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Abstract  
This paper examines the different sources of uncertainties encountered in the construction process of 

highway projects and its effect on cost and time underestimation towards developing a data gathering 

tool for modelling uncertainty. The rationale for this examination stems from the view held by scholars 

that construction of highway projects are often beset by cost overruns and time delays and the lack of 

appropriate tools and techniques for use in gathering data for modelling uncertainty in the construction 

process. A review of extant literature in the area of construction estimation and risk management is 

undertaken to guide the direction of the study. It emerged from the review that there are three sources of 

uncertainty in the construction process of highway projects namely: variability in the construction 

process of highway projects, correlations between highway activities costs and times, and disruptive 

events were identified through analysis. Also, it was found that uncertainties encountered in the 

construction process of highways impact on cost and time, through a combination of the risk events of 

individual construction activities. A data gathering tool for modelling uncertainty in the construction 

process of highway projects is developed using these three sources of uncertainty and the quantitative 

model of variability by employing probability distribution. This tool will be utilized in future research for 

data gathering of the uncertain events of individual construction activities in highway projects. 
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1. Introduction

This paper examines the different sources of uncertainty in the construction process of highway projects 

and its effect on the estimated cost and completion time of highway projects, towards developing a data 

gathering tool for modelling uncertainty in the construction process. Cost overruns and time delays are 

frequent in infrastructure construction projects specifically in highway construction projects (Flyvbjerg et 

al. 2003; Poole and Sumuel 2011). Therefore, interest in tools to estimate the uncertainty in the 

construction process of projects has grown. Predicting construction cost and time estimates for highway 

projects are a challenging task because the highway project is not a stationary project and perceived to be 

a linear repetitive project (Rayes 2001, Dzeng and Wang 2003). Such projects encounter different 
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conditions and environments at different geographic locations. These subject the highway projects to 

uncertainties, particularly in the early stages when very limited information about the project is available 

(Okmen and Oztas 2010). As a highway project progresses, more data becomes available to allow costs 

and times to be estimated to a greater degree of accuracy (European Commission DG 2008).  

 

The actual cost of construction and time of a highway project is affected by many variables and 

uncertainties that can influence the estimated cost significantly during the construction process (Flyberg 

et al. 2003). However, most of the tools and techniques used for gathering data on the uncertainty in the 

construction process do not appropriately capture the risks and uncertainties involved (Flyberg et al. 

2007; Anderson 2007). The focus of this research is on the examination of the different sources of 

uncertainties encountered in the construction process of highway projects and its effect on cost and 

completion time, towards developing a data gathering tool, which captures uncertainty on the projects. To 

do this, the paper will first of all outline the primary sources of uncertainty encountered in the 

construction process of highway projects and its effect on estimated cost and completion time, thereafter, 

it presents the results of a literature survey into the existing tools used for gathering data on the 

uncertainties encountered in the construction process of highway projects and their associated advantages 

and disadvantages. Finally, it proposes an appropriate tool that can be used in data gathering for 

modelling uncertainties on construction projects. 

 

 

2. Overview of Sources of Uncertainty Encountered in the Construction Process and its 

Effect on Estimated Cost and Completion Time 
 

2.1 Sources of Uncertainty 

 

The three sources of uncertainty in the highway project are further described in the following sub-

sections: 

 

2.1.1 Variability in construction process of highway project 

The variability in the construction process is the change in an activity cost variable and time variable 

under normal conditions. When an operation is repeated, the construction cost and time of the activity 

changes from one repetition to another (Moret and Einstein 2016). Variability is applied to three highway 

structures: Variability in Earthworks: Variability of cost and time in cut(excavation) activities in five 

different type of excavation namely: Silt, soft soil, hard soil, rock (mechanical), rock (blasting) and 

Variability of cost and time in filling activities; Variability in Bridges: Variability of cost and time of 

three methods of bridges namely: Culvert, precast, and cast-in-place beams/decks; and Variability in 

Paving: Variability cost and time in different layers of paving namely: Subgrade, Subbase, Base, and 

Surface. These variabilities are modeled after Fewings (2013) with probability distributions: the 

lognormal distribution for the variability in cost variables and the triangular distribution for the variability 

in time variables. 

