 Local protectionism 31 1

2 Conflicts due to differences in culture 38 3

No. Environment-related factors Overall 

Rank

Rank in 

Group

1 Unexpected inclement weather 40 2

2 Unforeseen site conditions 30 1

Environment
Environmental/

Natural-related factors

Design-related

 factors

Social-economic 

conditions

Government/Legal

Regulation-related 

factors

Economic/Finance/

Market-related factors

Human/safety/

security-related factors

Phases/Stages

Equipment-related

 factors

Labour-related

 factors

Material-related 

factors

Project-related 

factors

Europe-Asia

United Arab Emirates 

[13]

Stakeholders

Consultant- related

 factors

Owner-related

 factors

Contractor-related

 factors
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Appendix O – Counting results for delay factor by Method 1 

 

Table O-1 Consultant related delay factors 

 

 

 

 

 

 

 

 

 

 

 

 

1st (16 counts) 2nd  (14 counts) 3rd  (14 counts)

Poor supervision and managemet Delay in approval of shop drawings Consultant lack of experience

Poor managerial strategies/procedures Delay in approval of shop drawings and samples Lack of experience of consultant in construction projects

Poor management strategy Delay in approving shop drawings and sample materials Lack of experience construction manager

Poor site management and supervision by consultant Delay in approving shop drawings and sample materials Lack of experience of consultant in construction projects

Improper progress monitoring and cost control Delay in approving design documents Lack of consultant’s site staff experience (managerial and supervisory personnel)

Inadequate management to the contractor Dealy in preparation and approval of shop drawings Inadequate experience of consultant

Inadequate management to the contractor Delay in providing design information and approval of contractor submissions Consultant lack of competence and skills

Inadequate management to the contractor Late in reviewing and approving design documents by consultant Lack of training personnel and management support to model the construction operation

Improper monitoring and control Late in reviewing and approving design documents by consultant Insufficient management experience

Inadequate project management assistance Late in reviewing and approving design documents Inadequate experience of consultant

Structural engineers’ inadequate supervision Late in preparation and approval of drawings Poor judgment and experience of involved people in estimating time and resources

Services engineers’ inadequate supervision Late in preparation and approval of drawings Poor qualification of consultant engineer’s staff assigned to the project

Lack of strategic management Late in preparation and approval of drawings Improper planning and scheduling

Inadequate inspection and testing procedure used in project Waiting for approval of shop drawings and material samples Ineffective project planning and scheduling

Lack of involvement through project life Preparation of shop drawings and material samples Poor planning and scheduling

Without fast track schedule

Nonutilization of professional construction management

4th (13 counts) 5th (12 counts) 6th  (9 counts)

Delay in performing inspection and testing Lack of database for estimating activity duration and resources Delay in approving major changes

Delay in performing inspection and testing Lack of database for estimating activity duration and resources Delay in approving major changes in scope of work by consultant

Delay in performing inspection and testing by consultant Lack of database in estimating activity duration and resources Delay in approving major changes in the scope of work by consultant 

Delay in performing inspection and testing Lack of data base in estimating activity duration and resources Delay in finalisation of rates for extra items

Late in approval of test and inspections Lack of database in estimating activity duration and resources Delays in approvals

Improper inspection and testing procedures used in the project Lack of database in estimating activity duration and resources Late evaluation of variation works

Late in approval of test and inspections Improper project feasibility study Preparation of scheduling and revisions by consultant

Late in approval of test and inspections Improper project feasibility study Supervision too late and slowness in making decisions

Late preparation of interim valuation Improper feasibility study Slow response by the consultant engineer to contractor inquiries

Waiting for sample materials approval Inadequate early planning of the project Delay in the approval of contractor submissions by the engineer

Slow response by the consultant engineer regarding testing and inspection Inaccurate time estimating

Failure in testing Inadequacy of site inspection

Application of quality control based on improper specification Inaccurate site investigation

Poor inspection

7th  (8 counts) 8th  (6 counts) 8th  (6 counts)

Poor application of quality control Inaccurate bill of quantities Insufficient Geo-technical investigation

Poor quality control process Inaccurate bill of quantities Insufficient Geo-technical investigation

Poor application of quality control Inaccurate bills of quantities Inaccurate specification of site condition

Poor application of quality control Inaccurate cost estimation Inaccurate site investigation

Poor quality assurance/control Incomplete or inaccurate cost estimate Faulty soil investigation report

Poor quality assurance/control Improper or wrong cost estimation Mistakes in soil investigation

Poor quality assurance/control Inaccurate cost estimating Mistakes in soil investigation

Improper quality assurance/control

Ineffective quality control by the contractor

9th  (5 counts) 10th  (4 counts) 10th  (4 counts)

Conflicts between consultant and design engineer Poor organization of consultant Unavailability of sufficient site managers

Conflicts between consultant and design engineer Poor organisational structure for client or consultant Unavailability of sufficient site managers

Conflicts between consultant and design engineer Poor organization of consultant Unavailability of professional construction management

Conflicts between consultant and design engineer Consultant lack of of ganizational stability (Often change in staff) Inadequate project management assistance

Consultant lack of coordination with contractor Poor coordination by the consultant engineer with the parties involved Lack of administrative personnel

Poor communication/coordination between consultant and other parties Very poor consultancy fee Absence of consultant’s site staff

11th  (3 counts) 12th  (1 counts) 12th  (1 counts)

Inflexibility of consultant Project manager's responsiblities are ill defined Ad-hoc consultants

Inflexibility of consultant Project manager's responsiblities are ill defined Ad-hoc consultants

Inflexibility (rigidity) of consultant 

Consultant or architect's reluctance for change
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Table O-2 Owner related delay factors 

  

2nd (17 counts) 3rd (16 counts)

Delay payment to contractors Slowness in decision making

Delay payment to contractors Slowness in decision making

Delay in progress payments Slowness in decision making

Delay in progress payments Slowness in decision making

Delay in progress payments by owner Slow decision-making by owners

Delays in payment Slowness of the owner decision making process

Delay in progress payments by the owner Slowness in decision making process

Delays in contractor’s payment by owner Slowness in decision making process by owner

Dealy of progress payment Slowness of owner's decision-making process

Delay in running bill payments to the contractor Slow decision making from owner

Delays in contractors' progress payments by owner Slow decisions from owner

Delay in financial support by owner to the contractor Slow decision making

Contractors’ difficulty in reimbursement Slow to give instructions

Invoices delay Clients’ slow decision making

Finance and late payment of compelete work Slow decision-making by owners

Finance and late payment of compelete work Clients’ slow decision making

Owners’ delayed payment to contractors Low speed of decision making

Owners’ delayed payment

5th (10 counts) 6th  (9 counts)

Delay in site delivery Owner's financial problem

Difficult in site acquisition Owner's financial capacity

Delay in handing over of site Owner's cash problems during construction

Delay to furnish and deliver the site to the contractor Owner's funding change/lack or sudden bankrucptcy

Delay to furnish and deliver the site to the contractor by the owner Owner’s financial difficulties

Delay in site delivery Owners’ sudden bankruptcy

Delay in site delivery Clients’ cash flow problem

Delays in site preparation Financial problems (delayed payments, financial difficulties, and economic problems)

Delay in handing over the site Financial constraints faced by the owner

Delays in obtaining site access and right of way Funding shortage by owner

On-site access (site delivery)

8th  (6 counts) 9th  (5 counts)

Poor communication and coordination by owner and other parties Bureaucracy in client's organisation

Insufficient communication between the owner and designer in the design phase Bureaucracy in client's organisation

Poor communication and coordination by owner and other parties Poor organisational structure for client or consultant

Insufficient coordination among the parties by the Owner Owner's organization structure

Lack of communication between client and contractor Excessive bureaucracy in project owner operation

Lack of communication between client and consultant Excessive bureaucracy in project-owner operation

Conflicts between joint-ownership of the project

11th  (3 counts) 12th  (2 counts)

Conflicts between joint owners Lack of experience of owner in construction projects

Conflicts between joint-ownership of the project Lack of experience of owner in construction projects

