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This study investigates the fuel consumption, energy consumption, and carbon dioxide emissions associated with
different pavement foundation structures in road construction projects in Palangka Raya, Indonesia. Using field
data gathered at two study locations, the study contrasts the environmental impact of Cement-Treated Recycled
Base (CTRB) with that of conventional Sub-Base and Base layers. Palangka Raya's tropical climate offers difficul-
ties for construction equipment operations, given its proximity to the equator and constant high temperatures.
The study used a quantitative method to gather primary data on heavy equipment fuel consumption and verify it
against theoretical calculations using known formulas and emission factors. Results show that CTRB works exhib-
it significantly higher fuel consumption (12.23 L/m?), energy consumption (440.13 MJ/m?3), and carbon emissions
(32.65 kgCO,/m?) compared to conventional Sub-Base (1.47 L/m?, 52.73 MJ/m?, 3.91 kgCO,/m?) and Base layers
(1.53 L/m?3 54.96 MJ/m?3, 4.08 kgCO,/m?3). With variations between field data and calculations ranging from-3.22%
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to 7.88%, the study revealed that Palangka Raya’s tropical climate equipment regularly consumed 0.48-0.49 L/h
more fuel than model projections. This result emphasizes the trade-off between the long-term durability of CTRB
and its higher environmental impact during construction, especially in hot tropical areas. Emphasizing the need
for a thorough assessment of construction techniques, considering both immediate environmental effects and
long-term sustainability elements, the study finds that choosing pavement foundation structures significantly
affects energy efficiency and carbon emissions in road building. Particularly in tropical areas, the study offers
insightful analysis of environmentally responsible building practices and promotes sustainable methods in civil

engineering.

Keywords: carbon emissions, energy consumption, road construction, sustainable engineering, tropical climate.

Introduction

Mainly because of the extensive use of heavy equip-
ment and construction materials, the construction
sector, especially road construction, plays a key role
in fuel consumption and carbon emissions. Studies
show that carbon emissions during the construction
phase of road projects account for about 76-86% of to-
tal emissions, exceeding those from maintenance and
demolition phases (Jang et al., 2015). This underlines
the road construction sector’s pressing need for sus-
tainable practices. Significant sources of greenhouse
gas (GHG) emissions are road construction activities,
especially manufacturing construction materials like
asphalt and cement, and using heavy machinery (Kim
et al,, 2013). Emissions are most significantly caused
by off-road heavy equipment like bulldozers, excava-
tors, and dump trucks; productivity levels influence
fuel consumption and carbon dioxide emissions (Hajji,
2015). Known for their high fuel use and NOx emis-
sions, diesel construction vehicles are expected to see
these cut under more rigorous policies and advanced
emission criteria (Li et al., 2021). Developing a sustain-
able transportation system depends on knowing and
reducing these emissions during the building phase
(Giunta et al., 2019).

Usually, conventional pavement design consists of
surface, base, subbase, and subgrade layers. While the
subbase and base layers offer structural support, the
subgrade is the natural soil foundation (Hatmoko &
Lendra, 2021b). Usually composed of asphalt or con-
crete, the surface layer offers the driving surface and
shields the underlying layers from environmental and
traffic-related (Vaitkus et al,, 2021; Hatmoko & Len-
dra, 2021a). Usually, this traditional approach calls for
several kinds of large machinery for every construc-
tion layer, such as graders, rollers, and dump trucks,

which could increase fuel use and emissions. The Ce-
ment-Treated Recycled Base (CTRB) method, on the
other hand, creates a stabilized base layer by mixing re-
cycled materials, such as reclaimed asphalt pavement
or construction and demolition waste, with cement and
compacting them (Wen et al., 2021). In a more stream-
lined construction process, CTRB technology calls for
specialized equipment, including recyclers/stabilizers,
water tankers, and compactors, possibly benefiting
equipment use efficiency and lowering environmental
effects. Evaluating the environmental effects of these
two approaches depends on an awareness of their rel-
ative equipment use patterns.

