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6 ABSTRACT

7 Inspection process provides beneficial information to assess the current condition of the bridge

8 deck, which is an essential factor in identifying the most appropriate and timely maintenance

9 strategy. Practically, there are a huge number of bridges that need frequent inspection, which
10  makes planning for this process crucial. In this regard, a bridge deck inspection planning (BDIP)
11 model was developed to manage the inspection process of the concrete bridge deck. This model
12  integrates agent-based and discrete event simulation approaches to mimic the sub-processes
13  involved in the inspection using non-destructive technologies. This paper discusses the details and
14  the adopted procedures to build this model starting from real system analysis to model verification,
15  implementation, and validation. Verification and validation of the model demonstrate its ability to
16  accurately estimate inspection duration and cost. The developed model can assist bridge authorities
17  and contractors in planning this process, measure the traffic disorder due to inspection activities,
18  and compare different scenarios for conducting inspection.
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INTRODUCTION

Available budget to conduct maintenance for bridges is insufficient to cover all required
maintenance work. According to the USA infrastructure report card, the backlog of rehabilitation
projects for the nation's bridges is $123 billion [1]. Thus, priority in conducting needed
maintenance is given to vital and extremely defected bridges, while maintenance for less-risky and
low-important bridges is usually delayed until new funds are found [2]. Bridge deck represents the
most expensive component in the bridge system due to its frequent need for costly maintenance
and rehabilitation [3]. Numerically, bridge deck costs between 50 to 80 percent of the overall
expenditures on bridges over its service life [4]. Therefore, optimizing maintenance work for such
elements can significantly reduce the gap between the available budget and the required
maintenance.

To address this challenge, periodical inspection is usually conducted to accurately identify the
current condition of the bridge elements, which is an essential factor in determining the most
appropriate maintenance strategy on time. Indeed, conducting timely maintenance is a critical step
to prevent deterioration proliferation and consequently reduces the required budget for
maintenance work in the future. In this regard, non-destructive technologies (NDTSs), such as
impact echo (IE), ultrasonic pulse echo (UPE), ultrasonic surface wave (USW), half-cell potential
(HCP), electrical resistivity (ER) polarization resistance (PR), ground penetrating radar (GPR),
infrared thermography (IRT) and image-based techniques, were incorporated in the inspection
process to eliminate the limitations of traditional inspection approach (i.e., visual inspection) and
to address more accurate assessment for surface and subsurface defects [2].

Nevertheless, there are two main challenges in conducting inspection. Firstly, inspection activities

interrupt traffic flow (i.e., especially for vital bridges), which is directly and indirectly related to
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other vital activities (e.g., commercial and industrial activities). Secondly, the huge number of
bridges that need frequent inspection makes planning for this process very important. For example,
In the USA, there are 614,387 bridges, 39% of these bridges are more than 50 years old, 15% are
between the ages of 40 and 49, and 9.1% of these bridges were structurally deficient in 2016 [1].
This reveals the need for developing a tool that can guide decisions in planning this process,
measuring the traffic disorder due to inspection activities, and comparing different scenarios for
conducting inspection to optimize the whole process.

Accordingly, a bridge deck inspection planning (BDIP) model was developed to manage the
inspection process of the concrete bridge deck. The developed model integrates agent-based and
discrete event simulation approaches to mimic the sub-processes involved in the inspection using
non-destructive technologies. The developed model can estimate inspection duration and cost,
measure traffic disorder due to inspection activities, and compare different inspection scenarios
and traffic control strategies to reduce inspection duration and cost. This will contribute to the
current situation by providing a decision aiding tool that can be used in planning the forthcoming

inspection activities.

BACKGROUND AND RESEARCH GAPS

Few studies have investigated the time and cost of the inspection process for the concrete bridge
deck. The applications of the findings of these studies are limited to specific cases. For example,
Gucunski, et al. [4] estimated data collection and data analysis speeds for inspection using non-
destructive technologies (e.g., half-cell potential and electrical resistivity offer data collection
speeds of 1,156 ft?/hr and 1,415 ft?/hr, respectively). The proposed speed for different non-
destructive technologies was estimated based on 2 ft x 2 ft grid spacing. The data in this study

were collected from different participants in the second Strategic Highway Research Program
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(SHRP2). Similarly, Benjamin et al. (2016) estimated the speed of data collection and analysis for
seven non-destructive technologies by collecting information from Indiana Department of
Transportation (INDOT) experts, vendors, and equipment manufacturers (e.g., GPR and Air-
coupled GPR offer data collection speeds of 4,800 ft?hr and 12,000 ft?/hr, respectively). The
findings of these two studies did not consider several factors that significantly influence the
estimated inspection duration, such as preparation time, device characteristics (e.g., mounting the
device in a cart or a car), and varying testing grid spacings. Ignoring these factors limits the
applications of the developed rates to specific cases.

On the other hand, Chung, et al. [5], and Kim and Frangopol [6] incorporated inspection cost in
optimizing the life cycle cost of bridges. The main focus of these studies in estimating inspection
cost is to calculate the total inspection cost of a bridge over its service life by considering the
number of scheduled inspections and the cost of a single inspection. Agdas, et al. [7] estimated the
cost of different items incorporated in visual inspection and wired and wireless structural
monitoring systems. The estimated cost includes owning cost of the equipment, installation cost,
inspector salary, traffic control cost, maintenance cost, and data analysis cost. The findings
showed that visual inspection is less expensive than wired and wireless structural monitoring
systems. The estimated cost in this study is limited to the proposed systems and cannot be used for
other inspection systems.

Gucunski, et al. [4] estimated cost per unit area (i.e., USD / ft?) of using different non-destructive
technologies in the inspection. The estimated cost includes cost of data collection and data
analysis, equipment purchasing cost, maintenance cost, and traffic control cost. The participants
in SHRP2 project were asked to provide a cost estimate for the inspection of two bridge decks

areas using different non-destructive technologies (i.e., 5,000 ft?> and 10,000ft?). The findings of
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this study showed that chain drag and hammer sounding are the most inexpensive techniques.
Nevertheless, the corresponding cost of these techniques increases extremely (i.e., five times)
when traffic control cost is considered due to long operation time. The findings also showed that
the acoustic techniques (i.e., IE, USW, and UPE) are the most expensive techniques in both cases
(i.e., with and without traffic control cost). On the other hand, electrochemical techniques (e.g.,
half-cell potential) are the cheapest inspection techniques when considering traffic control costs.
In addition, GPR and infrared thermography provide reasonable inspection approaches when
considering their capabilities.

Benjamin, et al. [3] estimated the cost associated with the inspection using non-destructive
technologies. Purchasing cost, maintenance cost, vehicle cost, training cost, inspectors and
analysts’ salaries, traffic control cost, and travel cost were all considered in estimating the unit
price of inspection using non-destructive technologies. The data for unit price estimation was
collected from 30 bridges in Indiana’s inventory. The findings of this study demonstrate the cost-
effectiveness of using infrared thermography test in inspection of concrete bridge deck.

In general, previous studies fixed some factors during estimating the prediction rates for inspection
duration and cost, such as testing grid spacing and equipment prices, which significantly biases
the assessment of the inspection duration and cost or limits their applications. For example, the
proposed cost rates for using NDTs technologies in the inspection process in some studies [3,4]
are a function of the bridge area, ignoring the continuous changes in devices purchasing costs,
salaries, etc., which makes using these rates nonrepresentative for the real process after a short
time. In addition, traffic delay cost was often overlooked in the estimation of inspection cost.
Furthermore, non-destructive technologies are usually used together to complement their defect

detection capabilities. However, the inspection duration and cost for the whole process that
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involves several technologies have not been investigated before, since most studies have developed
prediction rates to estimate inspection duration and cost for using non-destructive technologies
individually. The aforesaid gaps reveal the need to develop a tool that can address more accurate

assessment for inspection duration and cost.

Simulation

Computer simulation is an approximate imitation of the behaviour of a real system to predict the
outcomes of this system. Simulation models (e.g., discrete event simulation, system dynamic and
agent-based simulation) are used for several purposes, such as understanding the underlying
behaviour of the real system and optimizing operations inside this system [8]. In 1961, IBM
engineer Geoffrey Gordon developed the first discrete event simulation (DES) software, i.e., GPSS
(General Purpose Simulation System) [9]. Since then, this technique has gained wide acceptance
in both academic and industrial communities and numerous software have been developed to
facilitate its implementation (e.g., Arena, WebCYCLONE, and STROBOSCOPE). Accordingly,
DES has demonstrated its capabilities in supporting decision-makers and providing solutions for
various problems in the real world [10-14].