Conflicts between joint owners Lack of experience of owner in construction projects

Joint ownership of projects

13th  (1 counts) 13th  (1 counts)

Clients’ late contract award Uncooperative owner

Clients’ late contract award Uncooperative owner

13th  (1 counts)

Owner's type

Owner's type
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Table O-3 Contractor related delay factors 

  

1st (26 counts) 2nd (23 counts) 3rd (19 counts)

Inexperienced contractors Poor management for subcontractors Improper construction methods and  Obsolete technology

Inexperienced contractors Poor management/ plan for subcontractors Improper construction methods

Inadequate experience Lack of control over subcontractors Improper construction methods

Inadequate experience of contractor Inadequate managerial skills on subcontractor Improper construction methods

Inadequate contractor experience Improper planning and scheduling for subcontractors Improper construction methods

Inadequate contractor experience Inadequate Planning & Scheduling of subcontractor Improper construction method

Inadequate contractor experience Conflicts in sub-contractors schedule in execution of project Improper methods for construction

Inadequate contractor experience Conflicts in sub-contractors schedule in execution of project Inappropriate construction methods

Inadequate contractor experience scheduling Frequent change of subcontractors Inappropriate construction methods

Lack of working knowledge Frequent change of subcontractors Use of improper or obsolete construction methods

Contractor lack of experience Frequent change of subcontractors Choice of wrong construction method

Inadequate contractor experience Frequent change of subcontractors Obsolete technology

Contractors’ incompetence Frequent change of sub-contractors because of their inefficient work Obsolete technology

Unqualified contractor Controlling subcontractors by general contractors in execution of work Obsolete technology

Contractor's bad Reputation Controlling subcontractors by main contractor in the execution of work Obsolete (old) onstruction methods 

Poor qualification of the contractors technical staff The relationship between different subcontractors’ schedules Obsolescence of methods and technologies

Poor qualification of the contracto's technical staff Insufficient coordination among the parties by the contractor Lack of High-Technology

Incompetent technical staff assigned to the project Relationship between different subcontractors' schedules in execution of project Lack of new technology

Shortage of technical professionals in the contractor’s organization Number of subcontractors Not familiar with new materials and advance technology

Inadequate contractor's work Subcontractors’ breach of contracts and disputes Use of unacceptable construction techniques by the contractor

Improper technical study by the contractor during the bidding stage Subcontractors’ breach of contracts, and disputes with main contractors

Incompetent project team Subcontractors’ poor management

Incompetent project team Delays in contractor’s payments to subcontractors

Errors committed due to lack of experience Excessive contractors/subcontractors

Inadequate information obtained by contractors prior to tending

Quotation errors in tendering or construction time prediction errors

Unpredicted technical problems in construction

3rd (18 counts) 4th (17 counts) 5th  (16 counts)

Ineffective planning and scheduling of project by contractor Poor site management Delays in subcontractors' works

Ineffective planning and scheduling of project by contractor Poor site management Delays in subcontractors' works

Improper planning and scheduling Poor site management Delays in sub-contractors work

Improper planning of contractor during bidding stage Poor site management Delays in subcontractors' work

Improper handling of the project progress by the contractor Poor site management Delays in sub-contractor's work 

Improper planning Poor site management Delay caused by nominated subcontractors

Improper planning Poor site management and supervision Unreliable subcontractors

Contractor's deficiencies in planning and scheduling at preconstruction stage Poor site management and supervision Unreliable subcontractors

Contractors’ planning and scheduling problems Poor site management by contractor Nominated sub-contractor

Poor planning and scheduling of the project by the contractor Poor site management &Inaccurate site investigation Low productivity/inconsistent/ Low quality of subcontractors

Contractors’ poor management ability Poor site management and supervision by contractor Slow mobilization of subcontractor

Contractors’ poor management ability Poor site management and supervision Incompetent subcontractor

Human resource planning Contractors’ inadequate site inspection Incompetent subcontractor

Inadequate managerial skills Traffic control regulation practiced on the site Incompetent subcontractors

Unsuitable leadership style of contractor's construction manager Lack of protection of complete work Lack of competent subcontractors/suppliers

Unsuitable management structure and style of contractor Improper control over site resource allocation Subcontractors’ poor performance

Main contracts' work dealy On-site congestion Subcontractors’ poor technology

Contractor’s excessive workload Material waste

Underestimation of time of completion

6th  (15 counts) 7th  (12 counts) 8th  (4 counts)

Rework due to errors Contractor's financing problem Lack of communication with other parties

Rework due to errors Contractor’s cash flow problem Lack of communication between client and contractor

Rework due to errors Contractors’ financial difficulties Lack of communication between consultant and contractor

Rework due to error Contractor’s financial difficulties The conflict in point of view between contractor and consultant

Rework due to errors during construction Contractor's financing problem Interference with other trades

Rework due to error in execution Financial constraints of contractors

Rework due to errors during construction Contractor Financial difficulties of subcontractors

Rework Financial problems

Errors committed during field construction on site Financial difficulties faced by the contractor

Defective work Financing problem by contractor during construction

Mistake during construction stage Difficulties in financing project by contractor

Mistake during construction stage Difficulties in financing project by contractor

Poor quality of work Difficulties in financing project by contractor

Human error

Necessary variations of works (rework)

Abrupt quality issues in construction

9th  (2 counts) 10th  (1 counts)

Poor organization of contractor Lack of program on works

Poor organization of contractor Lack of program on works

Poor organization of contractor
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Table O-4 Design related delay factors 

 

Table O-5 Equipment related delay factors 

 

1st (15 counts) 2nd (11 counts) 3rd (8 counts)

Design errors Inadequate specifications Unclear and inadequate details in drawings 

Design error Inadequate specifications Poor and incomplete drawings/scope

Design errors made by designers Inadequate design information (soil test and survey report) Unclear and inadequate details in drawings 

Design errors made by designers Insufficient data collection and survey before design Unclear and inadequate details in drawings

Design errors and omissions Insufficient data collection and survey before design Unclear and inadequate details in drawings

Design errors made by designers due to unfamiliarity with local conditions Insufficient data collection and survey before design Design Incomplete design documents

Ambiguities and mistakes in specifications and drawings Delays in design information Incomplete structural drawing

Mistakes and discrepancies in design documents Poor structural design information Incomplete services drawing

Mistakes and delays in producing design documents Poor services design information Architects’ incomplete drawing

Mistakes and discrepancies in design documents Lack of design standards

Impractical design Small extent of design information available at construction start

Defective design Lack of standardization in design

Deficiencies in drawings and specifications

Design errors/incomplete made by designers

Design problems

Poor design

4th (7 counts) 5th  (5 counts) 6th  (5 counts)

Changes and variations made by designers Design documents not issued on time Poor use of advanced engineering design software

Changes by designer during construction Design documents not issued on time Poor use of advanced engineering design software

Services engineers’ variation orders Mistakes and delays in producing design documents Poor use of advanced design software

Structural design variations Delays in producing design documents Un-use of advanced engineering design software

Architects’ variation orders Non availability of drawing/design on time Obsolescence of modern design software

Necessary design variations Drawings and documents are not issued on time Obsolete technology

Frequent changes of design by designers

Unexpected change of design required by design units

7th  (4 counts) 7th  (4 counts) 7th  (4 counts)

Complexity of project design Inadequate experience of designers Architects’ late issuance of instruction

Complexity of project design Inadequate design experience Architects’ late issuance of instruction

Complexity of project design Errors committed due to lack of experience Architects’ delay in work approval

Complexity of project design Insufficient design team experience Structural engineers’ late issuance of instructions

Complexity of design Lack of experience of design team in construction projects Services engineers’ late issuance of instruction

7th  (3 counts) 8th  (3 counts) 9th  (1 counts)

Inadequate time for design Misunderstanding of owner’s requirements by design engineer Conflicts between consultant and design engineer

Inadequate time for design Insufficient communication between the owner and designer in the design Conflicts between consultant and design engineer

Inadequate design-team experience Misunderstanding of owner’s requirements by design engineer

Slow decision making by designers Misunderstanding of owner's requirements by design engineer 