 

2.1.2 Costs and times correlation in highway project 

Costs and times correlation are the relationships between costs and times of two highway structures and 

activities expressed with correlation. In the construction process of the repetitive project such as highway 

construction project, the construction cost and time of the activity change from one repetition to the other 

(Bakhshi and Touran 2012), hence different types of correlations between each construction activity and 

structure are identified. The following relationships between construction costs and times of highway 

structures and/or activities are documented in literature (Moret and Einstein 2012a): Correlation between 

the costs/periods of a repeated activity in a structure at the same segment; Correlation between the 

costs/times of the same activities in same structure at different segments; Correlation between the cost 

and time of the same activity in a structure; Correlation between the cost and time of the same activity in 

a structure; Correlation between the costs/times of different activities in a structure; Correlation between 



  

the cost/times of operations in adjacent structures; and the Correlation between the costs/times of adjacent 

structures. 

The correlation with the largest impact will be analyzed further and modeled with the NORTA (NORmal-

To-Anything) method. 

 

2.1.3 Disruptive event 

A disruptive event is an event with a low probability of occurrence and massive impact on cost and time 

(Howick et al. 2010). Five major sources of disruptive events are considered in this uncertainty model 

namely: Technical, Economic, Political, Legal, and Environmental. The occurrence of a disruptive event 

is modeled at every unit of highway activity. If on the one hand, the disruptive event occurs, the cost and 

time impact of the disruptive event on the construction are also modeled. The occurrence or non-

occurrence of these events are modeled with a simple random number generation. Disruptive events are 

modeled with triangular distribution (Moret and Einstein 2011), which is used to generate the cost and 

time impacts of the disruptive events. These cost and time impacts are added to the initial cost and time of 

highway activity. 

 

2.2 The Effect of Uncertainty on Estimated Construction Cost and Completion Time 

 

Typically, in the estimation of highway projects, several variables are not known since highway 

construction projects are populated by uncertainties. It is an opportunity if it has a positive impact, a 

threat if it has an adverse impact on the project objectives (Kurowicka and Cooke 2006).  A different 

source of uncertainty has different impacts on infrastructure construction cost and time and their 

cumulative impact cause significant variations in estimated construction cost and completion time of 

infrastructure projects (Moret, and Einstein 2016).  

 

 

3. Tools and Techniques Used for Data Gathering on the Uncertainties Encountered in the 

Construction Process 

 
Most available data gathering tools/techniques [Three Point Estimating, Analogous Estimating, Expert 

Judgment Estimating, Parametric Model Estimating, Published Data Estimating, Reserve Analysis, 

Vendor Bid Analysis, and Bottom-up Analysis] do not capture the uncertainty in construction project 

(Poole and Samuel 2011; WSDOT 2012). These conventional cost and time estimating techniques 

provide the finest scenario assessment, which is rarely the case in practice.  

In additional, the current approaches to modeling risk and uncertainty such as Anticipated Final Cost, 

Cost Planning Model, Schedule Risk Analysis, Quantitative Risk Assessment Model contain two 

limitations. First, the reliance on modeling risks without an in-depth understanding of the construction 

process of infrastructure project that does not ensure that all uncertainties in the construction process are 

captured. Second; modeling only risks rather than capture the cumulative effect of different sources of 

uncertainty in construction cost and time of highway projects (Moret, and Einstein 2012). 

 

 

4. Proposed Tool that can be used in Gathering Data for Modelling Uncertainty 
 

To overcome these limitations, the researcher has developed a simulation tool that models the highway 

construction as a sequence of primary structures in highway projects. An advanced feature of this tool is 

the capacity of identifying and modeling different sources of uncertainty in highway projects and 

capturing their cumulative impacts on cost and time of highway projects. The highway uncertainty model 

simulates the construction processes of every single activity of highway construction to the entire project 

based on the different sources of uncertainty. These are modeled jointly through each highway activity by 

using the probability distributions to model the impact of cost and time. The construction model of 

highway and uncertainty model will be integrated into the simulation program to consider different 



  

construction activities and various uncertainties. Based on input data the cost and time of uncertainty in 

the construction of the highway are simulated. 