For example, Zayed and Halpin [10] developed a time-cost-quantity chart that can be used to
predict production time and cost of a ready mixed concrete batch plant considering the distance
between a construction site and the plant. The chart was developed based on the findings of the
sensitivity analysis process of a DES simulation model for the plant developed by
MicroCYCLONE simulation software. Marzouk, et al. [11] developed a DES simulation model
that can assist government agencies in planning the construction process of a bridge deck by
comparing different construction methods. In an interesting study conducted by Balagopalan [14],

a DES model was developed to predict time and cost of using an unmanned aerial system (UAS)
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in bridge inspection. The findings of this study demonstrated the efficiency of implementing UAS
in the inspection process compared to visual inspection technique.

DES was integrated with other techniques to strengthen and extend the benefits of the integrated
techniques. As an example, EINimr, et al. [15] integrated 3D visualization and DES to model the
movements of a mobile crane on construction sites. The geometrical and special processing
strengths of the visualisation were used to identify the shortest obstacle-free path for each
mobilization. Alzraiee, et al. [16] integrated DES and system dynamics (SD) to address the
operational and strategic aspects of construction projects on a single platform. The developed
platform was used to provide a more realistic project schedule and to improve understanding of
the project’s factors interactions. SD is considered as old as DES. It was developed at the
Massachusetts Institute of Technology (MIT) by Professor Jay Forrester in the 1950s (Forrester,
1997). SD is concerned with macro level or strategic level of the system, which includes broad
and general details about the processes inside the system. On the other hand, DES focuses on micro
level or operational level, where detailed information about the process is the main concern
Despite DES has been widely used in the simulation community for over 40 years, in the early
1990s, the arrival of agent-based simulation (ABS) promised to offer more sophisticated solutions
for current problems [17]. It uses a bottom-up approach, where the behaviour of different elements
(i.e., agents) in the system and their interactions are modelled. The overall system behaviour
emerges as a summary of the actions and interactions of autonomous agents [18]. ABS can model
the complexity arising from human behaviour that is either generated from individual actions or
from interactions between different agents. For that reason, ABS surpasses DES and SD
techniques, since these techniques are not competent enough for these types of problems [17]. For

example, Kim and Kim [19] developed a multi-agent-based simulation model to investigate the
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impact of traffic congestion on the efficiency and productivity of construction equipment, which
is not possible to be considered using DES.

Despite the fact that ABS is a very powerful simulation technique, there are some barriers that
prevent the wide adoption of this technique. For instance, the lack of experience of academics and
practitioners with ABS limits employing this technique in different fields [17]. On the other hand,
the practical experience with DES in both academic and industrial communities is now very

matured, which increases the popularity of using this technique in many applications.

RESEARCH METHODOLOGY AND MODEL DESIGN

In this part, the main steps of developing the bridge deck inspection planning (BDIP) model will
be presented. This model was developed by integrating agent-based and discrete event simulation
approaches into a single platform. Anylogic software was used to build this model. The main stages
to develop the current model are shown Figure 1 (a). Figure 1 (b) shows the sequences of the main
stages and their details. Further details of each stage are illustrated in the next subsections.

Figure 1
System Analysis

System analysis is the first stage to build any model. This stage should receive great attention as it
forms the foundation for all upcoming stages. The main goals of this stage are to establish the
scope of the model, identify various system aspects that have relationships with this scope, analyse
these aspects, put them together to formulate the problem, and finally identify the main steps
involved in the process and their sequences. Returning to our problem, inspection of concrete
bridge deck using non-destructive technologies represents the main focus of this study. The
objectives of this research are to estimate the time and cost of the inspection process and optimize

the whole process.
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To achieve the aforesaid objectives, the inspection process was carefully analysed and broken
down into small parts to identify the process environment. Process environment contains different
parameters that influence the objectives. Figure 2 summarizes these parameters according to the
three objectives: time, cost, and process optimization. As shown in Figure 2, there are several
parameters that control the inspection duration, such as bridge characteristics, number of
technicians, test characteristics, preparation time, working hours per day, and possibility of closing
several lanes at the same time for inspection. The last parameter is concerned with the opportunity
to close more than one lane at the same time to perform inspection, which depends on the status
of traffic (i.e. low or high traffic density) and the adopted strategy to control the traffic (i.e.
rerouting or partial lane closure).

Similarly, inspection cost is a function of several parameters, which include inspection duration,
transportation cost, devices renting cost, technician salary, traffic control cost, bridge user cost,
other costs (i.e. tools cost, indirect cost, etc.), and working start time. Working start time
determines when the work will start every day. In fact, this is a critical factor in determining the
impact of the inspection activities on traffic flow. The starting time for inspection is preferably
chosen at low-traffic density hours to reduce the disturbance of the traffic flow and accordingly
reduces excessive user cost due to this disturbance.

Figure 2

Finally, adjusting process parameters to optimize the outputs of the system is considered an
essential step during planning. Nevertheless, there are some parameters that have constant values,
such as bridge length and width, test speed, devices rental cost, and technician salary. On the other

hand, some parameters can be adjusted to optimize the process, such as number of technicians,
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overtime length, working start time, traffic control strategy, and possibility of closing several lanes
at the same time for inspection (Figure 2).
The final procedure in this stage (i.e., system analysis) is to identify the main steps involved in the
process. Inspection process includes several tasks which can be categorized into two sub-
processes: preparation and testing. Figure 3 shows the tasks included in each sub-process.
Preparation of each lane starts with lane closure, then cleaning and preparing the surface of the
bridge deck if needed, and finally marking testing grid. On the other hand, testing comprises three
tasks: device setup, testing, and moving to the next line/point to test. The last two tasks are repeated
until finishing all test lines or points.

Figure 3
Generally, there are two approaches for performing inspection using non-destructive technologies:
line-based test and point-based test. In the line-based test, the technician stirs the device through
marked lines on the surface of the bridge. The technician with the device moves continuously
through each line at a specific speed. This approach includes two methods for testing: forward and
zigzag. In the forward method, the technician always moves to the start line in order to start testing
a new line, while in the zigzag method, the technician reverses the direction of the movement with
each new line (Figure 4). GPR, infrared camera mounted on a car, and some types of half-cell
potential (i.e., wheeled half-cell potential) are used according to the line-based test method. On the
other hand, in the point-based test approach, the technician tests marked points on the surface of
the bridge using the device (e.g., IE and USW). At each point, the technician puts the device over
the point for several seconds to measure a specific property, and then moves to the next point.

Figure 4

10
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Conceptual Design

Conceptual design comprises three main steps: establishing the process framework, developing
the cost estimating model, and choosing the most appropriate technique(s) to build the final model.

The details of each step are described in the next subsections.

Process Framework (Time Model)

The first step in the conceptual design focuses on identifying the key elements in the process,
investigating their behaviours during the process, examining their relationships, and establishing
a framework for the process including all these aspects (i.e., conceptual model). Figure 5 shows
the inspection process framework. As shown in Figure 5, inspection process includes six main
elements: daily working hours, inspection, technician, preparation, device, and traffic flow. Daily
working hours are the summation of the normal working hours per day and the overtime hours.
This element circulates between three states: mobilization, testing, and demobilization. Every day,
the inspection team starts mobilizing the required tools and devices for inspection. Then,
inspection activities are commenced. Finally, when the working hours in the current day are
finished, the inspection team demobilizes the inspection tools and devices. These tasks are repeated
every day until the end of the inspection. This element determines the daily time window for the
inspection activities. Therefore, it controls the cycles of all other elements directly or indirectly
(i.e., through another element).
Figure 5

The second element is the inspection process. It includes all inspection activities, such as
preparation and testing activities using different non-destructive technologies. This element
influences all other elements, since it holds all inspection information, such as number of

technicians, tests incorporated in the inspection, tests order, etc. The inspection cycle is repeated
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every lane (i.e., when the inspection of one lane is finished, the inspection team moves to the next
lane to inspect). The work in this element is mainly influenced by the daily working hours element
as the daily working hours element stops the inspection activities when daily testing time in the
daily working hours element is finished (i.e., total working hour minus mobilization and
demobilization times) and resumes the inspection activities when testing time starts in the next
cycle (i.e. day).