7th  (4 counts)

Poor communication between designers

Poor information dissemination

1st (13 counts) 2nd (11 counts) 3rd (7 counts)

Shortage of equipment Equipment breakdown Unskilled equipment operators

Shortage of equipment Equipment failure or breakdown Unskilled equipment operators

Shortage of equipment Equipment breakdown Unskilled equipment operators

Shortage in equipment Equipment breakdown and maintenance problem Unskilled operators

Shortage in equipment availability Equipment breakdowns Lack of skilled operators for specialised equipments

Equipment shortage Equipment malfunctions Inadequate skill of equipment operators

Equipment shortage Equipment failure Low level of equipment-operator's skill 

Shortage of equipments Frequent equipment breakdowns Lack  of competent and qualified operators

Insufficient equipments Failure of equipments

Equipment availability Equipment failure

Equipment availability Equipment ailure

Shortage of plant/equipment Lack of maintenance for the equipment

Lack of equipment

Difficulty of having heavy equipment

4th (6 counts) 5th (4 counts) 5th (4 counts)

Inefficient use of equipments Equipment allocation problem Inadequate modern equipment

Inefficient use of equipments Equipment allocation problem Inadequate modern equipment

Low efficiency of equipment Equipment allocation problem Inadequate modern equipment

Low productivity of equipment Equipment delivery problem Inadequate modern equipment

Low productivity and efficiency of equipment Slow equipment delivery Lack of high-technology mechanical equipment

Poor equipment productivity

Poor equipment productivity

6th  (2 counts) 7th  (1 counts) 7th  (1 counts)

Improper equipment Slow mobilization of equipment Equipment quality

Wrong selection of type /capacity of equipment Slow mobilization of equipment Equipment quality

Improper equipment
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Table O-6 Labour related delay factors 

 

Table O-7 Material related delay factors 

1st (16 counts) 2nd (14 counts) 3rd  (9 counts)

Shortage of manpower Inexperience labours Low worker productivity

Unavailability of sufficient amount of skilled labours Poor competency of labourer Low worker productivity

Shortage of unskilled & skilled labor Poor workmanship Low productivity level of labours

Shortage of manpower Unqualified/inexperienced workers Low productivity of labour

Shortage of manpower Labour's skill level Low worker motivation and morale

Shortage of labour supply Shortage of skilled labour Drop in Labour's productivity

Shortage of labour supply Lack or departure of qualified staff Poor labour productivity

Shortage of labours Unqualified workers Poor labour productivity

Shortage in labor Lack or departure of competent and qualified Labours Poor labour productivity

Shortage in manpower supply and availability Labour lack of skills Poor labor productivity

Manpower shortage Inadequate labour skill

Labour shortage Working experience of labours

Labour shortage Unqualified workforce

Labour availability Inexperience labours

Absenteeism Presence of unskilled labor

Lack of skilled workers

Lack of skill labour/technical personnel

3rd (9 counts) 4th (6 counts) 5th  (2 counts)

Strike Personal conflicts Slow mobilization of labour

Strike Personal conflicts among workers Slow mobilization of labor

Strike Personal conflicts among workers Slow mobilization of labour

Strike Personal conflicts among labours

Labour strikes

Labor dispute and strikes

Labor dispute and strikes

Labor dispute and strikes

Labor dispute and strikes

Labor strikes and disputes

1st (20 counts) 2nd  (13 counts) 3rd (9 counts)

Delay in material delivery Material shortage Poor material procurement

Delay in material delivery Shortages of materials on site or market Poor material procurement planning

Delay in materials delivery Shortage of construction materials Poor procurement programming of materials

Delay in material delivery Shortage of construction materials in market Poor material procurement

Delay in material delivery by vendors Material shortage Poor material procurement

Delay in material to be supplied by the owner Material shortage Poor procurement of construction materials

Delay of material supply by suppliers Shortage in material Inadequate resource due to contractor/lack of capital

Late material delivery Shortage in material Delay in material procurement by contractor

Late delivery of material Shortage of materials  Late procurement of materials Materials

Late delivery of materials Shortages in resources availability/materials Nominated vendors

Late delivery of materials Shortage of materials in markets

Late delivery of ordered materials Shortage in material supply and availability

Suppliers’ incompetency to deliver materials on time Shortage in construction materials

Material transportation problem (delay) Not enough material

Materials transportation delays

Material/Fabrication Delays

Material slow delivery

Unreliable suppliers

Lack of competent suppliers

Unexpected delay of goods supply by suppliers

Slow delivery of materials

4th  (8 counts) 5th  (6 counts) 5th (6 counts)

Poor quality of construction materials Escalation of material prices Damage of sorted materials

Poor quality of construction materials Escalation of material prices Improper storage of materials leading to damage

Poor quality of material Escalation of material prices Damage of sorted materials

Poor quality of material Price inflation of construction materials Damage in storage while needed on site

Unforeseen material damages Change in material prices or price escalation Damage of sorted material while they are needed urgently 

Quality problems of supplier material Escalation of resources price Material storage damage

Quality problems of suppliers’ goods Materials price fluctuations Material shortages

Defective materials provided by clients

Material  damage

6th  (5 counts) 7th  (3 counts) 8th  (2 counts)

Changes in material types and specifications during construction Delay in manufacturing materials Non-conforming material

Changes in material types and specifications during construction Delay made by manufacturing  special building materials Non-conforming material

Changes in material types and specifications during construction Delay in manufacturing special building materials Noncompliance of material to specifications

Changes in types and specifications of construction matrtials Delay in manufacturing materials

Changes in materials types and specifications during construction

Modifications in materials specifications

9th  (1 counts) 9th  (1 counts) 9th  (1 counts)

Receiving materials that do not fulfill project requirements Material monopoly  Late in selection of finishing materials due to availability of many types 

Receiving materials that do not fulfill project requirements Material monopoly  Late in selection of finishing materials due to availability of many types 
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Table O-8 Project related delay factors 

 

Table O-9 Government related delay factors 

 

 

1st (12 counts) 1st (12 counts) 2nd (11 counts)

Legal disputes between various parts Poor means of contracting Unreasonable contract duration

Legal disputes between various parts Inconsistency in contract document Tight project schedule

Legal disputes between project participants Poor means of contracting Unrelastic contract duration imposed by client

Legal disputes between various parties Unfavorable contract clauses Unrealistic imposed contract duration

Contract related disputes/claim Unwanted type of contract Unrealistic imposed contract duration

Negotiations and obtaining of contracts Unwanted contract modifications Unrealistic contract durations

Major disrupt and negotiations Type of construction contract (Turnkey, construction only) Unrealistic imposed contract duration

Major disrupt and negotiations Unrealistic inspection and testing methods proposed in contract Unreasonably tight project duration

Breachs of contracts and disputes Mistakes and discrepancies in contract documents Unreasonably tight schedule

Delays in resolving contractual issues Mistakes and discrepancies in contract documents Shortness of original contract duration

Delays in resolving disputes Poor contract management Project duration too short 

Lack of comprehensive dispute resolution Incomplete contract Original contract duration is too short

Absence of sound, effective, and fair arbitration means Inappropriate type of contracts used

3rd (7 counts) 4th (6 counts) 5th  (5 counts)

Exceptionally low bids Poor project scope definition Inappropriate overall organizational structure linking all parties

Exceptionally low bids Ambiguous project scope Inappropriate overall organizational structure linking all parties

Lowest bidder selection Unclear scope definition Inappropriate overall organizational structure linking all parties

Type of project bidding and award Unrealistic project goal Inappropriate overall organizational structure linking all project teams

Project delivery systems used (PCM, design-build, general contracting, turnkey) Inadequate definition of substantial completion Difficulty of coordination between various parties

Lack of clear bidding process Inadequate definition of substantial completion Ambiguity in specifications and conflicting interpretation by parties

Unfairness in tendering Lack of scope of work definition

Unfairness in tendering

6th (4 counts) 6th (4 counts) 6th (4 counts)

