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Abstract

In the context of the world facing serious environmental problems, sustainable
development has become an inevitable trend in the construction sector. To achieve
sustainability in construction, it is essential to integrate environmentally responsible
practices from the early planning stages. However, most current earthwork projects focus
on improving productivity while overlooking environmental impacts. Developing methods
to assess cost, productivity, and environmental aspects in an integrated way remains

a major industry challenge. As part of research efforts to promote sustainability in
construction, this study develops a methodology for applying Lean construction principles
to simultaneously enhance cost efficiency, improve productivity, and reduce environmental
impact in earthwork operations in Vietnam. The EZStrobe simulation tool was employed to
model earthwork processes under realistic construction conditions, identify bottlenecks,
and test Lean interventions through multiple scenarios. After validating the model,

four Lean construction principles—flow production, minimization of non-value-adding
activities, pull system implementation, and reduction of transported soil volume—were
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ePRESS implemented to optimize earthmoving efficiency. The most effective Lean model resulted in significant
improvements in construction performance, increasing productivity by 65.5% and reducing costs by
21.7%. Moreover, this model contributed positively to the environment by reducing fuel consumption
by 21% and lowering CO, emissions by 12.7%. These findings emphasize the practical value of Lean
construction in enhancing sustainability in earthwork, especially in developing countries where efficient
resource use and environmental protection are essential. The study offers actionable insights for
construction managers and policymakers seeking to implement sustainable and efficient earthwork
practices in developing countries.
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Introduction

'The construction industry is one of the major contributors to greenhouse gas (GHG) emissions, particularly
carbon dioxide (CO,), which has a significant impact on global warming (Akan et al., 2017; Huang et al.,
2018; Labaran et al., 2021). According to the United Nations Environment Programme (2020) (Global

2020), the construction sector accounts for approximately 38% of total global CO, emissions, including

emissions from both construction activities and building operations, with heavy machinery and equipment
being the primary sources. Numerous studies have shown that emissions from construction equipment
can constitute a significant portion of a project’s total carbon footprint. The study by Chang and Kendall
(2011) found that material transportation by trucks contributed 16% to the total emissions of California’s
high-speed rail system project. Furthermore, research by Guggemos and Horvath (2006) indicate that
heavy construction machinery contributes to more than 50% of total emissions from construction activities.
Earthmoving operations are essential in most construction projects, especially in large-scale infrastructure
developments such as airports, highways, and industrial facilities (Hong & L, 2022; Jassim et al., 2017).
These activities heavily rely on heavy construction equipment, including excavators, bulldozers, and

dump trucks. Such machinery consumes substantial amounts of fossil fuels and significantly impacts the
environment (Heidari & Marr, 2015; Seo et al., 2016; Trani et al., 2016).

'The significant fuel consumption and high GHG emissions from construction activities highlight
the urgent need for effective strategies to minimize environmental impacts. However, traditional goals
in the construction industry remain primarily focused on improving efficiency and cost optimization,

while environmental concerns have not yet received sufficient attention (Liu et al., 2013). As sustainable

development becomes an indispensable trend, balancing construction efficiency with minimizing
environmental impacts has emerged as a pressing requirement for the modern construction industry. In
recent years, Lean construction and sustainable construction have gained prominence as viable solutions
to address these challenges. Lean construction focuses on waste elimination, process optimization, and
performance enhancement (Babalola et al., 2019; Ballard & Howell, 2003; Koskela et al., 2007), whereas

sustainable construction aims to reduce environmental impacts, optimize resource utilization, and create

socially beneficial built environments (Shen et al., 2010; Yilmaz & Bakis, 2015). The principles of Lean

construction facilitate the realization of sustainable objectives by enhancing process efficiency, reducing
negative environmental impacts, and ensuring both economic viability and operational effectiveness of
projects. Therefore, integrating these two approaches is an inevitable trend in advancing the construction
industry toward a more modern, responsible, and sustainable direction.

Assessing emissions from construction equipment presents a significant challenge in the construction
sector due to the complexity and scale of projects. Various methodologies have been developed to
quantify emissions, including direct measurement using Portable Emissions Measurement Systems
(PEMS) (Cao et al., 2018; Wang et al., 2016), laboratory-based engine testing, and onboard measurement
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techniques (Yanowitz et al., 2000). Additionally, estimation methods based on emission factors provided

by regulatory agencies, such as the NONROAD (US EPA. EPA NONROAD Model Updates of 2008

«

NONROAD2008”, 2008) and OFFROAD (ARB. Mobile Source Emissions Inventory Off-road

Diesel Vehicles, Air Resources Board) models, are more commonly employed. Although on-site direct

measurement is regarded as the most precise method for quantifying emissions, it poses several practical
challenges, including high costs and complex technical requirements. More critically, on-site measurement
can only be conducted after construction has commenced, limiting project managers’ ability to implement
proactive measures for mitigating environmental impacts during the planning phase. Emission estimation
models such as NONROAD and OFFROAD are simpler and easier to apply. However, these models fail
to fully capture the specific conditions of individual projects, and collecting data on equipment operation
time often presents significant challenges. In this context, Discrete Event Simulation (DES) has emerged
as a promising tool to overcome the limitations of traditional models. DES enables detailed modeling of
specific construction equipment activities under real-world conditions while considering factors such as
operational time and weighted average emission characteristics. As a result, this approach provides more
accurate emission forecasts and assists decision-makers in optimizing construction processes and reducing

environmental impacts.