Fuel use and carbon emissions are greatly affected by
the tools used in pavement building. Different building
techniques call for different kinds, amounts, and oper-
ating times of heavy machinery. By changing engine
operating points and other factors, optimization models
for construction equipment can significantly increase
fuel economy and lower emissions (Masih-Tehrani et
al,, 2020). Further studies by Sizirici et al (2021) reveal
that choosing suitable building techniques and tools
may significantly affect fuel use efficiency and carbon
emissions. Recommended policies to lower emissions
include using high-strength building materials, max-
imizing fuel consumption rates, and using green fuel
types (Akhila et al.,, 2023). Good traffic management
throughout construction can also cut emissions and
fuel use by 9% (Barati and Shen, 2019). The operational
efficiency of construction equipment, especially in trop-
ical settings, raises special environmental concerns.
Higher ambient temperatures for diesel construction
vehicles may lead to more fuel use and emissions
due to more cooling needs and lower engine efficiency
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(Oliveira-Nascimento et al., 2021). Especially when con-
trasting various pavement construction techniques, this
link between equipment operation, climate conditions,
and environmental effects merits more study.

Road construction sustainability includes pavement
durability, lifecycle performance, and emissions re-
duction. The durability of pavement structures is great-
ly affected by their mechanical performance, which
therefore affects their environmental impact over time;
improving the mechanical characteristics of pavement
layers can lower the need for maintenance and reha-
bilitation, therefore promoting more sustainable road
infrastructure (Coelho and Guimaraes, 2024; Coelho et
al,, 2024a; Coelho et al., 2024b). Evaluating long-term
sustainability requires understanding the connection
between mechanical performance and energy use.
By quantifying environmental impacts over time and
providing a more accurate analysis of sustainable con-
struction solutions, mechanistic-empirical methods
comprehensively evaluate pavement lifecycle sustain-
ability (Coelho and Guimaraes, 2024; Filho et al., 2024).

Life Cycle Assessment (LCA) methodologies allow for
a more accurate quantification of long-term environ-
mental impacts (Lendra et al., 2024), offering a robust
framework for sustainable decision-making in road
construction (Ribeiro et al,, 2022). Focusing on their
environmental effect compared to conventional mate-
rials, recent research has investigated the possibilities
of industrial by-products and alternative materials in
pavement subgrade construction. Cement-stabilized
mine overburden soil, for example, has greater strength
and deformation resistance, qualifying it for sustain-
able road building (Mishra et al., 2024). Likewise, coal
combustion ash and cement slurry waste combinations
have been assessed for their mechanical, microstruc-
tural, and durability qualities, proving their viability as
sustainable subgrade materials (Dixit and Das, 2025b).
Fly ash-stabilized red mud has also been evaluated as
an alkali-activated sustainable subgrade material with
good outcomes in strength, lifetime performance, and
durability (Dixit and Das, 2025a). These results draw
attention to the possibility of waste-derived materials
in improving pavement sustainability and lowering en-
vironmental effects. Apart from material choice, the
mechanical behaviour of pavement layers is a signif-
icant factor for long-term sustainability. Studies have
indicated that properly designed pavement systems
can help minimize environmental effects by lowering
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deformation, cracking, and surface deterioration over
time (Fernandez-Sanchez et al., 2015; Maraga et al,,
2021). Sustainable methods like Reclaimed Asphalt
Pavement (RAP) and cold recycling technologies not
only help to conserve resources but also to enhance
mechanical stability (Coelho et al., 2024a; Coelho et al,,
2024b). Stabilization methods reduce lifetime emissions
and increase pavement resilience using soil improve-
ment and emulsified binder inclusion (Filho et al., 2024).
Adopting mechanistic-empirical approaches even more
improves pavement sustainability evaluation by com-
bining mechanical performance data with environmen-
tal effect assessments (Coelho and Guimaraes, 2024).