Project complexity Imblance in the risk allocation Lack of constructability

Project complexity Imblance in the risk allocation Buildability

Project complexity Imbalance in the risk allocation Lack of constructability

Project complexity Unreasonable risk allocation Lack of constructability

Huge project size Capital return difficulty Project construction complexity

7th  (3 counts) 8th  (2 counts) 9th  (1 counts)

Difficulty in claiming indemnity Ineffective delay penalties High waiting time for availability of work teams

Difficulty in claiming indemnity Ineffective delay penalties High waiting time for availability of work teams

Difficulty in claiming insurance compensation Ineffective delay penalties

Difficulty in relevant insurance compensation

1st (22 counts) 2nd (19 counts) 3rd (9 counts)

Delay in permits and licenses Changes in government regulations and laws Polluation rules

Delay in permits and licenses Changes in government regulations and laws Polluation rules

Delays in obtaining approval from municipality Changes in government regulations and laws Prosecution due to unlawful disposal of construction waste

Delay in obtaining permits from municipality Changes in government regulations and laws Prosecution due to unlawful disposal of construction waste

Delay in obtaining permits from municipality Changes in government regulations and laws Serous water pollution caused by construction

Dealy in work/labour permits Change government regulations and laws Serious air pollution due to construction activities

Obtaining permission from local authorities Changes in laws and regulations Serious noise pollution caused by construction

Obtaining permits from municipality Change in government Conservation restrictions

Obtaining permits from municipality Changes in Government regulations and laws Pollution during construction

Obtaining permits from municipality Changes in legislation on employment Influence of noise, pollution regulations etc.

Obtaining permits Sudden changes of government laws and regulations

Pemits and government approval Government regulations

Building permits approval process Law which impose new requirments

Slow coordination and seeking of approval from concerned authorities Demographic change

Slow permit by government Building codes used in design of projects

Slow government permits Discrepancy between design specification and building code

Excessive procedures of government approvals Working hours restrictions

Delay in performing final inspection and certification by a third party Regulatory changes and building codes

Delay in performing final inspection and certification by a third party Regulatory changes and building codes

Delay in performing final inspection & certification by a third party Changes in laws and regulations

Difficulties in obtaining work permits

Low efficiency of construction administration departments to approve

Authority approvals

4th  (5 counts) 4th  (5 counts) 5th  (3 counts)

War and civil disorder Corruptions and bribes Government’s improper intervention

War and civil disorder Corruptions and bribes Government’s improper intervention

Conflict, war, and hostilities Corruption and bribes Unreasonable regulatory framework

Wars and revolutions Corruption and bribes Unstable regulatory framework

Hostile political conditions Bribery and Corruption

War threats and political instability Fraudulent practices and kickbacks

6th  (2 counts) 7th  (2 counts) 7th  (2 counts)

Delay in providing services from utilities Bureaucracy of government Social and cultural factors

Delay in providing services from utilities (such as water, electricity) Bureaucracy of government Social and cultural factors

Delay in providing services from utilities (such as water, electricity) Bureaucracy Effect of social and cultural factors

8th  (1 counts)

Suspensions from government

Suspensions from government
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Table O-10 Economic related delay factors 

 

Table O-11 Human-related delay factors 

 

Table O-12 Environment related delay factors 

 

1st (8 counts) 2nd (4 counts) 3rd (2 counts)

Price escalation Change in currency rate Global financial crisis

Fluctuation of prices Exchange rate fluctuation Effect in global economy

Price fluctuations Change in currency rate Global financial crisis

Price fluctuations Change inforeign currency

Price fluctuations Currency fluctuation

Price escalation

Inflation rate fluctuation

Inflation and sudden changes in prices

Inflation and sudden changes of prices

3rd (2 counts) 3rd (2 counts) 4th  (1 counts)

Change in market demand Change in rate of interest Change in tax rate

Market competition Change in rate of interest Change in tax rate

Change in market demand High interest rate

4th  (1 counts) 4th  (1 counts)

Non availability of bank loan Types of Funds

Non availability of bank loan Types of Funds

1st (19counts) 2nd (15 counts) 3rd (8 counts)

Accidents during construction Poor communication and coordination between parties Problems with neighbors

Accidents during construction Poor communication and coordination between parties Problems with neighbors

Accidents during construction Poor communication and coordination between parties Problems with neighbors

Accident during construction Poor communication and coordination between parties Problem with neighbours

Accidents during construction Poor communications and misunderstanding Problem with neighbours

Accidents during construction Lack of communication between parties Access denied by villagers

Accidents during construction Lack of coordination among project-teams Opposition of neighboring community

Accidents during construction Lack of coordination/communication between parties Local protectionism

Accidents occurring during construction Lack of communication Local protectionism

Site accidents due to negligence Lack of communication between parties

Site accidents due to lack of safety measures Lack of communication between parties

Occurance of site accidents Lack of communication among parties

Labor accidents Delays in the response of project teams for disruption resolution

Inadequate safety measures or unsafe operations Personality clash between contractor agent and resident engineer 

Application of safety aspect Difficulty of coordination between various parties

Safety rules Slow information flow between project team members

Safety regulation

Employees did not buy safety insurance

Site catch on fire

Safety rules and regulations are not followed 

4th  (5 counts) 5th  (4 counts)

Conflicts due to different cultures Criminals acts on site

Conflicts due to different cultures Criminals acts on site

Conflicts due to differences in culture Security requirements

Adversarial/confrontational/controversial culture Substance abuse

Civil disturbances Criminal acts

Disputes/conflicts

1st (27counts) 2nd (18 counts) 3rd (8 counts)

Inclement weather and natural disaster Geological conditions Site constraints

Weather conditions (wind,temp,rain) Geological conditions Site constraints

Weather condition Geological problems on site Restricted access at site

Weather condition Geological problems on site Difficult/slow site clearance

Inclement weather Foundation conditions encountered in the field Differing site conditions

Inclement weather Unexpected surface and subsurface conditions Restriction at job site

Inclement weather Unexpected surface and subsurface conditions (Soil) Inconsistent/different site conditions

Unfavorable weather conditions Unforseen ground conditions Environmemntal restrictions

Hot weather effect on construction activities Unforeseen ground conditions Slow site clearance

Hot weather effect on construction activities unforseen ground conditions

Rain effect on construction activities unforseen ground conditions

Rain effect on construction activities Unforeseen ground conditions

Precipitation /flood Unforeseen ground conditions

Flood Unforeseen site conditions

Wind Damage Unexpected foundation conditions encountered in the field

Snow Water table conditions on site

Natural disaster Effects of subsurface conditions (e.g. soil, high water table, etc.)

Natural disasters (flood, hurricane, earthquake) Differing site (ground) conditions

Acts of God Unsatisfactory site compensation

Earthquake

Land sildes

Severe weather conditions on the job site

Bad weather conditions /Natural disasters (flood, earthquake)

Extreme weather conditions

Unexpected inclement weather

Weather effect

Influence of unpredictably inclement waether

Natural-related factors

4th  (6 counts) 4th  (4 counts)

Bad traffic Lack of readily available utilities on site

Bad road conditions/site surrounding Lack of readily available utilities on site

Loss of time by traffic control and restriction at job site Insufficient available utilities on site

Loss of time by traffic control Unavailability of utilities in site (such as, water, electricity, telephone, etc.)