 

4.1 Highway Construction Model 

 

The construction process of highway projects depends on the different parameters such as highway 

construction methods, geology, terrain, the location of the highway, etc. (Zayed et al. 2008). The 

construction process of highway consists of sequential, parallel and repeated activities. Therefore, 

construction of highway categorized as linear repetitive construction project (El-Rayes 2001). To evaluate 

these dependencies relation and its impact on the cost and the time of highway construction, the 

construction of the highway is modeled as a sequence of three main structures of highway construction 

namely Earthwork structures, Bridge structures, and Paving structures. The construction model analyses 

every single activity and sub-activity in the construction processes of the three most important structures 

identified. Activity networks are developed in the highway construction model to represent the particular 

construction process and calculate the construction cost and time of the highway project. In the highway 

construction model, the activity network consists of activities and sub-activities that are repeated 

numerous times during the construction of each structure. Thus, the interconnection of activities and sub-

activities models one structure and the interconnection of the different structure networks model the 

construction of the highway project. The representation of the construction process of highway projects 

with activity networks depends on an understanding of the construction process and provides the starting 

point to identify the sources of uncertainty in the construction of the highway (Moret 2011).  

 

The following sections examine the three most important structures of highway construction. 

 

4.1.1 Earthwork structure 

The construction of earthwork structure is modeled with two activities: cut (excavation) and filling. The 

construction of a cut(excavation) is modeled as a sequence of three following sub-activities: excavating 

the cut, improving the area, and stabilizing the trenches. Similarly, the construction of a filling is modeled 

as s sequence of the four following sub-activities: Clearing the soil, improving the area, filling, and 

compacting. 

The construction cost and time of cuts are depended on the geology condition of excavation. Therefore, 

construction cost and time of five different cuts in various geology with appropriate excavation methods 

are considered: excavating Silt, excavating Soft Soil included Sand and Gravel using bulldozer below 

150HP, excavating Hard Soil included Cobbles and Boulders using bulldozer below 300HP with ripper, 

excavating Rock using bulldozer above 300HP with ripper, excavating Rock using blasting. Differently, 

the construction of filling is characterized by recycling the good materials from excavated in the cuts, 

which is reused in the fillings. Thus only one cost and time are considered for filling activities. 

The cost and time of the earthwork structure are characterized by quantifying cost and time of each sub-

activity in each earthwork activity (Cut and filling) as a function of the cost per unit volume, the 

production rate, and the volume and mathematically modelled as shown in Equations 1 and 2.   

 

Cost = cost per unit volume of sub-activity × Volume of sub-activity   (1) 

Time = (Volume of sub-activity)/(production rate of sub-activity)   (2) 

 

4.1.2 Bridge structure 

The construction of a bridge is modeled with an activity network, which depends on the construction 

method of the bridge. Three most common bridge components used in highway projects are namely 

culvert, precast, and cast-in-place. The construction of culvert bridge is modeled with a combination of 

the following five sub-activities: Set Up Site, Culvert Bedding, Set Up Precast Culvert, Wing Wall, and 

Backfilling. The construction of the precast bridge is modeled with a combination of eight following sub-

activities: Set Up Site, Footing of Abutment, Abutment, Footing of Pier, Pier, Wing Wall, Set up Precast 

Deck, Backfilling. Also, the construction of cast-in-place bridge is modeled with a combination of the 



  

following eight sub-activities: Set Up Site, Footing of Abutment, Abutment, Footing of Pier, Pier, Wing 

Wall, Cast-In-Place Deck, Backfilling. 

The bridge structure is modeled with more complex activity network compare to earthwork structure. The 

activities can be either parallel or sequential, where the sequence of the operations depends on the bridge 

method and site condition. For bridges with a large number of spans, the activity network becomes 

proportionally larger. Since details of bridges are varied such as a number of spans, each bridge needs a 

customized activity network.  