The third element is the technician, who do all inspection activities, starting from mobilization till
the end of the inspection. There are two state for this element: working and idle (Figure 5). The
latter case occurs when there are more than one technician involved in the inspection process as
the technician should wait for the previous test to provide enough space to start another test (i.e.,
there is always a gap between different tests if they can start at the same time). This is considered
a precaution condition to prevent test collisions. In working state, the technician will be involved
in one of the following tasks: mobilization, demobilization, preparation, and NDT tests. Therefore,
there is a strong relation between technician cycle and daily working hours, inspection,
preparation, and device cycles. Inspection cycle provides the technician with the sequence of
inspection activities (e.g., after preparation, GPR test should start, then IE test, and finally HCP
test). After the completion of the preparation process or any test, the device and preparation
elements inform the technician element that the process is finished, which allows the technician to
start a new test. Consequently, the technician checks if there is another test ready to start or
becomes idle.

The fourth element is preparation. This process includes several tasks, such as setup lane closure
tools, cleaning and preparing the deck surface, and grid marking. The cycle of this element includes

two states: waiting and preparing (Figure 5). This cycle is repeated every lane until the end of the
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inspection process. The inspection element indirectly determines the current state of the
preparation element through the technician element. Similarly, daily working hours element
indirectly stops and resumes the work in this element through technician element.

The fifth element includes the devices used in the inspection. There are several non-destructive
technologies that are commonly used in the inspection of concrete bridge deck, such as GPR, IE,
USW, UPE, HCP, ER, PR, IRT, and images [2]. The cycle of any device includes two main states:
waiting and testing (Figure 5). The device switches between these two states until the end of the
inspection process. When the test in progress provides enough space to start a new test, the next
test checks the availability of the technician to start the test. If there is no technician available, the
device will stay in the waiting state until a technician becomes available (this proves the
relationship between this element and the technician element). After finishing testing with a
specific device, this device releases the technician to do another job. Similar to the preparation
element, the daily working hours and the inspection elements control the current state of this
element.

The last element is the traffic flow, which includes two states: normal flow and flow under
inspection. Starting the inspection activities converts the traffic flow from normal condition to
flow under inspection. There are two cases of traffic flow under inspection. The first one is partial
direction closure, in which some lanes are closed, while the remaining are opened for traffic. The
car driver, in this case, has two options: driving beside the working area or taking another route.
The second case is complete closure for the entire lanes in this direction, which may convert the
traffic flow to the other direction or convert the traffic in this direction to another route. Inspection
element determines if there are inspection activities in progress in this direction or not. On the

other hand, daily working hours element interrupts the inspection activities and returns the traffic
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flow to the normal condition after the working hours on that day are finished. On the next day, the
inspection work is resumed, and the traffic flow is affected again. The cycle of traffic element is

repeated every day until the completion of the inspection activities in this direction.

Cost Model

Inspection cost can be divided into six parts: technicians cost (Ciecn), devices cost (Cgev),
transportation cost (Ciransp), lane closure control cost (Cic), bridge user cost (Cgu), and other costs
(Coth). The total inspection cost can be calculated from the following equation:

TCinsp = Ctech + Caev + Crransp + Cic + Coy + Con [1]
Technicians cost is the expenses paid for the inspection team to do inspection. This part considers
normal and overtime pay rates for the inspection team. It is a function of technicians number (Ntech),
technician normal and overtime pay rates, total normal working hours, and total overtime working
hours. It can be calculated according to the following equation:

Ctech = Niecn{(Stech * (Tinsp - OTinsp)) + (OStecn * OTinsp)} [2]
where Stech = hourly salary of technician, Tinsp = inspection duration in hours, OStech = overtime
hourly salary for technician, OTinsp = total overtime hours.

Devices cost is the cost associated with the use of NDTs in the inspection. It depends on the number
of NDTs used in the inspection, the rental rate for each technology, and inspection duration. The
following equation can be used to calculate this term:

Caev = ?:1(Rdi * insp) [3]
where n = number of utilized devices in inspection, Rg = hourly rental cost of device i.
Transportation cost is the cost corresponding to transporting the inspection team, devices, and tools
from the depot to the inspection site and vice versa. This term considers two cost sources: renting

cost and operation cost of the vehicle. It is a function of the number of trips to the inspection site
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(i.e., equal to the inspection working days), rental cost of the vehicle, operation cost of the vehicle,
and traveling distance to inspection site. It is assumed that the inspection team takes the same route
in traveling to the inspection site and returning to the depot. Transportation cost can be calculated
using the following equation:

Ceransp = [Rven + (OCyep * 2 * Ly)] * number of working days [4]
where Rven = daily rental cost for the vehicle, OC.en = operation cost of the vehicle per kilometre,
L: = traveling distance between depot and inspection site in kilometre.
Lane closure cost is the cost of using lane closure tools during inspection process. It can be
calculated using the following equation:

C;c = R;. * number of working days [5]
where Ric = daily rental cost for the lane closure tools.
Other costs include cost of the tools used in marking testing grid, lighting, tools for cleaning, and
all items that are not related to the other five parts. Other costs may include fixed costs, such as
painting used in marking, and/or time dependent costs, such as rental cost of lighting tools. The
following equation can be used to calculate other costs:

Cotn = Xiz1 Fj + Y1 Ric * Tingp [6]
where Fj = fixed cost of item j, R« = hourly time dependent cost of item k, m = number of fixed
cost items, p = number of time dependent cost items.
Finally, bridge user cost is the cost that bridge users incur due to the reduced travel speed at the
work zone or rerouting to avoid the work zone. Excess user cost includes two sources: traffic delay
cost and additional vehicle operation cost [20]. Traffic delay cost is the value of delay time to the
vehicle’s driver, while additional vehicle operation cost is the cost incurred due to consuming a

longer time to travel through the work zone.
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The main parameter in calculating the bridge user cost is the amount of delay caused by speed
changes at the work zone or travelling longer distance to avoid the work zone (i.e. rerouting).
Generally, there are three traffic flow cases that cause delays in case of a work zone: rerouting,
signalized (i.e. complete direction closure), and partial lane closure. Rerouting is selecting another
route to drive through instead of driving beside the work zone. The signalized flow occurs when
the lane in one direction is closed and the traffic in the affected direction is converted to the other
direction (i.e., in the case of a two-direction bridge with one lane in each direction). In that case,
the vehicles in both directions will drive through the same lane. Therefore, a green time is adjusted
for both directions to control the traffic flow. The Last case is closing some lanes against traffic
flow, but keeping the remaining lanes opened for traffic. The total traffic delay (Dt) can be

calculated using the following equation:

Tin
Dy = Zhl:ip(Dreh or Dy, or Ds, ) * TDy [7]

where TDn = hourly traffic demand for hour h, D,.., = vehicle delay due to rerouting flow for hour
h, Dy, = vehicle delay due to partial lane closure flow for hour h, D, = vehicle delay due to
signalized flow for hour h.

Further details about how to calculate the delay time in the three cases (i.e., rerouting, signalized,
and partial lane closure) can be found in appendix A. According to equation 7, the delay time in
each traffic flow case is calculated based on a one-hour interval, since the traffic demand is
changing along the day. The amount of delay determined in equation 7 can be used to calculate

the excess bridge user cost incurred due to this delay as shown in the following equations [21]:

Cpy =Cp + Cop [8]
CD=DT*[PHV*WHV+(1_PHV)*VVp] [9]
Cop = Dr * [Pyy * OCyy + (1 — Pyy) * 0Cp] [10]
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Co = traffic delay cost, Cop = vehicle operation cost due to delay, Wnv = hourly time value for
heavy vehicle, Wp = hourly time value for passenger vehicle, OCnv = hourly operation cost for
heavy vehicle, OCp = hourly operation cost for passenger vehicle, Pny = proportion of heavy

vehicles.