Access conditions Work conflict with existing utilities

Construction area (rural/urban)

Traffic control and restriction at job site
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Appendix P – Calculating/Normalising results for delay factor by Method 2 

 

Table P-1 Consultant related delay factors 

 

Table P -2 Owner related delay factors 

[18] [9] [19] [1] [16] [7] [14] [10] [13] [12] [4]

Late in reviewing and approving design documents 39.17 41.97 100 1 28 100 100 54.04 17.5 50.5 100 632.17 57.47 1

Delay in performing inspection and testing 8.16 100 100 49.6 100 10 63.53 78.79 100 62.88 100 772.94 70.27 2

Inaccurate site investigation 54.67 100 100 56.8 77.5 100 100 100 100 78.34 100 967.32 87.94 10

Lack of experience of consultant in construction projects 33.20 100 78.59 64 100 100 55.71 100 100 13.38 100 844.88 76.81 3

Inadequate project management assistance 39.17 100 100 40.6 100 100 45.29 100 100 100 100 925.06 84.10 5

Delay in approving major changes in scope of work by consultant 78.53 100 100 100 55 48.25 100 100 100 100 100 981.78 89.25 11

Conflicts between consultant and design engineer 30.82 100 100 100 100 100 68.74 100 100 84.53 100 984.09 89.46 12

Waiting for sample materials approval 100 100 100 11.8 100 100 47.89 100 100 28.84 100 888.54 80.78 4

Improper project feasibility study 100 100 78.59 28 100 100 100 100 100 100 100 1006.59 91.51 13

Preparation of scheduling and revisions by consultant 100 100 100 31.6 100 100 100 100 100 100 100 1031.60 93.78 14

Poor site management and supervision by consultant 100 18.07 100 100 100 52.75 100 64.64 100 100 87.63 923.09 83.92 6

Inaccurate bill of quantities 100 96.59 91.97 49.6 100 100 100 100 100 100 100 1038.16 94.38 15

Poor organization of consultant 100 100 100 28 100 100 68.74 100 100 38.13 100 934.86 84.99 7

Lack of data base in estimating activity duration and resources 100 100 54.51 82 100 100 100 75.25 100 31.94 100 943.70 85.79 8

Poor application of quality control 100 100 62.54 73 100 100 19.24 100 100 93.81 100 948.59 86.24 9

Consultant or architect's reluctance for change 100 100 100 100 59.5 100 34.87 100 100 100 100 994.37 90.40 12

Poor organisational structure for client or consultant 100 100 100 100 86.5 100 100 100 100 100 100 1086.50 98.77 16

[18] [9] [19] [1] [16] [7] [14] [10] [13] [12] [4]

Total number of Delay Factors listed 83 29 37 55 44 44 38 28 42 32 32

Late in reviewing and approving design documents 33 13 38 1 13 45 39 16 8 17 33

Delay in performing inspection and testing 7 30 38 28 45 5 25 23 43 21 33

Inaccurate site investigation 46 30 38 32 35 45 39 29 43 26 33

Lack of experience of consultant in construction projects 28 30 30 36 45 45 22 29 43 5 33

Inadequate project management assistance 33 30 38 23 45 45 18 29 43 33 33

Delay in approving major changes in scope of work by consultant 66 30 38 56 25 22 39 29 43 33 33

Conflicts between consultant and design engineer 26 30 38 56 45 45 27 29 43 28 33

Waiting for sample materials approval 84 30 38 7 45 45 19 29 43 10 33

Improper project feasibility study 84 30 30 16 45 45 39 29 43 33 33

Preparation of scheduling and revisions by consultant 84 30 38 18 45 45 39 29 43 33 33

Poor site management and supervision by consultant 84 6 38 56 45 24 39 19 43 33 29

Inaccurate bill of quantities 84 29 35 28 45 45 39 29 43 33 33

Poor organization of consultant 84 30 38 16 45 45 27 29 43 13 33

Lack of data base in estimating activity duration and resources 84 30 21 46 45 45 39 22 43 11 33

Poor application of quality control 84 30 24 41 45 45 8 29 43 31 33

Consultant or architect's reluctance for change 84 30 38 56 27 45 14 29 43 33 33

Poor organisational structure for client or consultant 84 30 38 56 39 45 39 29 43 33 33

Delay factor name / Reference number

Consultant

Rank

Sum

Rank

 in Group
Delay factor name / Reference number

Normalized rank in the references

Delay factors' original rank in the references

Average

 Rank

[18] [9] [19] [1] [16] [7] [14] [10] [13] [12] [4]

Owner change design/order 10.71 33.33 5.26 3.57 100.00 28.89 5.13 72.41 11.63 9.09 51.52 331.55 30.14 1

Slowness in decision making 13.10 100.00 39.47 8.93 15.56 33.33 20.51 44.83 100.00 24.24 100.00 499.97 45.45 3

Delays in contractors' progress payments by owner 13.10 100.00 15.79 3.57 31.11 100.00 41.03 13.79 32.56 6.06 6.06 363.07 33.01 2

Delay in site delivery 10.71 36.67 100.00 100.00 37.78 100.00 89.74 100.00 60.47 100.00 100.00 835.37 75.94 5

Lack of experience of owner in construction projects 42.86 100.00 73.68 21.43 100.00 100.00 100.00 100.00 100.00 100.00 100.00 937.97 85.27 7

Client’s financial problems 100.00 100.00 100.00 8.93 100.00 4.44 100.00 100.00 83.72 12.12 15.15 724.37 65.85 4

Delay in approving design documents 13.10 100.00 100.00 100.00 66.67 95.56 100.00 100.00 100.00 100.00 100.00 975.32 88.67 8

Suspension of work by owner 21.43 100.00 100.00 100.00 100.00 100.00 92.31 100.00 100.00 100.00 100.00 1013.74 92.16 13

Bureaucracy in client's organisation 100.00 100.00 100.00 23.21 80.00 100.00 100.00 100.00 100.00 75.76 100.00 978.97 89.00 9

Unrealitic client requirment 36.90 63.33 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1000.24 90.93 11

Lack of incentives for contractor to finish ahead of schedule 88.10 100.00 89.47 32.14 97.78 100.00 100.00 100.00 100.00 100.00 100.00 1007.49 91.59 12

Conflicts between joint owners 47.62 100.00 100.00 89.29 100.00 100.00 53.85 100.00 100.00 100.00 100.00 990.75 90.07 10

Insufficient communication between the owner and designer 100.00 100.00 100.00 32.14 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1032.14 93.83 14

Lack of capable representative 72.62 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1072.62 97.51 17

Defective materials provided by client 100.00 100.00 94.74 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1094.74 99.52 18

Delay in contractor’s claims settlements 100.00 100.00 100.00 100.00 100.00 100.00 51.28 100.00 100.00 100.00 100.00 1051.28 95.57 15

Inference by the owner in the construction operations 100.00 100.00 100.00 100.00 100.00 100.00 43.59 68.97 13.95 100.00 24.24 850.75 77.34 6

Owners’ breach of contracts and disputes with contractors 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 57.58 1057.58 96.14 16

[18] [9] [19] [1] [16] [7] [14] [10] [13] [12] [4]

Owner change design/order 9 10 2 2 45 13 2 21 5 3 17

Slowness in decision making 11 30 15 5 7 15 8 13 43 8 33

Delays in contractors' progress payments by owner 11 30 6 2 14 45 16 4 14 2 2

Delay in site delivery 9 11 38 56 17 45 35 29 26 33 33

Lack of experience of owner in construction projects 36 30 28 12 45 45 39 29 43 33 33

Client’s financial problems 84 30 38 5 45 2 39 29 36 4 5

Delay in approving design documents 11 30 38 56 30 43 39 29 43 33 33

Suspension of work by owner 18 30 38 56 45 45 36 29 43 33 33

Bureaucracy in client's organisation 84 30 38 13 36 45 39 29 43 25 33

Unrealitic client requirment 31 19 38 56 45 45 39 29 43 33 33

Lack of incentives for contractor to finish ahead of schedule 74 30 34 18 44 45 39 29 43 33 33

Conflicts between joint owners 40 30 38 50 45 45 21 29 43 33 33

Insufficient communication between the owner and designer 84 30 38 18 45 45 39 29 43 33 33

Lack of capable representative 61 30 38 56 45 45 39 29 43 33 33

Defective materials provided by client 84 30 36 56 45 45 39 29 43 33 33

Delay in contractor’s claims settlements 84 30 38 56 45 45 20 29 43 33 33

Inference by the owner in the construction operations 84 30 38 56 45 45 17 20 6 33 8

Owners’ breach of contracts and disputes with contractors 84 30 38 56 45 45 39 29 43 33 19

Delay factor name / Reference number

Owner

Delay factor name / Reference number
Rank

Sum

Rank

 in Group

Delay factors' original rank in the references

Normalized rank in the references Average

 Rank
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Table P-3 Contractor related delay factors 

 