Literature review

Lean construction has been widely recognized for its ability to enhance efficiency by minimizing waste

and optimizing workflows (Koskela, 1992). Over the past decades, various Lean tools and techniques have

been developed and implemented in the construction industry. Notable examples include the Last Planner

System (LPS), developed by Ballard (Ballard, 2000), which has proven particularly effective in improving

project planning reliability and mitigating delays by fostering greater stakeholder engagement in the
planning process. Additionally, other Lean methodologies, such as Value Stream Mapping (VSM) (Gunduz
& Naser, 2019; Ramani & KSD, 2021; Rosenbaum et al., 2014) and Just-in-Time (JI'T) (Akintoye, 1995;

Pheng & Chuan, 2001; Pheng & Shang, 2011), have demonstrated their effectiveness in optimizing

resource allocation and significantly reducing project delays.

Recently, DES has been widely applied in the analysis and optimization of construction processes
according to the Lean framework. Martinez’s pioneering work (Martinez, 1996) introduced simulation
tools such as STROBOSCOPE, which enable the detailed modeling of construction activities to enhance
process efficiency. Subsequent studies by AbouRizk (AbouRizk, 2010; AbouRizk et al., 2011) expanded this

foundation, demonstrating that DES can be utilized not only for schedule optimization and productivity

analysis but also for risk management in construction. Additionally, several studies (Hosseini et al., 2014;

Farrar et al., 2004; Halpin & Kueckmann, 2002; Nguyen & Vu, 2024; Nikakhtar et al., 2015) have indicated

that DES models can effectively identify bottlenecks in construction workflows, thereby facilitating
the implementation of Lean principles to enhance project performance. Moreover, DES has also been
employed to assess environmental impacts, particularly in quantifying emissions. Numerous studies have

integrated environmental indicators into DES models (Li & Lei, 2010; Li & Akhavian, 2017; Limsawasd
& Athigakunagorn, 2022; Zhang, 2015), enabling the evaluation of CO, emissions associated with

construction equipment.

While Lean construction primarily focuses on improving productivity, its environmental benefits are
increasingly recognized. Previous studies (Belayutham & Gonzilez, 2015; Degani & Cardoso, 2002;
Nahmens & Tkuma, 2012; Rosenbaum et al., 2012) have demonstrated that Lean construction significantly

contributes to sustainable construction objectives by minimizing waste and promoting the efficient use
of resources. Additionally, other studies (Francis & Mahalingam, 2012; Golzarpoor & Gonzélez, 2013;
Peng & Pheng, 2011) have found that Lean construction substantially reduces carbon emissions, fosters

environmentally responsible construction practices, and enhances overall project efficiency.

Construction Economics and Building, Vol. 26, No. 1 2026
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on enhancing productivity and project schedule control, whereas the relationship between Lean principles
and environmental impact has not been thoroughly explored. Although some studies have addressed this
connection, empirical research remains limited, particularly in earthmoving activities. In Vietnam, the
construction industry has experienced significant growth and plays a crucial role in the national economy.
However, the sector continues to face persistent challenges, including environmental impacts, cost and
schedule overruns, and low labor productivity. While Lean construction and sustainable development
have received increasing attention, domestic research has largely remained theoretical (Ngoc & Quin,
2016; Nguyen, 2021), with limited practical applications in specific construction activities. As a result,

the correlation between production efficiency and sustainable development has yet to be clearly defined.
To address these limitations, the present study aims to bridge the gap by experimentally applying Lean
construction principles to earthmoving operations in Vietnam and assessing environmental impacts
through DES. In addition to measuring construction performance and CO; emissions from construction
equipment, the study also considers real-world site factors such as equipment failures to enhance accuracy
and applicability. The findings not only contribute to improving construction efficiency but also promote

sustainable development in the construction industry, particularly in developing countries.
Research methodology and case study

RESEARCH METHODOLOGY

Figure 1 illustrates the research process, which is divided into three main modules: data collection
(Module 1), simulation model development (Module 2), and results analysis (Module 3).

Module1 Module 2 Module 3
4 - . N
— ~ D@ -
EDJEET Z -
=% > D | Ezstrone || | 2 ,&-’I a
N\ — J . \__ = ' )
o Construction activities o Establishing and validating the o Simulation results
- Work sequence simulation model - Working and idling time
- Activity durations - Real model - Construction time
o Equipment information o ldentify bottlenecks - Productivity
- Type, quantity, capacity - Lean construction principles - Fuel consumption
o Cost information o Integrate Lean Principles - CO; emission
- Cost components Lean models - Cost
o Determine emission factors
- Emission factors

Improvement suggestions << Compare and evaluate the results CA

Figure 1. The research framework (Authors own, 2025)

Module 1: This phase focuses on collecting data related to construction activities, including work
sequences, task duration, and detailed information about equipment such as type, quantity, and capacity.
Additionally, data on cost components, emission factors, and fuel consumption rates are gathered to support

the simulation process and environmental impact assessment.
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Module 2: Based on the data collected in Module 1, a simulation model of real-world earthmoving
operations is developed and validated using the EZStrobe simulation tool. This simulation model helps
identify bottlenecks in the construction process. Subsequently, Lean construction principles are applied to

improve efficiency, and various simulation scenarios incorporating Lean principles are established.

Module 3: After the simulation is executed, the output data will be analyzed to evaluate operational
performance as well as environmental impacts. The assessment indicators include equipment operating time
and idle time, total construction duration, productivity, fuel consumption, CO, emissions, and associated
cost components. The simulation results are then compared between the baseline model and the optimized

Lean model to determine the level of improvement and the effectiveness of the optimization strategies.