Modeling Techniques

Based on the findings of the system analysis and the conceptual design, the modelling techniques
for the current problem were chosen. A hybrid simulation model was developed to mimic the
inspection process. Agent-based simulation and discrete event simulation techniques were
integrated to develop this hybrid simulation model. Agent-based simulation was used to model the
behaviour of real system elements (i.e. inspection, daily working hours, traffic flow, devices,
preparation, and technicians) and their interaction. Each element was presented as an agent and
these different agents were connected to each other to consider the interactions between them in
the real process. On the other hand, discrete event simulation was built inside the agent-based
model to mimic the different activities in sub-processes of the inspection (Figure 3), such as
preparation steps, GPR testing steps, etc. Further details about the computerized system will be
provided in the next section.

Computerized Model (Programming)

The hybrid model was developed using Anylogic simulation software. Anylogic is a very powerful
simulation software, since it supports three types of simulation (i.e. agent-based, discrete event
and system dynamic) and provides the capability to integrate these different types of simulation
techniques. This section elaborates on the details of the developed hybrid simulation model. It is

divided into two parts: agent based and discrete event integration framework and input parameters.
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Agent Based and Discrete Event Integration Framework

As shown in Figure 6, The design of the model comprises three layers. The first layer includes all
process statistics (e.g., inspection duration, inspection cost and resources utilization efficiency),
the main input parameters (i.e., bridge length and width, number of lanes, traffic direction, number
of technicians, and utilized technologies), and the four main agents (i.e., working hours, inspection,
left traffic, right traffic).
In the second layer, the behaviours of the four agents were presented using several parameters and
state charts. The state chart is a graph that presents possible states that the agent may stay on and
the movement logic between these states. Agent’s parameters and its interactions with other agents
control how much time the agent spent in each state and how the agent moves between different
states. For example, inspection starts with mobilizing the required tools and devices for inspection
and then inspection activities start. When the working hours in the current day are finished, the
daily working hours agent sends a message to the inspection agent to stop all inspection activities
in progress and move to the demobilization state. Further details about the behaviour of each agent
will be discussed next.
Inspection agent includes other agents that are needed for inspection, such as different devices
agents (i.e., GPR, IE, USW, UPE, HCP, ER, PR, image), preparation agent, and technicians’
agents. The characteristics and behaviour of these agents are presented in layer three (Figure 6).
As shown in Figure 6, discrete event models are embedded in the devices and preparation agents.
Discrete event model is used to mimic the preparation/ test steps in the real process.

Figure 6
Figure 7 shows the state charts for different agents and their interaction. Starting with daily

working hours agent which is initiated at “waitToStartInspection” waiting to set Process
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parameters for all agents. After that, the agent moves to mobilization, then inspection, and finally
demobilization. The values of mobilization time, demobilization time, and daily working hours
parameters are set before running the model, which determine how much time the agent will stay
in each state. The cycle of this agent is repeated every day.

Inspection agent starts from “waitToStartInspection” state waiting to set process parameters for all
agents. Next, the agent moves to “waitingNewLane” state to set /update the parameters of the lane
that will be inspected. Then, the agent moves to “mobilization” state. After that, it moves to
“lanelnspectionStarted” state. At the end of each day, the inspection activities are stopped, and the
agent goes to “demobilization” state. Daily working hours agent determines how much time
inspection agent spent in “mobilization”, “lanelnspectionStart”, and “demobilization” states. The
agent switches between these three states every day under the control of daily working hours agent
(i.e., relationship 1).

After finishing lane inspection, the agent moves from “lanelnspectionStarted” state to
“waitingNewLane” state to start the inspection activities in a new lane. The agent switch between
these two states every lane until the end of inspection. While conducting inspection activities,
device agent informs the inspection agent that the next test can start (i.e., relationship 9).
Consequently, the inspection agent notifies the next test (i.e. device) agent to be ready for testing
(i.e., relationship 9). If the current test is the last test in the inspection process, the test agent sends
a message to the inspection agent to switch to another lane to start inspection activities.

There are two traffic agents in the model: left traffic and right traffic. Traffic agents are involved
in the model to measure the disruption in traffic flow due to inspection activities and consequently
determine excess bridge user cost due to this disruption. There are three states in the traffic agent:

“normalFlow”, “flowUnderInspection”, and “changeTrafficDemand”. The first state indicates that
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inspection activities in this direction have not started yet or have been finished. The agent moves
to the second state “flowUnderInspection”, when the inspection activities start in this direction. In
this case, the inspection agent sends a message to the traffic agent stating that the inspection
activities have started in this direction and the traffic flow will be affected (i.e., relationship 10).
The agent moves to the third state “changeTrafficDemand” to change the traffic demands. This
happens every hour as the average traffic flow density usually changes every hour. At the end of
the day or after finishing the inspection of this direction, the traffic flow in this direction returns
to the normal operation condition.
Figure 7

Technician agent switches between eight states under the control of daily working hours,
inspection, devices, preparation agents (Figure 7). In the beginning, technician agent is initiated at
“waitToStartInspection” waiting to Set process parameters for all agents. Based on the number of
technicians involved in the process, the agent may or may not leave this state (i.e., there are eight
technicians’ agents in the model). The states in area 1 in Figure 8 are controlled by daily working
hours agent as every day, the technician does mobilization, then testing (i.e. includes preparation,
testing, and waiting), and finally demobilization. If a lane inspection is finished and the remaining
time for working in that day is less than a predetermined value (i.e. in our experiment, this value
was adjusted to the summation of lane closure, cleaning, and demobilization times), the agent waits
in waste time state until the finish of daily testing time.

Switching between testing states (i.e. area 2 in Figure 8) are determined by the preparation agent,
the device agent, and the inspection agent. The preparation agent determines the finishing time for
preparation activities (i.e., relationship 5) as all details about the preparation process are built in

the preparation agent. Therefore, after finishing the preparation activities, the preparation agent
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sends a message to the technician agent to inform the technician that testing activities could start.
After that, the technician agent checks the availability of the devices that are ready for testing and
based on that, the technician agent goes to “NDTTesting” state or “waitingNDTTesting” state (i.e.,
relationship 6). When the agent goes to “NDTTesting” state, the device agent (involved in the
testing at that time) determines how much time the technician agent will stay in this state (i.e.,
relationship 7). On the other hand, the technician agent stays in “waitingNDTTesting” state until
a device becomes available for conducting inspection (i.e., relationship 6). In general, the
sequences of testing activities and lanes are determined by the inspection agent (i.e., relationship
3).

The device agent is also initiated at “waitToStartInspection” waiting to Set process parameters for
all agents. If the test is included in the inspection process (i.e., HCP test), inspection agent sends a
message to the device agent to move to “waitingPreviousTest” state. In this state, the agent waits
for the completion of preparation activities (or the previous test to provide enough space to start
another test). Device agent stay in this state waiting for another message from the inspection agent
to start the test. When the device agent receives this message, the agent checks the availability of
technicians (i.e., relationship 6). If there is a technician available, the test starts, and the agent goes
to “NDTTesting” state. If there is no technician available, the device agent goes to
“waitingTechnician” state waiting for a technician to become available. During the test, the daily
testing time may finish. If this happens, the daily working hours agent interrupts the device agent
and stops the test until the beginning of a new day. The working hours agent is connected indirectly
to the device agent through the technician agent (i.e., relationships 2 and 8). During this time, the
agent stays in “waitingNewDay” state waiting for a new day to resume testing activities. After

finishing the test, the agent releases the technician that was involved in this test (i.e., relationship
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7), and the device agent either returns to “waitingPreviousTest” state waiting for its turn of the
testing in the next lane or goes to “inspectionCompleted” state, if the inspection is over.

In the model, there are eight agents for devices. The user can define the characteristic of each
agent, such as line-based or point-based test, forward or zigzag methods, the device mounted on a
cart or a car, etc. Each device agent includes a discrete event simulation model that involves all
tasks needed to complete the test procedures. The DES model is working only when the agent
enters “NDTTesting” state. For example, In GPR device (Figure 7), when the agent reaches
“NDTTesting” state, the number of testing lines per lane are initiated in the DES model (i.e.,
relationship 11). These lines go to “waitTechnician” queue waiting the technician to finish testing
the previous line to start the next line. In DES model, setup task (e.g., switching on the device,
setting all testing parameters in the software, and conducting calibration) is repeated once per lane
as the branch for this task is closed after passing of the first entity (i.e. line). The procedures for
GPR test include adjusting the device to the start line, testing (i.e. moving the GPR cart through
the test line), and moving to the next line (Figure 7). These three tasks are repeated for each line
until the end of lane testing. When the test is finished, the DES model sends a message to the
device agent stating that the test is completed (i.e., relationship 12).