Table P -4 Design related delay factors 

 

 

 

 

 

[18] [9] [19] [1] [16] [7] [14] [10] [13] [12] [4]

Unreliable subcontractors 7.14 60.00 100.00 32.14 100.00 8.89 100.00 17.24 34.88 42.42 36.36 539.09 49.01 3

Poor site management and supervision 2.38 100.00 18.42 94.64 17.78 80.00 74.36 6.90 100.00 100.00 27.27 621.75 56.52 4

Poor management of subcontractors 28.57 100.00 100.00 44.64 35.56 42.22 25.64 17.24 6.98 27.27 100.00 528.12 48.01 2

Rework due to errors 26.19 100.00 13.16 57.14 46.67 100.00 100.00 34.48 58.14 100.00 100.00 735.78 66.89 7

Inadequate contractor experience 1.19 13.33 100.00 100.00 26.67 100.00 12.82 10.34 6.98 57.58 93.94 522.85 47.53 1

Poor project planning and scheduling by contractor 2.38 100.00 68.42 100.00 100.00 17.78 7.69 3.45 100.00 100.00 72.73 672.45 61.13 6

Contractor's financing problem 100.00 100.00 100.00 32.14 6.67 2.22 2.56 100.00 100.00 3.03 100.00 646.63 58.78 5

Inappropriate construction methods 21.43 100.00 42.11 100.00 48.89 100.00 76.92 51.72 100.00 100.00 100.00 841.07 76.46 8

Incompetent project team 16.67 100.00 100.00 100.00 100.00 100.00 15.38 100.00 30.23 100.00 100.00 862.28 78.39 9

Poor organization of contractor 100.00 100.00 100.00 28.57 100.00 100.00 100.00 100.00 100.00 39.39 100.00 967.97 88.00 11

Financial difficulties of subcontractors 100.00 100.00 100.00 100.00 100.00 22.22 100.00 100.00 100.00 100.00 100.00 1022.22 92.93 13

Improper planning of contractor during bidding stage 100.00 100.00 100.00 100.00 42.22 100.00 17.95 100.00 100.00 100.00 48.48 908.66 82.61 10

Obsolete technology 79.76 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1079.76 98.16 14

Lack of program on works 100.00 100.00 94.74 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1094.74 99.52 16

Insufficient coordination among the parties by the contractor 100.00 100.00 100.00 100.00 100.00 100.00 23.08 100.00 100.00 84.85 100.00 1007.93 91.63 12

Delay in mobilization 100.00 100.00 100.00 100.00 100.00 100.00 82.05 100.00 100.00 100.00 100.00 1082.05 98.37 15

[18] [9] [19] [1] [16] [7] [14] [10] [13] [12] [4]

Unreliable subcontractors 6 18 38 18 45 4 39 5 15 14 12

Poor site management and supervision 2 30 7 53 8 36 29 2 43 33 9

Poor management of subcontractors 24 30 38 25 16 19 10 29 3 9 33

Rework due to errors 22 30 5 32 21 45 39 10 25 33 33

Inadequate contractor experience 1 4 38 56 12 45 5 3 3 19 31

Poor project planning and scheduling by contractor 2 30 26 56 45 8 3 1 43 33 24

Contractor's financing problem 84 30 38 18 3 1 1 29 43 1 33

Inappropriate construction methods 18 30 16 56 22 45 30 15 43 33 33

Incompetent project team 14 30 38 56 45 45 6 29 13 33 33

Poor organization of contractor 84 30 38 16 45 45 39 29 43 13 33

Financial difficulties of subcontractors 84 30 38 56 45 10 39 29 43 33 33

Improper planning of contractor during bidding stage 84 30 38 56 19 45 7 29 43 33 16

Obsolete technology 67 30 38 56 45 45 39 29 43 33 33

Lack of program on works 84 30 36 56 45 45 39 29 43 33 33

Insufficient coordination among the parties by the contractor 84 30 38 56 45 45 9 29 43 28 33

Delay in mobilization 84 30 38 56 45 45 32 29 43 33 33

Rank

 in Group

Contractor

Delay factor name / Reference number

Delay factor name / Reference number
Rank

Sum

Delay factors' original rank in the references

Normalized rank in the references Average

 Rank

[18] [9] [19] [1] [16] [7] [14] [10] [13] [12] [4]

Unclear and inadequate details in drawings 51.19 100.00 36.84 100.00 100.00 6.67 100.00 100.00 100.00 100.00 100.00 894.70 81.34 3

Mistakes and delays in producing design documents 45.24 100.00 100.00 100.00 4.44 57.78 100.00 100.00 100.00 100.00 100.00 907.46 82.50 4

Design errors made by designers 25.00 100.00 26.32 12.50 100.00 100.00 100.00 100.00 67.44 60.61 100.00 791.86 71.99 2

Design changes by designer 4.76 46.67 100.00 100.00 100.00 35.56 100.00 100.00 39.53 100.00 66.67 793.19 72.11 1

Unrealistic design duration imposed 100.00 100.00 100.00 100.00 4.44 100.00 100.00 100.00 44.19 100.00 100.00 948.63 86.24 5

Insufficient communication between the owner and designer 100.00 100.00 100.00 32.14 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1032.14 93.83 9

Insufficient data collection and survey before design 34.52 100.00 60.53 100.00 100.00 62.22 100.00 100.00 100.00 100.00 100.00 957.27 87.02 6

Complexity of project design 77.38 100.00 44.74 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1022.12 92.92 8

Lack of experience of design team in construction projects 30.95 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 57.58 100.00 988.53 89.87 7

Poor use of advanced engineering design software 91.67 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1091.67 99.24 12

Misunderstanding of owner’s requirements by design engineer 58.33 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1058.33 96.21 11

Ambiguities and mistakes in specifications and drawings 100.00 100.00 100.00 100.00 100.00 100.00 61.54 100.00 37.21 100.00 100.00 998.75 90.80 10

[18] [9] [19] [1] [16] [7] [14] [10] [13] [12] [4]

Unclear and inadequate details in drawings 43 30 14 56 45 3 39 29 43 33 33

Mistakes and delays in producing design documents 38 30 38 56 2 26 39 29 43 33 33

Design errors made by designers 21 30 10 7 45 45 39 29 29 20 33

Design changes by designer 4 14 38 56 45 16 39 29 17 33 22

Unrealistic design duration imposed 84 30 38 56 2 45 39 29 19 33 33

Insufficient communication between the owner and designer 84 30 38 18 45 45 39 29 43 33 33

Insufficient data collection and survey before design 29 30 23 56 45 28 39 29 43 33 33

Complexity of project design 65 30 17 56 45 45 39 29 43 33 33

Lack of experience of design team in construction projects 26 30 38 56 45 45 39 29 43 19 33

Poor use of advanced engineering design software 77 30 38 56 45 45 39 29 43 33 33

Misunderstanding of owner’s requirements by design engineer 49 30 38 56 45 45 39 29 43 33 33

Ambiguities and mistakes in specifications and drawings 84 30 38 56 45 45 24 29 16 33 33

Rank

 in Group

Design

Delay factor name / Reference number

Delay factor name / Reference number
Rank

Sum

Normalized rank in the references

Delay factors' original rank in the references

Average

 Rank
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Table P -5 Equipment related delay factors 

 

Table P -6 Labour related delay factors 

 

Table P -7 Material related delay factors 

 

[18] [9] [19] [1] [16] [7] [14] [10] [13] [12] [4]

Late delivery of materials 5.95 100.00 76.32 17.86 2.22 13.33 58.97 100.00 9.30 18.18 84.85 486.99 44.27 1

Shortage of materials 34.52 100.00 100.00 17.86 100.00 26.67 53.85 20.69 23.26 36.36 100.00 613.20 55.75 2

Poor procurement of construction materials 28.57 3.33 71.05 100.00 20.00 100.00 100.00 100.00 100.00 100.00 100.00 822.96 74.81 3

Delay in manufacturing materials 52.38 100.00 100.00 7.14 100.00 100.00 100.00 100.00 100.00 100.00 100.00 959.52 87.23 6