Studies on energy efficiency and emission reduction in
the building sector have gained significance as more fo-
cus is paid to the environmental consequences of devel-
opment initiatives. Road building is a major contributor
to GHG emissions since it intensively uses heavy ma-
chinery and materials like asphalt and concrete (Maraqa
et al,, 2021; Hertwich et al,, 2019). Construction mate-
rials, energy sources for machinery, and transportation
distances are the main determinants of road-building
energy efficiency. Different approaches have been sug-
gested and studied to increase energy efficiency and low-
er sector emissions. Reducing emissions and increasing
energy efficiency in road construction calls for several
approaches. Recent energy efficiency developments
include using low-carbon green construction technolo-
gies, energy-efficient statistical monitoring, and alterna-
tive pavement technologies (Zhao, 2020). Low-emission
and recycled materials (Fernandez-Sanchez et al., 2015;
Maraqga et al., 2021; Hertwich et al., 2019), warm mix as-
phalt technologies (Zhao, 2020; Xu et al., 2024; Cheng
and Wu, 2017), energy-efficient machinery, and materi-
al efficiency strategies (Fernandez-Sanchez et al., 2015;
Maraga et al,, 2021). Furthermore, improving road net-
works and infrastructure (Cheng and Wu, 2017; Luo and
Yuan, 2023; Palander et al., 2021), in conjunction with
technological innovation and encouraging policies (Lu
et al,, 2020) helps considerably lower the environmen-
tal effects of road building activities. Combining these
approaches could result in significant GHG emission re-
ductions, supporting a more sustainable road transpor-
tation system. Adopting energy-efficient and low-emis-
sion road construction techniques has environmental
and financial advantages, such as notable GHG emission
reductions and the possibility of notable cost savings
(Maraqa et al., 2021).
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Despite the growing literature on energy efficiency and
emissions reduction, few studies have directly com-
pared fuel consumption and carbon emissions across
various pavement structures. This study aims to fill the
information gap regarding fuel consumption and car-
bon emissions at two research sites in Palangka Raya,
which have different pavement foundation structures.
Palangka Raya, the capital city of Central Kalimantan
Province, is strategically located in the heart of Ka-
limantan Island, Indonesia. Situated at coordinates
113°30" — 114°07' East Longitude and 1°35" — 2°24/
South Latitude, the city spans an area of 2,678.51 km?2.
Although not directly crossed by the equator, its prox-
imity of about 1.5° to 2.5° south of the equatorial line
produces a unique tropical climate marked by consis-
tently high temperatures all year round. This equatorial
location significantly influences the city’s environmen-
tal conditions, leading to higher average temperatures
than other regions. These elevated temperatures pose
unique challenges, affecting heavy equipment opera-
tions by potentially increasing fuel consumption and
carbon emissions (Oliveira-Nascimento et al., 2021).
Therefore, this study is highly relevant to understand-
ing the impact of a hot tropical climate on the oper-
ational efficiency of construction equipment and the
resulting carbon emissions during road construction.

This research will comprehensively analyze the effects
of various pavement foundation structures on energy
efficiency and carbon emissions. Specifically, this re-
search will compare the environmental impact of Sub-
Base and Base layers with CTRB. The objectives of this
research include: (1) Analyzing the difference in fuel
consumption between formula calculations and field
data to identify significant variations between theo-
retical and actual consumption rates. (2) Conducting a
comparative analysis of energy consumption and car-
bon emissions from conventional Sub-Base and Base
layers work compared to CTRB, explicitly focusing on
equipment usage. (3) Comparing the hourly fuel con-
sumption based on field data with equipment manu-
facturers’ specifications to categorize the fuel con-
sumption of heavy equipment used at both sites as low,
medium, or high. The novelty of this research lies in its
direct equipment-based comparative analysis of two
distinct pavement construction methods (conventional
vs. CTRB), specifically in a tropical climate context. Un-
like previous studies that focused primarily on mate-
rial properties or lifecycle assessments, this research
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emphasizes the operational aspects of construction
equipment and their environmental implications. This
study bridges an important gap between laborato-
ry-based calculations and real-world applications by
examining fuel consumption and emissions in actual
field conditions rather than theoretical estimates. Fur-
thermore, the tropical setting of this research provides
valuable insights into how climate factors influence
equipment efficiency—an aspect often overlooked in
existing literature. The results of this research are ex-
pected to provide important insights into environmen-
tally responsible construction practices and encourage
the adoption of sustainable practices in civil engineer-
ing, particularly in tropical regions where infrastruc-
ture development continues to accelerate.

Methods

Using a statistical method, this paper evaluated the
energy use and carbon dioxide emissions of heavy ma-
chinery in road construction projects at two Palangka
Raya, Indonesia locations. The study examined CTRB
methods against conventional pavement layers (Sub-
Base and Base) in tropical settings. Highlighting the
various pavement design strategies, Figs. 1 and 2
show the usual cross-sections used at both research
locations. Topped with a somewhat thinner Hot Rolled
Sheet-Base (HRS-Base) layer (0.035 m) and Hot Rolled
Sheet-Wearing Course (HRS-WC) (0.03 m), the first
site uses traditional pavement construction with dis-
tinct structural layers made up of a Base (0.20 m) and
Sub-Base (0.125 m). Measuring 5.50 m wide with 0.80
m shoulders, this conventional design is smaller.