Preparation agent circulates between three states: “waiting”, “Preparing”, and “waitingNewDay”.
This agent is initiated in the first state “waiting” until the technician agent calls the preparation
agent to start the process (i.e., relationship 4), which makes the agent moves to “Preparing” state.
Inside this agent, there is also a DES model that includes all steps involved in this sub-process
(e.g., lane closure, cleaning, and testing grid marking). When the agent reach “Preparing” state,
the agent starts running the DES model to determine the time needed for preparation. Similar to

the device agent, if the daily testing time is over in that day, the daily working hours agent stops
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the preparation process and the preparation agents moves to “waitingNewDay” (i.e., relationships
2 and 4). After finishing the process, the DES model notifies the agent that the process is finished
to move again to the “waiting” state waiting the new lane. Accordingly, the preparation agent
notifies the technician agent that the process is finished (i.e., relationship 5).

Figure 8

Input Parameters

Several inspection parameters were considered to develop the model. As shown in Figure 9, there
are five main categories for these parameters. The first group includes bridge characteristics
parameters, such as bridge length, bridge width, traffic direction (i.e. one way or two ways) and
number of lanes. In the second category, general inspection information parameters are provided,
such as grid spacing, number of technicians, working hours per day, etc.
Figure 9

The third group determines the prospective strategy to control traffic while performing the
inspection activities. As mentioned before, there are two conditions for the work zone area:
complete direction closure and partial direction closure. In the first condition, there are two
strategies to control traffic: rerouting the traffic flow in that direction to an alternate route or
rerouting the traffic flow to the opposite direction (i.e., in this case, the traffic may be subjected to
signalized flow rules). On the other hand, in partial direction closure, two strategies can be adopted
to control the traffic flow. The first one is rerouting the traffic flow in that direction to an alternate
route, while the second strategy is letting the traffic flows beside the work zone, which will disturb
the flow and may form a traffic queue. Decision-makers should adopt the most appropriate strategy

that has the least impact on the traffic flow and consequently on the user cost.
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The fourth category comprises the bridge user parameters, such as daily traffic density, traffic
distribution along the day, proportion of heavy vehicle to the total traffic, permitted vehicle speeds
in different cases, and time value and operation cost for different vehicles types. Finally, the last
group includes the parameters related to the implementation of different inspection activities, such
as test approach (i.e., point-based test or line-based test), test methods (i.e., forward or zigzag), test

speed, etc.
Model Verification and Case Studies

Verification process aims at ensuring that the computerized model performs as intended and has
been programmed and implemented correctly [22,23]. The verification of the computerized model
was divided into two stages: logic verification and calculations verification. In the first stage, the
relationships between model inputs (i.e., model parameters in Figure 9) and the model outputs (i.e.,
inspection duration and cost) were analysed from a logical perspective rather than a value
perspective. On the other hand, calculations verification intends to ensure the integrity of the model
calculations and identify error sources.

Figure 10 shows the relationships between five inspection parameters and the model outputs.
Figure 10 (a) shows the relationship between inspection duration and four cases of bridge area.
The four cases have the same bridge length but vary in bridge width (i.e., number of lanes: one,
two, three, and four lanes). The relationship proves that increasing the bridge area increases the
inspection duration.

Figure 10 (b) demonstrates the relationship between the number of technicians and the inspection
duration in case of utilizing three technologies in the inspection process. The findings show that
increasing the number of technicians from one to two technicians reduces the inspection duration

by approximately 40 %. Hiring a third technician also reduces the inspection duration however,
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the improvement of results is less than the first case (i.e., around 17%). Employing more than three
technicians in the inspection process slightly reduces the inspection duration because only three
technologies are being utilized in the inspection process and the slight improvement comes from
reducing the preparation duration. Indeed, increasing the number of technicians reduces
preparation time and creates an overlap between different testing methods (Figure 11). However,
when the number of technicians becomes bigger than the number of utilized testing methods,
creating further overlaps between the inspection activities will not be possible and the
improvement in the inspection duration will come only from reducing preparation time.

Figure 10
Figure 10 (c) shows the impact of increasing daily traffic density on the bridge user cost. More
vehicles drive beside the work zone means more delayed vehicles and longer delay time. The
formation of traffic queue is more likely to happen in the case of increasing traffic density than the
current bridge capacity. This is clearly noticed in the figure at a traffic rate equal to 19000
vehicle/day/lane. Figure 10 (d) and (e) illustrate the impact of testing grid spacing and test speed
on the inspection duration. Using narrow grid spacing increases the inspection duration and vice
versa. On the other hand, increasing the test speed by using faster NDT technology, such as GPR
and infrared camera, reduces the inspection duration.

Figure 11
The second verification stage is calculations verification, where the values of the model outputs
are being traced and checked using hand calculations. Hand calculations provide detailed
calculations for the model outputs, which is a perfect tool to review all aspects of the model outputs

to identify error sources. Therefore, the details of the computerized model’s calculations are
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needed to manage this objective. In this regard, the detailed calculations of the computerized model
were exported to excel sheets.

Three cases and eight scenarios were used to compare the results of the hand calculations and the
computerized model outputs. These cases are shown in Table 1. The area of the bridge in the three
cases are 4385, 2192, and 6580 ft?, respectively. Number of lanes are 4, 2, and 6 lanes, respectively.
The first case is one-way bridge, while the other two cases are two-way bridges. GPR was used to
inspect the bridge in the first case, while eight technologies were used to inspect the bridges in the
other cases. All NDT tests were conducted based on 1 ft test spacing, except image technique,
which was implemented based on three paths per lane. Three scenarios (i.e., 1.1,1.2 and 1.3) were
used to check the total inspection duration in the first case: inspecting one lane per time, inspecting
two lane per time, and inspecting three lanes per time. Since the total number of lanes in this case
is four, in the first scenario, four equal stages for inspection process were considered (one lane per
stage), in the second scenario, two equal stages for inspection process were considered (two lanes
per stage), and in the third scenario, two unequal stages for inspection process were considered
(inspecting three lanes in the first stage and one lane in the second stage). Four scenarios were
proposed for the second case (i.e., 2.1, 2.2, 2.3, and 2.4): signalized traffic control strategy/one
technician, rerouting traffic control strategy/one technician, signalized traffic control
strategy/three technician, and rerouting traffic control strategy/three technician. Only one scenario
for the third case study was adopted due to the complexity of the hand calculations, especially for
large bridges.

To use the computerized model in estimating the duration and cost of forthcoming inspection tasks,
the user should first input the inspection parameters, such as bridge length, bridge width, number

of lanes, traffic control strategy, traffic density, and so forth (Figure 9). The outputs of the
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computerized model for the third and fourth scenarios in case study 2 are shown in Figure 12. The
outputs include the most important input parameters, such as bridge length and width, number of
lanes, and traffic direction (i.e., upper left part of Figure 12), detailed information about the
inspection duration and cost (i.e., upper right part of Figure 12), and resource utilization efficiency
(i.e., lower part of Figure 12). In addition, detailed information about each agent in the inspection
process is exported to an excel sheet. Figure 13 shows movement details of the first technician in
case 2.3 (Table 1).
Figure 12
Figure 13

The findings of the different scenarios in the first and the second case studies aimed to optimize
the inspection process by altering the number of lanes that can be closed simultaneously for
inspection (i.e., 1 to 3), traffic control strategy (i.e., signalized and rerouting), and technicians’
number (i.e., 1 to 3). In the first case study, increasing the number of lanes that can be closed
simultaneously for inspection reduced the inspection duration (i.e., scenarios 1.2 and 1.3). This in
turn cut in the inspection cost in scenario 1.2. Nevertheless, inspection cost extremely increased in
scenario 1.3 due to the formed traffic queue during inspection. The findings of the proposed
scenarios in the second case study show that using three technicians (i.e., cases 2.3 and 2.4)
reduced the inspection duration from 59.21 hours to 29.44 hours and consequently reduced the
corresponding cost. Most of time-dependent cost items were reduced, such as cost of devices,
transportation, bridge user, traffic control, and other (Figure 14), while technician cost was
increased due to idle or waiting time that can be clearly noticed on the performance of the second
and the third technicians (Figure 12). Furthermore, choosing rerouting scenario (i.e., cases 2.2 and

2.4) as a traffic control strategy gave the least bridge users cost (Figure 14). Combining the two
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inputs produced the optimum inspection cost and duration (i.e., case 2.4). This example
demonstrated the capability of the hybrid model to compare the proposed scenarios for inspection
and to optimize the inspection process.
Table 1

Going back to the second main stage in the verification process, where these cases and their
different scenarios were used, calculations verification step highlighted some problems in the
results of the computerized model. The data in the excel sheets (e.g., Figure 13) were used to trace
each aspect in the computerized model outputs to identify the source of the problem. After several
iterations of editing and running the model, the results of the computerized model proved a
considerable amount of compatibility with the results of hand calculations. As shown in Table 1,
the inspection duration of both computerized model and hand calculations are almost the same.
The small differences in the inspection cost between the computerized model and the hand
calculations are due to the approximation in hand calculations.