CASE STUDY

The study was conducted based on earthwork operations in an airport construction project in Vietnam. To
minimize transportation costs and maximize resource utilization, soil was relocated within the construction
site, with a total volume of 750,000 m®. Figure 2 illustrates the actual construction process, in which the
contractor organized six excavation routes. Each route employed one excavator for excavation, assisted

by two trucks for soil transportation. A temporary 1.5-km-long road was constructed to facilitate soil
movement. At the dump site, a bulldozer was deployed for grading. The bulldozer operator guided the
trucks to designated dumping areas. Once four piles of soil accumulated, the bulldozer began grading, while
trucks waited for space before dumping more soil. After unloading, trucks returned to the waiting area to

restart the cycle. Table 1 presents detailed specifications of the construction equipment used in the project.

Furthermore, due to the high-intensity nature of the construction process, equipment frequently encounters

common breakdowns. To handle such failures, the contractor initially deployed a single on-site repair team

Figure 2.  The flow of earthwork operations (Authors own, 2025)

Table 1. Information on earthwork equipment (Authors own, 2025)

Equipment Model Year | Technology Capacity of Engine Fuel efficiency
type equipment (m?) | power (hp) (Lt/h)
2.6

Excavator ZX470 2020 Tier 4 J15 23.8
Truck 1 TLM50 2022 Tier 4 20 380 21.9
Truck 2 KM6540 2018 Tier 4 15 260 13.5

Bulldozer D65PX 2015 Tier 4 5 223 19.2

Construction Economics and Building, Vol. 26, No. 1 2026
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to perform maintenance during construction. However, most previous studies on earthwork performance

analysis have overlooked this issue (Kim & Kim, 2016; Mohsenijam et al., 2020). Neglecting equipment
failures may lead to unrealistic analysis results, reducing the accuracy of performance evaluation models. To
address this limitation, the present study integrates equipment failure scenarios and maintenance activities
into the simulation model to provide a more precise assessment of construction performance.

Calculation of CO2 emission

CO, EMISSION EQUATION

A review of existing literature on estimating emissions from construction activities reveals that most
approaches rely on the NONROAD model developed by the U.S. Environmental Protection Agency
(EPA). However, previous studies (Ahn et al., 2010; Olanrewaju et al., 2020; Zhang, 2015) have notable

limitations, especially the exclusion of emissions during idle mode, leading to an underestimation of actual
emissions. Moreover, several studies (Khan et al., 2009; Khan et al., 2006; Rahman et al., 2013; Stodolsky

et al., 2000) have indicated that the average CO; emissions recorded during the idling mode of heavy-duty
trucks are significant, with values of 4,256, 4,400, 10,400, and 16,500 g/h, respectively. Given these findings,

accounting for idling emissions is essential to ensure accurate assessments and promote sustainability within

the construction industry. Therefore, this study proposes a CO; emission calculation method using the

NONROAD model (EPA, 2010a), summarized in Egs. (1) to (3):

E=EW+EI 1

I ]
EW=ZZ(EFWZ><W7}J><EB><LFWi) )

i=1 j=1

I J
EI=ZZ(EFI,- xIT, ; x EP,x LFI,) 3)

i=1 j=1

where 7 = equipment type; j = operation type; £ = CO, emission (g); EW = emission of working mode (g);
EI = emission of idling mode (g); EFIW = CO, emission factor of the equipment in working mode (g/hp.h);
EFI = CO, emission factor of the equipment in idling mode (g/hp.h); W7 = working time of equipment
(h); IT = idling time of equipment (h); EP = engine power of equipment (hp); LFW = load factor of
equipment in working mode; and LFT = load factor of equipment in idling mode.

The time values of W7 and IT are determined through the simulation process. The EZStrobe software
enables detailed tracking and precise calculation of the equipment’s active and idle times. Emission factors

and load factors are thoroughly presented in the Emission factors and load factors section.

EMISSION FACTORS AND LOAD FACTORS

Emission factor for CO,

The NONROAD calculations rely on emission factor estimates of the amount of pollution emitted by a

particular type of equipment during a unit of use (EPA, 2010a). Emission factors for CO, are calculated
based on brake-specific fuel consumption (BSFC) and the emission rate of HC. The equation for emission
tactor for CO, calculation is as follows:

EFW =0.87 x %x (BFSC x TAF x453.6 ~ EFy;¢ ) (4)

Construction Economics and Building, Vol. 26, No. 1 2026
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EFI =0.25x EFW (5)

where BSFC = 0.367 Ib/(hp.h), representing brake-specific fuel consumption; TZ4F is the ratio of the
transient adjustment factor to the steady-state factor. For Tier 4 engines, Z4F is assigned a value of 1.0
(EPA, 2010a); 453.6 is the conversion from pounds to grams; EF,, . is the adjusted emission factor for HC

emissions in g/(hp.h); 0.87 is the carbon mass fraction for diesel; (44/ 12) is the ratio of CO, molecular mass
to carbon molecular mass; 8 is the CO; emission ratio factor for the engine in idle mode. According to the

research by Lewis, Leming, and Rasdorf (2012), this parameter ranges from 0.2 to 0.3. Consequently, this
study selects a value of 8= 0.25 to calculate the CO, emission factor in idle mode.