Changes in material types and specifications during construction 45.24 100.00 100.00 12.50 100.00 100.00 84.62 100.00 100.00 45.45 100.00 887.81 80.71 4

Damage of sorted materials 71.43 100.00 100.00 57.14 93.33 100.00 100.00 100.00 100.00 100.00 100.00 1021.90 92.90 7

Poor quality of construction materials 79.76 100.00 81.58 100.00 100.00 91.11 100.00 41.38 48.84 100.00 45.45 888.12 80.74 5

Escalation of material prices 83.33 100.00 100.00 100.00 75.56 100.00 79.49 100.00 100.00 100.00 100.00 1038.38 94.40 8

Noncompliance of material to specifications 100.00 100.00 100.00 100.00 100.00 75.56 100.00 100.00 100.00 100.00 100.00 1075.56 97.78 10

Unreliable suppliers 67.86 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1067.86 97.08 9

[18] [9] [19] [1] [16] [7] [14] [10] [13] [12] [4]

Late delivery of materials 5 30 29 10 1 6 23 29 4 6 28

Shortage of materials 29 30 38 10 45 12 21 6 10 12 33

Poor procurement of construction materials 24 1 27 56 9 45 39 29 43 33 33

Delay in manufacturing materials 44 30 38 4 45 45 39 29 43 33 33

Changes in material types and specifications during construction 38 30 38 7 45 45 33 29 43 15 33

Damage of sorted materials 60 30 38 32 42 45 39 29 43 33 33

Poor quality of construction materials 67 30 31 56 45 41 39 12 21 33 15

Escalation of material prices 70 30 38 56 34 45 31 29 43 33 33

Noncompliance of material to specifications 84 30 38 56 45 34 39 29 43 33 33

Unreliable suppliers 57 30 38 56 45 45 39 29 43 33 33

Rank

 in Group

Material

Delay factor name / Reference number

Delay factor name / Reference number
Rank

Sum

Average

 Rank

Normalized rank in the references

Delay factors' original rank in the references

[18] [9] [19] [1] [16] [7] [14] [10] [13] [12] [4]

Unqualified/inexperienced workers 8.33 86.67 2.63 64.29 100.00 100.00 10.26 100.00 20.93 100.00 78.79 671.89 61.08 2

Labour shortage 16.67 100.00 100.00 50.00 100.00 40.00 30.77 24.14 16.28 72.73 100.00 650.58 59.14 1

Low worker productivity 36.90 70.00 100.00 100.00 24.44 100.00 100.00 37.93 46.51 54.55 100.00 770.34 70.03 3

Strike 94.05 100.00 81.58 100.00 100.00 82.22 100.00 100.00 79.07 100.00 100.00 1036.92 94.27 4

Personal conflicts among workers 96.43 100.00 78.95 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1075.38 97.76 6

Low worker motivation and morale 61.90 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1061.90 96.54 5

Slow mobilization of labour 82.14 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1082.14 98.38 7

Absenteeism 83.33 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1083.33 98.48 8

[18] [9] [19] [1] [16] [7] [14] [10] [13] [12] [4]

Unqualified/inexperienced workers 7 26 1 36 45 45 4 29 9 33 26

Labour shortage 14 30 38 28 45 18 12 7 7 24 33

Low worker productivity 31 21 38 56 11 45 39 11 20 18 33

Strike 79 30 31 56 45 37 39 29 34 33 33

Personal conflicts among workers 81 30 30 56 45 45 39 29 43 33 33

Low worker motivation and morale 52 30 38 56 45 45 39 29 43 33 33

Slow mobilization of labour 69 30 38 56 45 45 39 29 43 33 33

Absenteeism 70 30 38 56 45 45 39 29 43 33 33

Rank

 in Group

Labour

Delay factor name / Reference number

Delay factor name / Reference number
Rank

Sum

Average

 Rank

Delay factors' original rank in the references

Normalized rank in the references

[18] [9] [19] [1] [16] [7] [14] [10] [13] [12] [4]

Frequent equipment breakdowns 58.33 100.00 65.79 100.00 100.00 11.11 66.67 27.59 41.86 100.00 100.00 771.35 70.12 2

Shortage of equipment 53.57 100.00 100.00 73.21 100.00 37.78 46.15 27.59 41.86 69.70 100.00 749.86 68.17 1

Improper equipment 100.00 100.00 52.63 82.14 82.22 100.00 100.00 100.00 100.00 81.82 78.79 977.60 88.87 6

Equipment allocation problem 47.62 100.00 21.05 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 968.67 88.06 5

Inadequate modern equipment 72.62 100.00 100.00 64.29 100.00 77.78 100.00 100.00 100.00 100.00 100.00 1014.68 92.24 8

Equipment delivery problem 65.48 100.00 26.32 100.00 100.00 100.00 71.79 100.00 100.00 100.00 100.00 963.59 87.60 3

Unskilled equipment operators 67.86 100.00 28.95 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 996.80 90.62 7

Low efficiency of equipment 54.76 100.00 100.00 85.71 88.89 100.00 100.00 100.00 46.51 87.88 100.00 963.76 87.61 4

[18] [9] [19] [1] [16] [7] [14] [10] [13] [12] [4]

Frequent equipment breakdowns 49 30 25 56 45 5 26 8 18 33 33

Shortage of equipment 45 30 38 41 45 17 18 8 18 23 33

Unskilled equipment operators 84 30 20 46 37 45 39 29 43 27 26

Improper equipment 40 30 8 56 45 45 39 29 43 33 33

Equipment delivery problem 61 30 38 36 45 35 39 29 43 33 33

Equipment allocation problem 55 30 10 56 45 45 28 29 43 33 33

Inadequate modern equipment 57 30 11 56 45 45 39 29 43 33 33

Low efficiency of equipment 46 30 38 48 40 45 39 29 20 29 33

Rank

 in Group

Equipment

Delay factor name / Reference number

Delay factor name / Reference number
Rank

Sum

Delay factors' original rank in the references

Normalized rank in the references Average

 Rank
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Table P -8 Project related delay factors  

 

Table P -9 Government related delay factors 

 

Table P -10 Economic related delay factors 

 

 

 

 

 

 

 

[18] [9] [19] [1] [16] [7] [14] [10] [13] [12] [4]

Shortness of original contract duration 58.33 23.33 10.53 100.00 100.00 100.00 100.00 82.76 4.65 100.00 18.18 697.78 63.43 1

Ambiguity in specifications and conflicting interpretation by parties 100.00 100.00 100.00 41.07 66.67 100.00 100.00 86.21 100.00 100.00 100.00 993.94 90.36 8

Unfavorable contract clauses 48.81 83.33 100.00 44.64 71.11 100.00 100.00 58.62 55.81 100.00 39.39 801.73 72.88 2

Project complexity 89.29 40.00 50.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 979.29 89.03 7

Legal disputes between project participants 54.76 100.00 100.00 50.00 100.00 100.00 100.00 48.28 51.16 100.00 100.00 904.20 82.20 4

Exceptionally low bids 100.00 10.00 100.00 100.00 100.00 100.00 100.00 100.00 53.49 100.00 9.09 872.58 79.33 3

Imblance in the risk allocation 100.00 73.33 60.53 100.00 100.00 100.00 100.00 100.00 100.00 100.00 42.42 976.28 88.75 6

Inadequate definition of substantial completion 89.29 100.00 100.00 100.00 95.56 100.00 100.00 100.00 25.58 100.00 100.00 1010.42 91.86 9

Project delivery systems  (PCM, design-build, general contracting, turnkey) 100.00 100.00 100.00 73.21 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1073.21 97.56 10

Ineffective delay penalties 75.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 65.12 100.00 21.21 961.33 87.39 5

[18] [9] [19] [1] [16] [7] [14] [10] [13] [12] [4]

Shortness of original contract duration 49 7 4 56 45 45 39 24 2 33 6

Ambiguity in specifications and conflicting interpretation by parties 84 30 38 23 30 45 39 25 43 33 33