Figure 14
Model Implementation and Validation

Model validation aims at ensuring that the conceptual model and its application (i.e., computerized
model) provide an accurate representation of the real system [22,23]. Two field tests were
conducted to validate the developed model. The areas of the two tests are 336 and 828 square feet,
respectively. Each test comprises three main tasks: preparation, GPR test, and infrared
thermography test. Further details about the field tests are provided in Table 2.

Table 2
Preparation task includes marking grid points on the tested surface. The two test approaches (i.e.,

point-based and line-based test approaches) were considered while conducting the field tests. As
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listed in Table 2, GPR test (i.e., line-based test) was conducted in the first field test in a forward
order, while in the second field test, a zigzag order was adopted. In both field tests, the spacing
between GPR test lines was 2 ft. On the other hand, infrared thermography test (i.e., point-based
test) was conducted in a forward order in both field tests. In the first field test, 2 ft spacing was
considered to conduct infrared thermography test, while 4 ft spacing was adopted for the second
field test.

Table 3 shows the results of both field test and model outputs. The total durations for the two field
tests are 29.24 and 46.31 minutes, respectively. Despite the area of the second field test is almost
2.5 times the area of the first field test, the duration for GPR tests and infrared tests in the two field
tests are very close. Indeed, using the zigzag test procedure for GPR test in the second field test
saved the returning time to the first line to start testing the next line, which accumulated and
consequently reduced the total duration. On the other hand, infrared thermography test was
conducted in the first field test based on 2 feet test spacing making the total tested lines and points
in the first field test equal to 5 and 135, respectively, while in the second test, the test spacing was
adjusted to 4 feet, which reduced these numbers to 2 lines and 68 points and consequently reduced
the total infrared test duration.

Table 3

The total durations of the two field tests from the hybrid simulation model outputs are 28.51 and
46.8 minutes, respectively. The percentages of error between actual duration and estimated
duration are 2.5% and 1.06%, respectively. The difference between actual duration and estimated
duration for infrared thermography test gave the largest error in the estimated durations (i.e.,
4.71%). All difference rates are less than 5%, which reflects the accuracy of the computerized

model in estimating inspection duration.
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CONCLUSION AND FUTURE WORK

This paper illustrated and discussed the hybrid simulation model (i.e., BDIP) that was developed
to facilitate planning the inspection process of concrete bridge deck using non-destructive
technologies. The developed model integrates agent based and discrete event simulation
approaches into a single platform. Agent based simulation is used to imitate the behaviour of
different elements involved in the process and their interactions, such as technicians, NDT devices,
and traffic. On the other hand, discrete event simulation is used to mimic the sub-processes inside
the inspection considering different tasks and their sequences (e.g., preparation, GPR test, and
HCP test). Two approaches were adopted to verify the developed model: logic verification and
calculations verification. The findings of the verification process demonstrated the capability of
the developed model to accurately estimate inspection duration and cost, effectively measure
traffic disorder, and compare different scenarios for implementing inspection. On the other hand,
two field tests were used to validate the model. The comparison between the results of the field
tests and the hybrid simulation model proved the capability of the developed model to precisely
represent the real process.

In verification process, three cases with different scenarios to implement inspection were used.
Based on the findings of these cases, image and GPR testing techniques proved their capabilities
to offer high inspection speed. Possibility to simultaneously close several lanes for inspection can
reduce inspection duration (i.e., cases 1.2 and 1.3) and cost (i.e., case 1.2). Nevertheless, it may
significantly impact traffic flow (i.e., forming traffic queue) and increase bridge user cost (i.e.,
case 1.3). Hiring more technicians can reduce inspection duration (i.e., cases 2.3 and 2.4) but some
factors should be considered to determine the optimum technicians’ number, such as number of

utilized tests and inspection duration and cost.
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Overall, the developed hybrid model can support decision-makers during planning the forthcoming
inspection activities by examining the impact of adopting different traffic control strategies and
considering various scenarios to implement inspection, which include utilized technologies,
inspection team size, working for overtime, inspection start time, and so forth. Nevertheless, two
more aspects need to be considered in future research. The first one is process visualization, which
can provide an in-depth understanding of what is going on in the process instead of getting only
numerical outputs. The second aspect is to consider other bridge components (e.g., bridge piers

and beams), which will support the wide application of the developed model.

APPENDIX A

This section is devoted to illustrating how to calculate delay terms in equation 7, which include
delay due to rerouting flow, delay due to partial direction closure flow, and delay due to signalized
flow.
Rerouting
Delay due to rerouting traffic (Dre) is the difference between the original travel time (Tor) and travel
time required for the new route (Tre). It can be calculated using the following equation:

Dye = Tre = Tor [11]

Partial Direction Closure

The traffic capacity of the bridge after partial direction closure controls the traffic flow during
inspection activities. If the hourly direction capacity of the bridge during inspection (TC) is less
than the hourly traffic demand (TD), vehicles queue will be generated increasing traffic delays.

Bridge direction capacity can be calculated from the following equation [24,25]:

TC = Qane * Fuy * Nl(opened) [12]
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where Qiane = hourly passenger-car equivalent capacity per lane (i.e. 1600 car/hour/lane), Niopened)
= number of opened lanes, Fryv = adjusted factor for heavy vehicles (i.e. buses and trucks) and can

be calculated using the following equation:

1
1+Pyy(ER—1)

[13]

Fpy =
where Pny = proportion of heavy vehicles, Er = passenger-car equivalent for heavy vehicles.
While determining traffic delays, there are two cases in partial lane closure: traffic flow when no
queue exist (TC > TD) and traffic flow subjected to queue (TC < TD). The delay calculations were
adopted from [20,21,24,26] as follows:

No queue (TC >TD)

Speed changes are the main source of delays in this case. First, the vehicles reduce their driving
speed from the normal speed (i.e., freeway speed) to the work zone speed before reaching the work
zone by a specific distance (i.e., deceleration distance). Second, the vehicles move beside the work
zone for a distance equal to work zone length at the reduced speed. Finally, the vehicles accelerate
from the work zone speed to the freeway speed to continue their trips. The total delay due to speed
changes, in this case, can be calculated as follow:
Dic = Dgece, + Drs + Dgce, [14]

where Dgecc1 = delay time due to reducing speed from freeway speed (V) to work zone speed (Vwz),
Drs = delay time due to driving the car with work zone speed instead of freeway speed, Dacc1 =
delay time due to acceleration from work zone speed to the freeway speed. Equations 15 to 17 can

be used to calculate these parameters.

2L L
Ddec61 = Vf_(:f,:; - ?,é;cc [15]
1 1
Dys = Ly, (m - V—f) [16]
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_ Vi TViwz
Dace; = 55y, [17]

where Lgecc = deceleration distance, Lw, = work zone length, a = vehicle acceleration rate (2.28

m/sec?).

Traffic flow under gueue (TC < TD)

In this case, the vehicles reduce their speeds from the freeway speed to near zero speed (when
approaching the traffic queue formed before the work zone). Then, the vehicles move at the
reduced speed (i.e., queue speed) during the queuing time before entering the work zone. Next, the
vehicles accelerate from the queue speed to the work zone speed. After that, the vehicles move
beside the work zone at the reduced speed (i.e., work zone speed). Finally, the vehicles accelerate
from the work zone speed to the freeway speed to continue their trips. The total delay can be
calculated as follow:
Dic = Dgece, + Dg + Dgce, + Drs + Dgee, [18]

where Dgecc2 = delay time due to car stopping, Dq = delay time due to driving in queue speed instead
of freeway speed, Dacco= delay time due to acceleration from queue speed to the work zone speed.