Emission factor for HC

'The discrepancy between real-world testing conditions and the standardized conditions of the NONROAD
model necessitated the EPA to implement adjustment factors to better account for emissions (Shao, 2016).

The HC emission factor is calculated by multiplying the steady-state emission factor (EFss) by the transient
adjustment factor (Z24F) and the deterioration factor (DF) (EPA, 2010a). The equation for estimating the
HC emission factor is as follows:

EFy, = EFs x TAF x DF (6)

EF is determined for each type of equipment as specified by the EPA (2010a), based on the technology
and engine power. In this study, all equipment is assigned an EF  value of 0.131 (g/hp.h). The DF factor
represents the increase in emissions as the engine’s age progresses over time. The value of DF is determined
using Eq. (7).

DF = 1+ DF,,x AF (7)

DF, ,is the relative degradation factor of the equipment, which depends on the type of pollutant and
the technology used. For equipment equipped with Tier 4 technology that emits HC, DF is 0.027 (EPA,
2010a). Additionally, AF is the age factor of the equipment, calculated using Eq. (8).

(CHxLF) (AHxLTxLF)

AF = =
ML ML

(8)

where CH represents the cumulative operating hours (h); AH is the annual operating hours (h/year), which
the EPA (2010b) recommends for each equipment type as shown in Table 4; LT refers to the lifespan
(years); LF is the load factor; and ML is the median lifetime (calculated in hours when fully loaded). For
diesel engines, the EPA (2010b) suggests this value to be 7,000 h. The values for calculating the AF and DF
factors are provided in Table 2.

Table 2. Parameters for calculating the AF and DF (Authors own, 2025).

Excavator 1,092 4,368 0.59 0.368 1.010
Truck 1 2 1,641 3,282 0.59 0.277 1.007
Truck 2 5 1,641 8,205 0.59 0.692 1.019

Bulldozer 8 606 4,848 0.59 0.409 1.011

Construction Economics and Building, Vol. 26, No. 1 2026
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Load factor

'The load factor of equipment represents the ratio of average power usage to maximum rated power. It is
used to reflect the normal operational state during use, including idle states, partial loads, and intermittent
operations (EPA, 2010b). In this study, a load factor of LEFW = 0.59 has been selected to estimate

CO, emissions during the working mode of equipment (EPA, 2010b).

In idle mode, equipment operates at low power, maintaining a “standby” state without performing
primary tasks. Consequently, the load factor in idle mode (LFI) is typically low, varying between 0.1 and
0.3, depending on the type of equipment and engine capacity (Klanfar et al., 2016; Lewis et al., 2011;
Stodolsky et al., 2000). To estimate CO, emissions during idle mode, this study adopts an LFI value of 0.2.

With all necessary parameters for emission factor calculations defined, the emission factors for HC and

CO, are subsequently computed using Eqs. (4) to (6) and are presented in Table 3.

Table 3. Emission factors for HC and COZ(Authors own, 2025)

Flghph) | EPWlghp cFl g/np

Excavator 0.132 530.621 132.655
Truck 1 0.132 530.622 132.656
Truck 2 0.133 530.617 132.654

Bulldozer 0.132 530.621 132.655

Data collection and model simulation

DATA COLLECTION

Duration of earthwork activities

Determining the duration of activities in simulations plays a crucial role in ensuring the accuracy and
reliability of the model, thus enabling the simulation to realistically reflect the operational characteristics of
the system. To achieve this, the author conducted field observations and collected data on the duration of
earthwork activities at the construction site. Based on a dataset of 50 samples for each activity, the author
used Crystal Ball v11.2 software to identify the duration distribution for each activity. Additionally, the
Kolmogorov—Smirnov test was applied to assess and confirm the suitability of the distributions. The results
of the probability distributions for the duration of each earthwork activity are detailed in Table 4.

Earthwork productivity

In EZStrobe simulation, productivity is determined and calculated based on the coordination of activities
and the relationships among resources. According to the study by Thomas and Mathews (1986), productivity
is defined as the amount of output produced per unit of time. The method for determining productivity is
presented in Eq. (9).

Output  Q

Input T ©)

Productivity =

where Q is the quantity of work required, corresponding to the volume of soil to be moved, which is
750,000 m?, and 7'is the total construction time, measured in hours, determined through simulation via the

variable “SimTime.”

Construction Economics and Building, Vol. 26, No. 1 2026
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: FT’ : ESS Table 4. Probability distribution of activity durations in the EZStrobe simulation model (Authors
own, 2025).
symbol symbol
The truck goes to load position PrelLoad t1 Normal[31.1,6.6]
The excavator loads soil into truck 1 Load t2a Normal[322.1,12.3]
The excavator loads soil into truck 2 Load t2b Normal[240.6,8.5]
The truck hauls soil to the dump site Haul t3 Triangle[325.8,365.6,397.5]
The truck goes to dump position PreDump té4 Normal[35.6,4.7]
Truck 1 dumps soil Dump tba Normal[65.0,10.5]
Truck 2 dumps soil Dump t5b Normal[45.8,9.3]
The bulldozer pushes soil (20 m?) Push tba Normal[34.9,8.3]
The bulldozer pushes soil (15 m?) Push téb Normal[25.3,6.7]
The truck returns to waiting position Return t7 Triangle[280.8,307.7,338.6]
Repair of the broken excavator Repair1 tRP1 Uniform[3,579.3,5,412.6]
Repair of the broken truck while fully Repair2 tRP2 Uniform([2,416.1,3,601.1]
loaded
Repair of the broken truck while empty Repair3 tRP3 Uniform[2,425.9,3,594.3]
loaded
Repair of the broken bulldozer Repairé tRP4 Uniform[3,583.1,5,420.9]

Earthwork construction cost estimation

In this study, cost factors are analyzed to comprehensively evaluate the impact of Lean principles on the
environmental and operational performance of earthwork activities, including economic efficiency and
construction productivity. To achieve this objective, four key cost components are identified: labor cost (LC),
equipment rental cost (EC), fuel cost (FC), and environmental tax cost (T'C). These cost components are
systematically calculated using Eqs. (10) to (14). Table 5 provides detailed unit prices for equipment and
labor, as provided by contractors, serving as a critical basis for cost estimation.