On the other hand, the second site uses CTRB technol-
ogy with a denser single structural layer (0.30 m) re-
placing the usual Base and Sub-Base layers. This CTRB
layer is topped with slightly thicker HRS-Base (0.04 m)
and identical HRS-WC (0.03 m) wearing courses. The
CTRB design accommodates a broader carriageway of
6.00 m with 1.00 m shoulders. It should be noted that
the roadside shoulders were excluded from this in-
vestigation as the research focuses exclusively on the
main pavement structure. Additionally, the shoulder
construction was scheduled to be executed after the
completion of the leading pavement structure, falling
outside the timeframe of this research project. This ex-
clusion allows for a more precise and controlled com-
parison between conventional construction methods
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Fig. 1. Typical pavement cross section of the first site
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and CTRB technology on the primary structural com-
ponents of the road. These structural variations directly
influence construction processes, equipment utiliza-
tion patterns, and consequently, the energy consump-
tion and emissions generation that form the focus of
this comparative environmental assessment.

Data collection was conducted by surveying the work site
from June to September 2024, during which research
team members conducted daily monitoring on-site,
applying a rigorous multi-step process to ensure data
reliability. Fuel consumption was documented through
direct observation of refueling operations, recording fuel
gauge readings at shift change, and verifying equipment
operation records. The contractor provided standardized
fuel allocation and consumption reports, including de-
tailed dispensing records with equipment identification,
time stamps, and volumes supplemented by a digital
fuel management system and maintenance records.
The research team then conducted random field checks
to compare reported values with actual tank measure-
ments, assessed consumption levels against similar re-
gional projects, triangulated data from multiple sources
and conducted statistical analyses to detect anomalies
to reduce reporting bias. Additional data collection in-
cluded comprehensive field surveys, equipment speci-
fications documentation, and environmental conditions
monitoring during construction.

6.00 m {1.00m —

Fuel consumption is then validated using the fuel con-
sumption per hour formula by multiplying the engine/
heavy equipment horsepower (HP) by the machine ef-
ficiency factor and 0.04 multiplied by 3.785 conversion
factor from gallon/h to L/h (Lewis and Rasdorf, 2017),
or written by the formula:

Fuel Consumption (L/h) =

1
0.04 (gl/hp-h) x 3.785 x HP x Fa o

All the heavy equipment has the same efficiency factor
(Fa) of 0.83 concerning the standard unit price analysis
of road construction work applicable in Indonesia (Bina
Marga, 2023), which indicates a standard efficiency ap-
plied to all heavy equipments regardless of the specif-
ic type and operating conditions. Energy consumption
calculations were carried out using a diesel caloric val-
ue of 35.99 MJ/L, and carbon dioxide emissions were
calculated based on an adjusted emission factor from
the Intergovernmental Panel on Climate Change (IPCC),
which is 2.67 kgCO,/L of diesel (Garg et al., 2006), using
these formulas:

Energy Consumption (MJ/L) =
Fuel Consumption x Caloric Value

Carbon Emissions (kgCO,) =
Fuel Consumption x Emissions Factor
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Next, a comparison was made between the results of
the theoretical calculation model and field survey data
to identify differences in energy consumption and car-
bon emissions in each road construction work. The
analysis focused on comparing energy consumption
and emissions between the Sub-Base, Base, and CTRB
to evaluate the effect of material selection on energy
efficiency and carbon emissions. The next step is to
compare fuel consumption per hour based on field data

Fig. 3. Flowchart of the research methods
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against the heavy equipment manual book (handbook).
The data is then compared with the fuel consumption
table in the handbook to determine which category of
heavy equipment used from the two road construction
work sites is in the low, medium, or high category. The
results can be used as a benchmark/reference in se-
lecting and operating environmentally friendly heavy
equipment by the pavement design; in summary, the
flowchart of the research method can be seen in Fig. 3.
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Results and Discussion