The parameters in equation 18 can be calculated using equations 16, 17, (19-23).

Datece, = 5 [19]
Q = (TD —TC) * Tingp/Ni(openeay [20]
Ly = Qavg * Ly [21]
D, = Lq(Viq - Vif) [22]
Dace, = et 23]

where Q = number of vehicles in queue per lane, Q.,, = average number of vehicles in calculation

interval, Lq = queue length, L, = average distance for each vehicle (i.e., 12 m), Vq = queue speed.
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Signalized Flow

In signalized flow, green times (g) are adjusted for both directions, in which vehicles are permitted
to drive beside work zone. Cycle time (C) is the required time to reopen the bridge in a specific
direction to traffic flow, which is the summation of green times in both directions. During
signalized flow, the hourly direction capacity of the bridge (TCs) is reduced due to interrupting
traffic flow in that direction to allow for traffic flow in the opposite direction (equation 24). In this
case, the total delay includes four terms (equation 25): non-random delay (D1), overflow delay
(D2), delay time due to driving the car with work zone speed instead of freeway speed, and delay
time due to acceleration from work zone speed to the freeway speed. Equations (25-27) are

dedicated to calculate delays due to signalized flow (Ds) as follows [27-29]:

TC, = (TC * g)/C [24]
DS = Dl + DZ + DT.S‘ + Daccl [25]
0.5+C(1-u)? <1
D, = 1—(xu) - [26]
0.5(C — g) x>1
0 x < Xg
Dy = {900 * Ty [(x — 1) + J (x—1)2 + j’;("T:"; ] x<1 [27]
1800 (x — 1) x>1

where x = degree of saturation = TD/TCs, u = ratio of effective green time = g/C, k (constant)=1.5
and x0=0.67+TCs(g/600) according to Australian code.

Further information about the aforementioned equations (12 to 27) can be found in [20,21,24-29].
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Table 1: Different cases for model calculations verification

. . Number . .
Bridge Number  Traffic Testing Traffic of closed  Number of Hand calculations Computerized model
Case  area S . control L
(ft2) of Lane direction  technologies Strategy lanes for technicians Saration Saration
inspection (hr) Cost ($) (hn) Cost ($)
Partial
1.1 4385 4 1 GPR direction 1 1 9.54 3,691.04 9.53 3,690.96
closure
Partial
1.2 4385 4 1 GPR direction 2 1 7.6 2,793.62 7.59 2,793.92
closure
Partial
1.3 4385 4 1 GPR direction 3 1 7.6 16,698.16 7.59 16,686.36
closure
GPR-IE-USW-
2.1 2192 2 2 UPE-HCP-ER-  Signalized 1 1 59.2 65,846.32 59.21 65,836.98
PR-Image
GPR-IE-USW-
2.2 2192 2 2 UPE-HCP-ER-  Rerouting 1 1 59.2 42,204.00 59.21 42,212.25
PR-Image
GPR-IE-USW-
2.3 2192 2 2 UPE-HCP-ER-  Signalized 1 3 29.47 34,027.70 29.44 33,949.44
PR-Image
GPR-IE-USW-
2.4 2192 2 2 UPE-HCP-ER-  Rerouting 1 3 29.47 23,010.20 29.44 23,022.16
PR-Image
GPR-IE-USW- Partial
3 6580 6 2 UPE-HCP-ER- direction 1 1 175.79 126,171.31 175.81 125,452.15
PR-Image closure




Table 2: Field tests details

Parameter Field test 1 Field test 2
Area 336 ft? 828 ft?
Number of grid lines 5 5
Number of points per line 27 68
Spacing between points 2 ft 2 ft
GPR testing spacing 2 ft 2 ft
GPR testing approach forward zigzag
Infrared testing spacing 2 ft 4 ft
Infrared testing approach forward forward




Table 3: Results of field tests and computerized model

Parameter Fieldtest1  Model output % Error
Preparation duration (min.) 11.81 11.63 1.53
GPR test duration (min.) 6.65 6.5 2.26
Infrared test duration (min.) 10.78 10.38 3.72
Total duration (min.) 29.24 28.51 2.5
Parameter Fieldtest2  Model output % Error
Preparation duration (min.) 29.12 28.84 <1
GPR test duration (min.) 7.41 7.72 4.19
Infrared test duration (min.) 9.78 10.24 4.71
Total duration (min.) 46.31 46.8 1.06
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Figure 1: Methodology to develop the hybrid model: a) Main stages and b) Detailed steps and

sequences of main stages



System Analysis

Process Optimization

.\\

Bridge characteristics (length ) (e Inspection duration h /o Maximum number of )
width — number of lanes) e Transportation duration and technician that can be provided
Number of technicians cost e Overtime length
Test characteristics ( tests ¢ Rental cost of utilized e Working start time
included — test spacing — test technologies e Traffic control strategy (detour
speed) e Technician salary (fixed salary —lane closure)
Preparation time and overtime salary) e Possibility of closing several
Possibility of closing several e Traffic control tools’ cost lanes at the same time for
lanes at the same time for o Traffic control strategy (detour inspection
inspection — lane closure) ~ ~
Working hours per day e User cost (delay cost due to
(normal working hours + work zone)
overtime) e Other costs (e.g., tools and

~ material)

\ Working start time )

Figure 2: Parameters influence model objectives



Lane Closure

Device Setup

Line or Point
Testing

Cleaning

Next Line or Point

Grid Marking Move To The

Next Line or
Point

Preparation Activities Testing Activities

Figure 3: Inspection activities



VY VY

Test
Move
Test
Move
Test
Move.
Test
a) Forward

Figure 4: Line-based test methods: a) Forward, b) Zigzag

Test

Test Line

Test

-
Move

<
Move <

Test

<

Test

P
> Move

b) Zigzag



Daily Working Hours Cvcle\
Next Day

Normal Flow

Day Finished
or

Inspection i |nteraction=p
Finished

Mobilization Inspection Demobilization

Flow under
Inspection

Traffic Flow Cycle ‘ \
. N / .
’ Details Interaction

Interaction \
v l l ]
I

Next Lane Inspection Cycle

An overlap may exist between tests or not
Interaction
Preparation l

\ ~ - *
Details Details Details SDetails ,
Interaction
- - ’
v
s ™ 4 N / ™
Waiting Waiting Working I
Next Lane Next Lane ‘
; - Interactiondp|
Preparing Testing -
Preparation Cycle Device Cycle Technician Cycle
h - g b 7 e /

——— a—

. a—
e e nteraCtionmes  em—

Figure 5: Conceptual model of inspection process



- Input parameters (bridge,
Inspection = @ inspection, traffic
D / Statistics characteristics)

Working 5
hours : i
/ é Inspection  Left Traffic Right Traffic
= ——
- )
o7 @ 6\

/ / N

/

/
/ Interaction
» / Behavior chart Inspeczon @
Behavmr chart parameters Behavior chart
— -
Layer2) >~ A

Tlme Left traffic
/ parameters =] / parameters

Behavior chart
Right traffic i !
parameters /

Preparation ~ Devices  Technicians

c,a@

Interaction ~
\ ~ Interaction

- v
Preparation Behawor chart \

~ Device Behavior ~
parameters parameters chart Behavior chart/?
E
Technician ' .
Layel’ 3E> ST parameters "= . /

: o
Discrete event model

Discrete event model

*Each technician has a
separated agent

*Each device has a separated agent

Interaction

Figure 6: Anylogic framework for hybrid model




&)

statechart
Da —
. statechart
I Finished
waitToStartinspection |
J
waitTaStartinspection |

A

I statechart
-

==}
waitToStartinspection | i
J

mobilization

3
Nex(t 'I)'est o
R Interrupt
‘ Next Lane_ and — MextDay
) Inspz;tion rentlans g Resume ?
ﬁ Finished Inspection demobilization |
wasteTime ‘ [ )
. =g nextDay