Cost=LC+EC+FC+TC (10)
I

LC=Tx ) (Cxn) (11
i=1
K

EC:TXZ(Ckxnk) (12)
k=1

FC = FuelxC, (13)

TC =E, xCp (14)

9 Construction Economics and Building, Vol. 26, No. 1 2026
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where Cost represents the total cost of earthwork activities (USD); 7" denotes the total construction time
(h); C, and C, refer to the rental unit cost of labor type i (USD/h) and the rental unit cost of equipment
type £ (USD/h), respectively; 7, and 7, are the quantity of labor type i and the quantity of equipment type
k, respectively; Fuel is the amount of fuel consumed (lt); and C ) is the fuel unit price (USD/1t). At the
time of the study, the unit price of diesel fuel was determined to be 0.74 (USD/It); E , is the amount of
CO, emissions (tons); C,is the environmental tax rate applied per ton of CO, emitted during earthwork

activities (USD/ton-CO,).

Coxhead et al. (2013) conducted a study on carbon taxation in Vietnam, based on environmental tax

policies related to fossil fuel consumption. According to this study, the environmental tax rate for diesel fuel

was determined to be C, = 20 (USD/ton-CO,).

Table 5. Unit rental rates for equipment and labor in earthwork operations (Authors own, 2025).

Excavator driver C, 3.44

Truck driver C, 2.46
Bulldozer driver C, 2.46

Repair team C, 7.38

Spotter C, 1.96

Excavator hiring C, 19.64

Truck 1 hiring C, 9.82

Truck 2 hiring Cq 6.29
Bulldozer hiring C, 11.79

MODEL SIMULATION AND VALIDATION

Based on the actual construction process, the primary activities in the model are identified in detail. After
collecting all necessary input parameters, the simulation model is developed using EZStrobe software.
Figure 3 illustrates the earthwork simulation model, accurately reflecting real-world construction site

operations.

To ensure the accuracy and reliability of the simulation results, model validation is essential. One of the
most widely used validation methods is comparing the simulation output with observed real-world data.
Among various validation criteria, cycle time is particularly significant as it directly impacts construction
productivity, project schedule, and can be measured with high precision. Therefore, in this study, cycle time
is used to assess the degree of similarity between the simulation and actual conditions. In the context of
earthwork activities, cycle time refers to the duration required to complete a full operational cycle, including
excavation, transportation, and backfilling for a unit volume of soil. Table 6 presents the comparative results

of cycle time between 10 simulation runs and actual observed data.

Construction Economics and Building, Vol. 26, No. 1 2026
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Figure 3.  Simulation model of actual earthwork operations (Authors own, 2025)

Table 6. Probability distribution of activity durations in the EZStrobe simulation model (Authors
own, 2025)

IR N 2 e

Cycle Realworld 26.5 25.3 27.2 25.7 27.1 265 25.2 25.4 25.8 26.3 . 0.73

time

(min) Simulation 25.1 25.9 25.6 26.3 25.4 25.2 25.0 24.6 26.1 249 254 0.56

The results in Table 6 show that the deviation between the simulation and actual data is 2.78%, which
is within the acceptable range, defined as up to 5%. This validates the reliability of the simulation model,

making it suitable for applying Lean construction principles to enhance earthwork operations.

Implementation of lean construction principles

Based on the recorded data from the construction process at the site, several significant shortcomings

in the contractor’s resource allocation for earthwork activities have been identified. At the dumping site,
the contractor did not assign personnel to guide trucks to the designated dumping locations; thus, the
bulldozer operator handled this task, which caused delays for both the bulldozer and the trucks. Moreover,
using only one bulldozer for backfill is insufficient, as the extended filling time will also increase the truck’s
waiting time. On the other hand, the contractor’s lack of an appropriate equipment maintenance plan
during the construction process has led to more frequent equipment breakdowns. Although the contractor
initially deployed an on-site repair team to maintenance, field observations revealed that a single team

was insufficient to promptly address multiple equipment breakdowns occurring simultaneously, especially
during peak construction periods. This limitation resulted in prolonged equipment downtime, particularly

for critical machinery such as excavators and bulldozers. In addition, the insufficient number of trucks

Construction Economics and Building, Vol. 26, No. 1 2026
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significantly affects the operation of excavators and bulldozers. Observations from the field indicate that
excavators frequently have to wait for trucks at the loading site. These issues have caused congestion and

wasted time and resources, resulting in inefficient construction and increased environmental impacts.

To address the aforementioned issues, this study proposes four Lean Construction Principles (LCPs) to
be applied to a real-world model with the aim of improving earthwork activities.