The cost and time of the bridge construction are characterized by quantifying the cost and the time of 

construction of each sub-activity of the bridge. The cost and time of bridge construction are 

mathematically modelled as shown in Equations 3 and 4.  

 

Cost = ∑ Activity cost        (3) 

Time = ∑ Activity time on critical path      (4) 

 

4.1.3 Paving structure 

The construction of a pavement is modeled as a sequence of four following layers: Subgrade, Subbase, 

Base, and Surface. The cost and time of paving structure are characterized by quantifying the cost and 

time of each layer as a function of the cost per unit volume, the production rate, and the volume. The cost 

and time of bridge construction are mathematically modelled as shown in Equations 5 and 6.   

 

Cost = cost per unit volume of layer × Volume of layer    (5) 

Time = (Volume of layer)/(production rate of layer)    (6) 

 

4.2 Highway Uncertainty Model   

 

To overcome the existing limitations in current estimation tools and approaches to modelling risk and 

uncertainty (modelling risks without an in-depth understanding of the construction process of highway as 

a linear repetitive construction project, and modelling only risks rather than uncertainty) it is necessary to 

create a highway uncertainty model to estimate the cost and time of the project, based on an in-depth 

understanding of the construction process and model its different sources of uncertainty in the highway 

projects. Therefore, three sources of uncertainty which have a significant impact on the cost and time of 

the highway projects are identified:  the variability in construction process of the highway; the 

correlations between construction cost and time of highway structures and/or activities; and the 

occurrence of disruptive events in highway project (Moret and Einstein 2016). The uncertainty model 

compares the impact of the different sources of uncertainty in highway projects and captures the 

cumulative impact of all three source of risks on the construction cost and time of the projects.  

 

 

5. Input Data and Data Gathering Tools 

 
From the preceding, it can be deduced that the proposed uncertainty model requires a significant amount 

of input data. Additional to the historical data in cost and time for each highway structure, the following 

supplementary input data are also needed to model the uncertainties in highway construction: probability 

distribution of highway activities cost and time; correlations between the costs and times of highway 

activities; likelihood of occurrence of disruptive events and distributions of their cost and time impacts 

during the construction of the highway.  

 

According to Moret and Einstein (2012), data are often not freely available because cost and time of 

activities are considered sensitive information. As a result, correlations are rarely analysed, and the 

infrequent occurrence of disruptive events makes it difficult to gather data on them. However, historical 

datasets are available on the costs and times of highway projects and all detailed information such as a 

variation on the construction process and the cost and time correlation can be extracted from the historical 



  

datasets. To calibrate extracted information from the historical datasets and also to obtain inaccessible 

data such as the probability of occurrence and cost and time impacts of disruptive events, the expert 

opinions, and estimation values are obtained.  

 

In developing the uncertainty model, earthwork experts, bridge experts, and paving experts are 

approached to estimate and provide the required information on cost and time variability, cost and time 

correlations and disruptive events. Experts with over 20 years of experience in the construction of 

highway projects and their respective fields will be used as sources of expert judgment. 

 

Table 1: The Input Data in Highway Structures and Uncertainties 

 

Highway 

Structure 

Variation Correlation Disruptive Events 

Cost Time Cost Time Occurrence Cost Impact Time Impact 

Earthwork Historical Data 

Expert Estimate 

Historical Data 

Expert Estimate 

Expert Opinion 

Bridge Historical Data 

Expert Estimate 

Historical Data 

Expert Estimate 

Expert Opinion 

Paving Historical Data 

Expert Estimate 

Historical Data 

Expert Estimate 

Expert Opinion 

 

 

Table 1 shows the different components of the highway structure, distributed by the sources of 

uncertainty in the construction process of highway construction projects. Table 1 details the areas in 

which expert opinion will be sought. Variation: experts are to provide estimates of the construction cost 

and time of the unit volume of each activity of main highway structures. To model variability of cost and 

time, it is required that the expert estimates the possible construction cost and time of each activity at a 

minimum cost, most and maximum. Regarding the correlation uncertainty construct, experts are to 

specify the variation in cost and time of each activity and structure if the cost and time of previous 

activity or structure increases or decreases. While for the disruptive event, experts estimate the probability 

of occurrence and severity of outcome and the impact of each disruptive event on the construction cost 

and time of the structure. Similarly, to the variation section, the sequence of the minimum, most and 

maximum impact of disruptive events on cost and time of each highway structure are requested from the 

experts.  