Unfavorable contract clauses 41 25 38 25 32 45 39 17 24 33 13

Project complexity 75 12 19 56 45 45 39 29 43 33 33

Legal disputes between project participants 46 30 38 28 45 45 39 14 22 33 33

Exceptionally low bids 84 3 38 56 45 45 39 29 23 33 3

Imblance in the risk allocation 84 22 23 56 45 45 39 29 43 33 14

Inadequate definition of substantial completion 75 30 38 56 43 45 39 29 11 33 33

Project delivery systems  (PCM, design-build, general contracting, turnkey) 84 30 38 41 45 45 39 29 43 33 33

Ineffective delay penalties 63 30 38 56 45 45 39 29 28 33 7

Rank

 in Group

Project

Delay factor name / Reference number

Delay factor name / Reference number
Rank

Sum

Average

 Rank

Delay factors' original rank in the references

Normalized rank in the references

[18] [9] [19] [1] [16] [7] [14] [10] [13] [12] [4]

Delay in permits and licenses 21.43 30.00 71.05 23.21 11.11 88.89 92.31 100.00 100.00 48.48 30.30 616.79 56.07 1

Changes in government regulations and laws 91.67 100.00 94.74 100.00 100.00 84.44 94.87 89.66 81.40 100.00 75.76 1012.53 92.05 3

Conflict, war, and hostilities 65.48 100.00 100.00 100.00 53.33 100.00 100.00 100.00 90.70 100.00 100.00 1009.51 91.77 2

Delay in performing final inspection and certification by a third party 70.24 100.00 78.95 87.50 100.00 100.00 100.00 100.00 100.00 100.00 96.97 1033.66 93.97 5

Delay in providing services from utilities (such as water, electricity) 76.19 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1076.19 97.84 8

Corruption and bribes 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 86.05 100.00 69.70 1055.74 95.98 7

Government’s improper intervention 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 33.33 1033.33 93.94 4

Influence of noise, pollution regulations etc. 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 54.55 1054.55 95.87 6

[18] [9] [19] [1] [16] [7] [14] [10] [13] [12] [4]

Delay in permits and licenses 18 9 27 13 5 40 36 29 43 16 10

Changes in government regulations and laws 77 30 36 56 45 38 37 26 35 33 25

Conflict, war, and hostilities 55 30 38 56 24 45 39 29 39 33 33

Delay in performing final inspection and certification by a third party 59 30 30 49 45 45 39 29 43 33 32

Delay in providing services from utilities (such as water, electricity) 64 30 38 56 45 45 39 29 43 33 33

Corruption and bribes 84 30 38 56 45 45 39 29 37 33 23

Government’s improper intervention 84 30 38 56 45 45 39 29 43 33 11

Influence of noise, pollution regulations etc. 84 30 38 56 45 45 39 29 43 33 18

Delay factor name / Reference number

Government/Legal Regulation

Delay factor name / Reference number
Rank

Sum

Rank

 in Group

Delay factors' original rank in the references

Normalized rank in the references Average

 Rank

[18] [9] [19] [1] [16] [7] [14] [10] [13] [12] [4]

Price fluctuations 86.90 100.00 7.89 100.00 100.00 20.00 100.00 100.00 2.33 100.00 100.00 817.13 74.28 1

Non availability of bank loan 100.00 100.00 39.47 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1039.47 94.50 3

Global financial crisis 39.29 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1039.29 94.48 2

Currency fluctuation 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 74.42 100.00 90.91 1065.33 96.85 4

[18] [9] [19] [1] [16] [7] [14] [10] [13] [12] [4]

Price fluctuations 73 30 3 56 45 9 39 29 1 33 33

Non availability of bank loan 84 30 15 56 45 45 39 29 43 33 33

Global financial crisis 33 30 38 56 45 45 39 29 43 33 33

Currency fluctuation 84 30 38 56 45 45 39 29 32 33 30

Rank

 in Group

Economic/Finance/ Market

Delay factor name / Reference number

Delay factor name / Reference number
Rank

Sum

Average

 Rank

Delay factors' original rank in the references

Normalized rank in the references
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Table P -11 Human-related delay factors 

 

Table P -12 Environmental related delay factors 

 

 

  

[18] [9] [19] [1] [16] [7] [14] [10] [13] [12] [4]

Poor communication and coordination between parties 16.67 66.67 63.16 100.00 40.00 100.00 100.00 31.03 100.00 21.21 100.00 738.74 67.16 1

Accidents during construction 85.71 90.00 57.89 100.00 60.00 100.00 33.33 100.00 76.74 96.97 60.61 861.26 78.30 2

Slow land expropriation due to resistance from occupants 100.00 100.00 100.00 96.43 100.00 93.33 100.00 100.00 72.09 100.00 12.12 973.98 88.54 3

Delays in the response of project teams for disruption resolution 100.00 50.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1050.00 95.45 4

Adversarial/confrontational/controversial culture 100.00 76.67 100.00 100.00 100.00 100.00 100.00 100.00 88.37 100.00 100.00 1065.04 96.82 5

Personality clash between contractor agent and resident engineer 100.00 93.33 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1093.33 99.39 7

Problems with neighbors 95.24 100.00 100.00 100.00 100.00 100.00 100.00 96.55 100.00 100.00 100.00 1091.79 99.25 6

Criminal acts 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 97.67 100.00 100.00 1097.67 99.79 8

[1] [10] [7] [13] [8] [3] [14] [10] [13] [12] [4]

Poor communication and coordination between parties 14 20 24 56 18 45 39 9 43 7 33

Accidents during construction 72 27 22 56 27 45 13 29 33 32 20

Slow land expropriation due to resistance from occupants 84 30 38 54 45 42 39 29 31 33 4

Delays in the response of project teams for disruption resolution 84 15 38 56 45 45 39 29 43 33 33

Adversarial/confrontational/controversial culture 84 23 38 56 45 45 39 29 38 33 33

Personality clash between contractor agent and resident engineer 84 28 38 56 45 45 39 29 43 33 33

Problems with neighbors 80 30 38 56 45 45 39 28 43 33 33

Criminal acts 84 30 38 56 45 45 39 29 42 33 33

Rank

 in Group

Human/safety/security

Delay factor name / Reference number

Delay factor name / Reference number
Rank

Sum

Average

 Rank

Delay factors' original rank in the references

Normalized rank in the references

[18] [9] [19] [1] [16] [7] [14] [10] [13] [12] [4]

Unfavorable weather conditions 61.90 56.67 23.68 64.29 51.11 46.67 97.44 93.10 93.02 93.94 63.64 745.46 67.77 2

Unexpected surface and subsurface conditions 42.86 6.67 18.42 44.64 73.33 100.00 100.00 62.07 69.77 66.67 100.00 684.42 62.22 1

Work conflict with existing utilities 100.00 16.67 100.00 57.14 100.00 100.00 100.00 100.00 100.00 100.00 100.00 973.81 88.53 3

Loss of time by traffic control and restriction at job site 97.62 26.67 100.00 100.00 84.44 100.00 100.00 100.00 100.00 100.00 100.00 1008.73 91.70 4

Natural disasters (flood, hurricane, earthquake) 64.29 100.00 100.00 100.00 100.00 97.78 100.00 100.00 100.00 100.00 100.00 1062.06 96.55 5

Difficult/slow site clearance 98.81 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1098.81 99.89 6

[18] [9] [19] [1] [16] [7] [14] [10] [13] [12] [4]

Unfavorable weather conditions 52 17 9 36 23 21 38 27 40 31 21

Unexpected surface and subsurface conditions 36 2 7 25 33 45 39 18 30 22 33

Work conflict with existing utilities 84 5 38 32 45 45 39 29 43 33 33

Loss of time by traffic control and restriction at job site 82 8 38 56 38 45 39 29 43 33 33

Natural disasters (flood, hurricane, earthquake) 54 30 38 56 45 44 39 29 43 33 33

Difficult/slow site clearance 83 30 38 56 45 45 39 29 43 33 33

Rank

 in Group

Environmental/Natural

Delay factor name / Reference number

Delay factor name / Reference number
Rank

Sum

Delay factors' original rank in the references

Delay factors' original rank in the references Average

 Rank
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