LCP 1—Flow production in processes: This principle emphasizes that resources interacting with system
activities should flow without stagnation, enabling continuous operations (Womack & Jones, 1997). To
reduce congestion at the dumping site, the number of bulldozers is increased to two, allowing for faster
backfilling and providing trucks with immediate dumping locations. Additionally, two spotters are assigned
to guide trucks to the dumping area, enabling the bulldozers to begin work immediately when soil is

available, without unnecessary delays.

LCP 2—Minimize non-value-adding activities: Lean thinking classifies process activities into Value-
Adding and Non-Value-Adding activities (Hosseini et al., 2012). In earthwork processes, equipment repair

often consumes significant time and resources without contributing to the final product’s value. Therefore,
these activities should be minimized by accelerating repair times. In practice, relying on just one repair team
is insufficient to promptly address multiple equipment breakdowns. Consequently, in the Lean model, the

number of repair teams is increased to two.

LCP 3—Implement the pull principle: This principle aims to improve coordination between upstream
and downstream tasks through just-in-time material delivery (Womack & Jones, 1997). In earthwork
operations, trucks serve as a critical resource for excavators and bulldozers. Thus, the pull principle is applied

by increasing the number of trucks to ensure timely resource availability for excavators and bulldozers.

Table 7. Details of equipment fleet and labor utilization in Lean models (Authors own, 2025)

6 12 - 1 1 1

Model 1 Real

Model 2 LCP 1 6 12 . 2 2 1
Model 3 LCP 2 6 12 - 1 1 2
Model4  LCP(1+2) 6 12 . 2 2 2
Model 5.1 LCP 6 14 - 2 2 2
Model52 |23 6 16 - 2 2 2
Model 5.3 6 18 - 2 2 2
Model 5.4 6 20 - 2 2 2
Model 6.1 LCP 6 . 18 2 2 2
Models  |+2+3+4 6 . 20 2 2 2
Model 6.3 6 . 22 2 2 2
Model 6.4 6 . 2% 2 2 2
Model 6.5 6 . 26 2 2 2
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LCP 4—Reduce transported soil volume: This principle is applied to reduce truck waiting time, thereby
shortening the cycle time of earthwork activities. By using type-2 trucks instead of type-1 trucks, the

volume of transported soil per trip decreases from 20 to 15 me.

Based on the EZStrobe simulation program, simulation scenarios were developed to implement LCP.

The models were configured as shown in Table 7, enabling the authors to analyze performance and evaluate
environmental variables in earthwork activities. Figure 4 illustrates the improved earthwork model after

implementing these principles.

4 ﬁﬁtée—a‘rﬁ\l

f_ -_-J LCP 1: increase the number of spotter and bulldozer

i P:0.05

« S BrokenTr2 (_ ) LCP 2: increase the number of repair team

¢~ 7Y LCP 3: increase the number of trucks

S =

(") LCP 4: replacing truck 1 (20m’) with truck 2 (15m’)

Figure 4.  Simulation model of earthwork activities after applying Lean construction principles
(Authors own, 2025)

Results and discussion

Based on the simulation scenarios established in Table 7, Lean models are analyzed to assess their impact
on the environment and construction performance. The simulation results are systematically summarized
in the following tables: Table 8 provides detailed information on the working and idling times of each

piece of equipment. Based on this, Table 9 presents the results for construction time, fuel consumption, and

CO; emissions. Concurrently, Table 10 focuses on analyzing productivity and cost components. To support
a comprehensive evaluation of the effectiveness of the Lean models, the data from the above tables are
visualized through comparison charts in Figures 5 to 8, which highlight the trends and improvements of

each model.
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ePRESS Table 8. Simulation results of equipment working and idling time (Authors own, 2025)

Model Equipment working and idling time (h) Total WT (h) | Total IT (h)

Model 1 3,771.87 2,474.77 8,371.91 4,170.63 363.55 674.95 12,507.33 7,320.35

Model 2 3,771.88 2,281.98 8,371.93 3,782.94 363.56 1,664.20  12,507.37 7,729.12

Model 3 3,771.85 2,372.82 8,371.92 3,965.98 363.55 658.14 12,507.32 6,996.94

Model 4 3,771.90  2,261.05 8,371.94 3,782.44 363.56 1,656.83  12,507.40 7,700.33
Model 5.1  3,771.85 1,415.59 8371.95 3,794.27 363.53 1,374.92  12,507.33 6,584.78
Model 5.2  3,771.89  778.79 8,371.91 3,830.98 363.56 1,162.65 12,507.35 5,772.42
Model 5.3 3,771.90 355.99  8,371.94 4,082.09 363.56 1,021.83 12,507.41 5,459.91
Model 5.4  3,771.93  305.41 8,371.91  5307.50 363.54 1,004.98  12,507.37 6,617.89
Model 6.1  3,341.67 1,373.46 10,895.88 3,383.09 351.39 1,232.92  14,588.93 5,989.47
Model 6.2  3,341.65 908.60 10,895.90 3,421.21 351.40 1,077.99  14,588.95 5,407.80
Model 6.3  3,341.65 557.63 10,895.82 3,561.12 351.39 960.82 14,588.86 5,079.56
Model 6.4  3,341.69  400.83  10,895.96 4,255.33 351.38 908.70 14,589.03 5,564.87
Model 6.5 3,341.64 39411 10,895.90 5,497.08 351.38 906.30 14,588.93 6,797.49

Notes: Values in bold are used to highlight the most representative and critical results for each group of simulation
models. They correspond directly to the key trends illustrated in Figure 5, connecting the numerical results in the table
with the graphical comparison.