 

The networks modelling of the highway construction process and quantitative model of the three sources 

of uncertainty of highway project are after that combined in the Monte Carlo simulation tool. The 

required probability distributions, the NORTA method, and Markov processes are used in capturing the 

cumulative impact of each source of uncertainty in construction cost and time of highway projects. By 

simulating a highway project repetitively, it generates probability distributions for total construction cost 

and total time of highway project. Monte Carlo simulation generates input distributions in the aims of 

calculating the total cost and the total time output variables for each simulation run.  

 

 

6. Conclusion and Recommendation 

 

This paper examines the different sources of uncertainty in the construction process of highway projects 

and its effect on the estimated cost and completion time of highway projects, towards developing a data 

gathering tool for modelling uncertainty in the construction process. The study established from literature 

survey that the sources of uncertainty in highway construction projects are variation, correlation and 

disruptive events and these have an adverse effect on construction cost and completion time of highway 

construction projects. A data gathering tool for use in modelling uncertainty in highway construction 

projects, using the main structures of highway construction and expert opinion. 



  

 

The proposed highway construction uncertainty model makes several improvements to the field of cost 

and time estimation of a linear repetitive construction project such as highway projects. Modeling the 

uncertainties of cost and time in highway projects involves two steps: identification and quantification 

and most of the existing tools use estimation as a conceptual or template based construction management 

tool. By incorporating historical data and expert evaluation/opinions, the proposed model aims to bring 

the conceptual environment closer to reality.  The highway uncertainty model, simulates the different 

sources of uncertainties in highway projects using two sources of data: historical data and expert 

estimation/opinions to improve the quality of the input data, and defines the outcomes of uncertainty to be 

positive or negative, resulting from three different sources of uncertainties, which allows construction 

managers to anticipate both opportunities and adverse events.  

 

Sources of Uncertainty are identified from the literature review of previous researches and clarified 

through brainstorming of the experts. The identified uncertainties are quantified depending on the 

appropriate classification uncertainty type: variability is quantified by defining the probability distribution 

and the distribution parameters; cost correlations are quantified with correlation coefficients; a disruptive 

event is quantified with its likelihood of occurrence and the probability distributions of the cost impact 

and time impact. The highway construction uncertainty model provides a holistic four steps process in the 

aims of quantitatively analysing the overall uncertainty of the highway projects. The model computes the 

distributions of the total cost and the total time of highway project; it combines uncertainties to model 

their cumulative impact on total cost and total time of highway project; it quantifies the impact of each 

uncertainty on highway cost and time, and finally it visualizes the highway project cost and time. 

 

Beside actual cost and time estimation and assessment of uncertainty impacts in highway projects, the 

proposed quantitative analysis has further uses. The quantitative analysis is a dynamic model that can be 

utilized during the life of the project to analyse new uncertainties, the effectiveness of countermeasures to 

mitigate threats or to take into consideration that some uncertainties have been eliminated. In principle, it 

can be used iteratively during the construction of the project to model the changing uncertainties. 

Contrary to other existing tools developed for construction infrastructure projects in general, the proposed 

data gathering tool is particularly well suited for projects characterized as being complex. This degree of 

complexity is given by the type of structure, the number of interconnected activities and the sources of 

uncertainty.  

 

 

7. Further Research  

 
The paper recommends further research that will examine the quantified uncertainty encountered in the 

construction process of a highway project based on historical data and probability distributions and 

whether these can be used in explaining the theoretical uncertainty model developed. The data gathered 

will also be used in testing the effectiveness and validity of the proposed construction and uncertainty 

models. 
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