=
I b= l L nextDay
wam,.gumr (m Daily Working Hours
I " Agent

¥

) \ — Inspection Agent

} -~ (10)
_ Technician Agent (6) Inspection Started
Check or

*Each technician has a separated agent (7) Availability Inspection Finished
I f \ Test
(4) Finished,
Start Preparation, (5) (8)
Stop and Resume Preparation Stop and Resume ¥ ©)
The*work Finished The work X Next Test

Islalechart
-~
T —— ;
8 i W }_J

n
e Can Start statechart
L]
— waitToStartinspection | e I
S y
T / —
=]

nextlane
T * nextlane = T
waitingTechnician | {
)

=]

=

‘ 4 resumePreparation
= .

waitingNewDay ¥ g NextDay . Traffic Flow Agent
- Preparation Agent waitingNewDay J—) Device Agent *Each traffic direction has a separated agent

*Each device has a separated agent

2
=
=
25 (11 a2
'z ® Start Testing Test Finished
djustGPRD: test ToNextLi
waitTechnician selectOutput e D unsatch batchT o einspectonWithGPRFinished
start afterSetup ~ . ~ + & 4 -
[ oo 5o o= OB E—E (L B EEn A B B e & (X
~ &= setup /

g P o GPR Testing Activities (Discrete Event Simulation)

Figure 7: Different agents in hybrid model

7



T statechart

waitToStartihspection |
. /
i

mobilization ‘

Figure 8: Technician agent



Input Parameters

Bridge Information

General Inspection

Information

Traffic Control Strategy

Bridge User Information

Inspection Processes
Information

Bridge length
Bridge width
Number of lanes
Traffic direction
(one way or two
ways)

Grid spacing

Number of grids in each
lane

Tests involved in the
inspection

Multi-lanes inspection
choice

Number of technicians
Normal working hours
per day

Overtime hours
Working start time
Technician salary rate for
normal working hours
and overtime hours
Lane closure cost
Transportation duration
and cost for round trip

Rerouting choice for one
or both directions
Rerouting delay time per
vehicle

Lane closure choice (
partially direction closure
or complete direction
closure)

e Daily and hourly traffic

density in both directions

e Proportion of heavy

vehicle to the total traffic

e Freeway and workzone

speeds

e Time value and operation

cost for passengers and
heavy vehicles

Preparation activities
duration (lane closure
time — cleaning and
surface preparing — grids
marking time-
mobilization time —
demobilization time)
Test approach for each
NDT technology (point-
based or line-based
testing approach — the
device mounted on
vehicle, cart, robot or the
technician carry the
device)

Test method for each
NDT technology (forward
or zigzag)

Test space choice for each
NDT technology

Test speed parameters
Technology rental cost

Figure 9: Inspection parameters involved in the developed model




40 110 30000

20000

10000

Inspection duration (hour)
S
Inspection duration (hour)
3
Bridge user cost ($)

30 0

1000 2000 4000 5000 0 1 2 3 4 5 6 7 5000 20000
Number of Technicians

3000 10000
Bridge Area (ft?) Traffic density per lane (vehicle/day)

@ (b) (©

5

g 3

Inspection duration (hour)
8

Inspection duration (hour)

0.25 05 0.75
Input test speed to original test speed ratio

©

2
Grid spacing (ft)

) (e)

Figure 10: Logic verification: a) relationship between bridge area and inspection duration, b)
relationship between number of technicians and inspection duration, c) relationship between
traffic density per lane and bridge user cost, d) relationship between testing grid spacing and
inspection duration, e) relationship between input test speed to original test speed ratio and
inspection duration

10



Preparation (1 Technician)
Test 1 (Technician 1)

' Test 2 (Technician 1) 1 Tcéiﬁﬁiclzi an

Duration reduction i Test 3 (Technician 1)

Preparation (2 Technicians)
Test 1 (Technician 1)
Total duration reduction

4 Case 2
Test 2 (Technician 2)

2 Technicians

overlap i Test 3 (Technician 1)

Duration reduction _

=l

Preparation (3 Technicians)

Test 1 (Technician 1)
| . , Case 3
Test 2 (Techmman 2) Total duration reduction -

3 Technicians

overlap Test 3 (Technician 3)

overlap

Figure 11: Relationship between number of technicians and inspection duration

11



Bridge Information

Length 30.5 meter
Width 6.7 meter
noOfLanes Z

Traffic direction Two direction
Test technologies =~GPR-IE-USW-UPE-HCP-ER-PE-Image-

Technician number 3

Technicianl Efficiency

m M&D Time: 4 (13.6%)
e Testing: 25.107 (85.3%)
Waiting: 0.343 (1.2%)

Technician2 Efficiency

mn MED Time: 4 (13.6%)
e Testing: 12.381 (42.0%)
Waiting: 13,069 (44.4%)

Inspection Information
Total inspection time 29.44=30.0 hour
Overtime hours 0 hour
Total inspection time 3.68-4 day
Total inspection cost 33,949.44 $
Device cost 4,800 $
Technician cost 2,280 $
Transportation cost 1,200 $
Bridge user cost 21,669.44 $
Traffic control cost 1,500 $
Other 2,500 $
Technician3 Efficiency

m MED Time: 4 (13.6%)
we Testing: 15.449 (52.5%)
Waiting: 10.001 {34.0%)

Figure 12: Outputs of the computerized model (case 2.3 in Table 1)
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Activity Day Start Finish | Duration | Device
Mobilization 1 8.00 8.50 0.50 Mobilization and Demobilization Time 4.00
Preparation 1 8.50 9.16 0.65 Preparation and Testing Time 25.11
Waiting NDT Testing 1 9.16 9.33 0.17 Waiting Time 0.34
MNDT Testing 1 9.33 10.11 0.79 GPR
NDT Testing 1 10.11 12.92 2,81 IE
NDT Testing 1 12.92 15.50 2.58 PE
Demobilization 1 15.50 16.00 0.50
Mobilization 2 8.00 8.50 0.50
MNDT Testing 2 3.50 14,22 5.72 PE
Waiting Next Lane 2 14.22 14.22 0.00
Preparation 2 14.22 14.88 0.65
Waiting NDT Testing 2 14.88 15.05 0.17
NDT Testing 2 15.05 15.50 0.45 GPR
Demobilization 2 15.50 16.00 0.50
Mobilization 3 3.00 8.50 0.50
MNDT Testing 3 8.50 8.83 0.33 GPR
MNDT Testing 3 8.83 11.64 2.81 IE
NDT Testing 3 11.64 15.50 3.86 PE
Demobilization 3 15.50 16.00 0.50
Mobilization 4 3.00 8.50 0.50
MNDT Testing 4 3.50 12.95 4.45 PE
Demobilization 4 12.95 13.45 0.50

Figure 13: Detailed movements of technicianl during the inspection (case 2.3 in Table 1)

13




Inspection Information Inspection Information Inspection Information Inspection Information
Total inspection time ~ 59.21>60.0  hour Total inspection time ~ 59.21>60.0  hour Total inspection time ~ 29.44>30.0  hour Total inspection time ~ 29.44>30.0  hour
Overtime hours 0 hour Overtime hours 0 hour Overtime hours 0 hour Overtime hours 0 hour
Total inspection time ~ 7.4>8 day Total inspection time 7,458 day Total inspection time  3.68>4 day Total inspection time  3.68>4 day
Total inspection cost 6583698  § Total inspection cost 4221225 § Total inspectioncost 3394944  § Total inspectioncost 2302216  §
Device cost 9,600 $ Device cost 9,600 $ Device cost 4,800 $ Device cost 4,800 $
Technician cost 1520 $ Technician cost 1520 $ Technician cost 2,280 $ Technician cost 2280 §
Transportation cost 2,400 $ Transportation cost 2,400 $ Transportation cost 1,200 $ Transportation cost 1,200 $
Bridge user cost £31699 § Bridge user cost 2169226 § Bridge user cost 266044 § Bridge user cost 1074216 §
Traffic control cost 3,000 $ Traffic control cost 3,000 § Traffic control cost 1,500 $ Traffic control cost 1,500 $
Other 4,000 $ Other 4,000 $ Other 2500 $ Other 2,500 §
a) case 2.1 b) case 2.2 c) case 2.3 d) case 2.4

Figure 14: Cost items of different scenarios in the second case study: a) case 2.1, b) case 2.2, ¢)

case 2.3, d) case 2.4
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