Table 9. Simulation results of construction time, fuel consumption, and CO, emissions
(Authors own, 2025)

Model Time (h) Fuel (1000 CO, emission (tons) Total CO,
_ Butidozer | "

Model 1 1,050.99 320.87 393.69 1,040.14 29.57 1,463.40
Model 2 1,018.92 322.35 392.00 1,036.03 35.72 1,463.76
Model 3 1,033.63 319.07 392.80 1,037.97 29.47 1,460.24
Model 4 1,014.99 322.19 391.82 1,036.03 35.67 1,463.53
Model 5.1 874.00 315.92 384.40 1,036.16 33.92 1,454.47
Model 5.2 767.83 311.34 378.81 1,036.54 32.60 1,447.96
Model 5.3 697.40 309.55 375.10 1,039.20 31.73 1,6446.04
Model 5.4 689.03 315.91 374.66 1,052.17 31.62 1,458.46
Model 6.1 798.49 258.90 341.60 911.40 32.19 1,285.19
Model 6.2 720.90 255.54 337.52 911.67 31.23 1,280.43
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Table 9. continued

Model 6.3 662.42 253.38 334.44 912.68 30.50 1,277.62
Model 6.4 636.37 254.57 333.07 917.72 30.18 1,280.97
Model 6.5 635.20 258.74 333.01 926.71 30.16 1,289.88

Notes: Values in bold are used to highlight the most representative and critical results for each group of simulation
models. They correspond directly to the key trends illustrated in Figure 6, connecting the numerical results in the table

with the graphical comparison.

Table 10.  Simulation results of productivity and cost (Authors own, 2025)

Model Productivity Cost components (1,000 USD) Total cost

(m?/h) (1,000

Model 1 713.62 65.12 260.09 237.45 29.27 591.92
Model 2 736.07 67.64 26417 238.54 29.28 599.62
Model 3 725.60 71.67 255.79 236.11 29.20 599.21
Model 4 738.93 74.87 263.15 238.42 29.27 606.98
Model 5.1 858.13 68.77 243.76 233.78 29.09 97537
Model 5.2 976.78 64.19 229.23 230.39 28.96 552.77
Model 5.3 1,075.43 61.73 221.90 229.07 28.92 541.62
Model 5.4 1,088.49 64.38 232.77 233.78 29.17 560.10
Model 6.1 939.28 70.68 203.33 191.58 25.70 491.30
Model 6.2 1,040.37 67.36 192.64 189.10 25.61 474.71
Model 6.3 1,132.21 65.16 185.35 187.50 2555 463.56
Model 6.4 1,178.56 65.72 186.06 188.38 25.62 465.79
Model 6.5 1,180.73 68.73 193.71 191.47 25.80 479.70

'The comparison charts in Figures 5 to 8 show that the application of Lean principles in earthwork
operations has led to significant improvements, where the later models demonstrate superior effectiveness
compared to the earlier models. Models 2 to 4 represent the initial phase of the Lean implementation
process, with the application of two principles, LCP1 and LCP2. In terms of construction time,
model 2 leads to a 3.1% reduction, model 3 results in a 1.7% reduction, while model 4 achieves a greater
reduction of 3.4%. These results suggest that increasing the number of bulldozers in LCP1 contributed to a
reduction in the waiting time of trucks and excavators, thus shortening the construction time. However, due
to the limited number of trucks, the increase in bulldozers caused a significant rise in their idling time, from
675 to 1,664 h, resulting in a 5.6% increase in total equipment idling time in model 2 and 5.2% in model 4.
In contrast, model 3 exhibits better optimization by reducing the total equipment waiting time by 4.4%.
Regarding fuel consumption and CO; emissions, models 2 and 4 show negligible increases. In contrast,
model 3 exhibits a more positive impact, with a 0.6% reduction in fuel consumption and a 0.2% reduction in

CO; emissions. In terms of construction costs, all three models report a slight increase, ranging from 1.3%
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Figure 5.  Comparison of the Lean model’s impact on construction time and idle time (Authors own,
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Figure 6.  Comparison of the Lean model's impact on fuel used and CO, emissions (Authors own,
2025)

to a maximum of 2.5% in model 4. Although there are positive impacts, the scope of improvement remains
relatively small and insufficient to significantly enhance the construction process.

Based on model 4, the group of model 5, consisting of models 5.1 to 5.4, was developed by applying the
Lean principle LCP3, where the number of trucks was increased from 14 to 20. The analysis results indicate
that appropriately adjusting the number of trucks not only optimizes the coordination between equipment
but also significantly enhances construction efficiency. Specifically, construction time decreased significantly,
ranging from 16.8% (model 5.1) to 34.4% (model 5.4). Concurrently, equipment idling time was also
optimized, particularly in model 5.3, with a reduction of 25.4%. Data from Table 8 show that the idling
time of excavators in model 5.3 was significantly reduced from 2,475 to 356 h, highlighting the effectiveness
of balancing the number of trucks with other construction equipment. However, when the number of
trucks exceeds an optimal level, as in model 5.4, the waiting time for trucks increases from 4,170 to 5,307 h,

consequently reducing the efficiency of optimization. This indicates that optimizing the number of trucks
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Figure 7.  Comparison of the Lean model’s impact on productivity and total cost (Authors own, 2025)
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Figure 8. Comprehensive comparison of the Lean model's impact on environmental and production
performance (Authors own, 2025)

requires balance, preventing equipment excess that leads to resource wastage. Therefore, model 5.3 is
regarded as the most optimal solution within this group. Additionally, improvements in construction

time have resulted in a significant increase in productivity, ranging from 20.2% to 52.5%. Notably,

model 5.3 demonstrates the greatest cost savings, with a reduction of 8.5%. In terms of environmental
impact, the group 5 models begin to show a marked difference compared to previous models. Specifically,
model 5.3 achieves the highest efficiency, reducing fuel consumption by 3.5% and CO; emissions by 1.2%.

Group 6 models (from 6.1 to 6.5) were developed based on the framework of group 5 models, with the
further implementation of the LCP4 principle. The change in truck types and their optimal quantities has
significantly improved construction performance and contributed to reducing the environmental impact of
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earthwork operations. The comparative results from Figures 5 to 7 indicate a substantial improvement in
construction performance, with models 6.4 and 6.5 exhibiting the highest reductions in construction time,
at 39.5% and 39.6%, respectively. Additionally, construction productivity showed a substantial increase,
reaching 65.2% in model 6.4 and 65.5% in model 6.5. However, in terms of environmental efficiency

and equipment utilization, model 6.3 exhibited superior performance, achieving a 21% reduction in fuel
consumption and a 12.7% decrease in CO, emissions. Furthermore, the total idle time decreased by 30.6%
(from 7,320 h to 5,079 h), and cost savings reached up to 21.7%, the highest in the group. Although

model 6.5 delivered the best results in terms of shortening construction time and improving productivity,
its improvement over model 6.3 was marginal while requiring additional resources. This reflects the
phenomenon of diminishing returns when increasing the number of trucks beyond the optimal threshold,
leading to system saturation and causing idle time and operational complexity instead of proportional gains.
‘Therefore, model 6.3 is considered a more balanced and practical solution, offering better feasibility by
aligning performance with resource allocation. Figure 8 illustrates that group 6 models demonstrate greater
effectiveness across all evaluation criteria compared to previous models. Notably, model 6.3 is identified as
the most optimal solution, as it not only delivers considerable environmental benefits but also substantially
enhances construction productivity. These significant improvements validate the viability and effectiveness
of integrating Lean principles, highlighting their potential for widespread application in practice to enhance

both efficiency and sustainability in earthwork operations.

Conclusions and suggestions

The quantitative results from the study show that model 6.3, which integrates all four Lean principles
(LCP1 to LCP4), is the optimal model, demonstrating significant impacts on all criteria: environment,
productivity, and cost savings. Specifically, this model reduced fuel consumption by 21%, decreased CO,
emissions by 12.7%, and increased construction productivity by 65.5%. Additionally, it resulted in cost
savings of 21.7%. These results validate the effectiveness of applying Lean construction principles and
highlight the strong connection between Lean construction and sustainability. The application of Lean
principles in earthwork operations not only improves construction performance but also impacts the
environment positively, reflecting the link between optimizing construction processes and sustainable

construction goals.

This study provides strong evidence of the potential of simulation methods for applying Lean
construction to improve both performance and environmental outcomes. The DES model allows for detailed
and accurate evaluation of factors affecting the construction process, identifying the optimal solution for
balancing performance and environmental protection. This highlights the potential of this approach, not
only in managing production waste but also in optimizing environmental efficiency throughout the life cycle

of construction pI‘OjCCtS.

Another key aspect of the study is considering and analyzing equipment failures in the simulation, which
enhance the realism and accuracy of the results. By incorporating factors such as equipment breakdowns or
downtime, the model more closely mirrors real-world construction conditions where unexpected failures
may occur. This enhances the feasibility and applicability of the study’s results to real-world earthwork
projects.

In terms of practical implications, the simulation outcomes provide valuable guidance for contractors in
planning optimal equipment allocation and maintenance strategies, especially in projects with high-intensity
operations and a risk of equipment failure. Moreover, the DES model developed in this study can serve as a
useful decision-support tool for construction managers and field engineers to make informed decisions that
balance productivity, cost efficiency, and environmental impact. Furthermore, the insights gained from this

study may help policymakers and industry stakeholders formulate guidelines and initiatives that promote
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sustainable and efficient earthwork practices. Specifically, the simulation-based optimization framework
provides evidence to establish sustainability-oriented technical standards and guidelines that encourage
efficient equipment allocation and minimize environmental impacts. In addition, the validated DES model
and Lean strategies can be incorporated into training programs for contractors and field engineers, enabling
them to make data-driven decisions, optimize resource utilization, and adopt environmentally responsible

construction practices in earthwork operations.

Limitations and future research

Although the study has demonstrated the significant benefits of applying four Lean principles in earthwork
operations, certain limitations remain. Specifically, the principles of “Optimize the Whole” and “Respect for
People” were not incorporated into the model because they primarily involve organizational, managerial, and
human behavioral factors, which are difficult to quantify and represent through discrete-event simulation.
'This does not imply that these principles are less important; on the contrary, they play a critical role in
real-world Lean implementation, particularly in fostering a collaborative culture, reducing waste from
managerial decisions, and enhancing workforce motivation. Future research should extend the analysis

of these principles using a combination of qualitative and quantitative approaches to better capture the

comprehensive impact of Lean in practice.

To further refine the model, future research could extend beyond optimizing equipment types to include
other factors such as construction processes and adaptability to specific environmental and geographical
conditions. Subsequent studies should also focus on applying Lean principles to other phases of
construction, such as planning and schedule management, to maximize efficiency and enhance sustainability

in construction activities.
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