Model accuracy at the first site

Table 1 provides valuable insights into the dynamics of
heavy equipment fuel consumption in road construc-
tion at the first site by comparing model predictions
with actual usage, highlighting the need for continuous
improvement of predictive models to reflect real-world
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conditions better. The average difference between the
model calculation and the survey data was recorded at
0.49 L/h with an average percentage deviation of 3.59%.
Although the calculation method generally showed
good accuracy, some equipment, such as asphalt dis-
tributors and compressors, showed considerable devi-
ations of up to 8.54%. In contrast, equipment such as
wheel loaders, asphalt mixing plants, water tankers,
and motor graders had less than 1% deviations.

Table 1. Fuel consumption per hour of equipment operation at first site

Equipment  Engine

No. Work item Equipment name efficiency power
factor (Fa) (HP)

Wheel Loader 0.83 96.00

1 | sub-Base Dump Truck 0.83 100.00

Motor Grader 0.83 135.00

Vibratory Roller 0.83 83.00

Wheel Loader 0.83 96.00

Dump Truck 0.83 100.00

2 | Base Motor Grader 0.83 135.00
Vibratory Roller 0.83 83.00

Water Tanker 0.83 135.00

3 Prime Coaton  Asphalt Distributor 0.83 115.00
Base Compressor 0.83 75.00
Wheel Loader 0.83 96.00

Asphalt Mixing Plant 0.83 294.00

Generator Set 0.83 180.00

4 HRS-Base Dump Truck 0.83 100.00
Asphalt Pavers 0.83 73.80

Tandem Roller 0.83 100.00

Egﬁgf‘at'c Tyre 083 13500

s Tack Coat on Asphalt Distributor 0.83 115.00
HRS-Base Compressor 0.83 75.00
Wheel Loader 0.83 96.00

Asphalt Mixing Plant 0.83 294.00

Generator Set 0.83 180.00

6 HRS-WC Dump Truck 0.83 100.00
Asphalt Pavers 0.83 73.80

Tandem Roller 0.83 100.00

Pneumatic Tyre 0.83 135.00

Roller

Fuel consumption ~ Fuel consumption

Difference = Percentage

ey | o | 0|0
12.06 12.15 0.09 0.71
12.57 13.00 0.43 3.34
16.96 17.00 0.04 0.21
10.43 10.80 0.50 3.43
12.06 12.15 0.09 0.71
12.57 13.00 0.43 3.34
16.96 17.00 0.04 0.21
10.43 10.80 0.50 343
16.96 17.00 0.04 0.21
14.45 15.80 1.35 8.54
9.42 10.20 0.78 7.60
12.06 12.80 0.74 5.75
36.94 37.00 0.06 0.15
22.62 22.80 0.18 0.79
12.57 13.00 0.43 3.34
9.27 9.50 0.23 2.38
12.57 13.50 0.93 6.92
16.96 17.90 0.94 5.23
14.45 15.80 1.35 8.54
9.42 10.20 0.78 7.60
12.06 12.80 0.74 5.75
36.94 37.00 0.06 0.15
22.62 22.80 0.18 0.79
12.57 13.00 0.43 3.34
9.27 9.50 0.23 2.38
12.57 13.50 0.93 6.92
16.96 17.90 0.94 5.23
Average 0.49 3.59
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Model accuracy at the second site

Table 2 shows similar results for the second site, where
CTRB works were the focus. The average difference in
fuel consumption between the model calculation and
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the field survey was 0.48 L/h, with an average percent-
age deviation of 3.03%. Work with Water Tanker, Tan-
dem Roller, and Pad Foot Roller showed a significant
difference, with a deviation reaching 8.22%. Meanwhile,

Table 2. Fuel consumption per hour of equipment operation at second site

No.

Work item

Cement for CTRB

CTRB

Tack coat on CTRB

HRS-Base

Tack coat on HRS-
Base

HRS-WC

Equipment name

Spreader

Wheel Loader
Dump Truck

Motor Grader
Recycler Machine

Water Tanker
Padfoot Roller
Vibrator Roller

Pneumatic Tire
Roller

Asphalt Distributor

Compressor
Wheel Loader

Asphalt Mixing
Plant

Generator Set
Dump Truck
Asphalt Pavers
Tandem Roller

Pneumatic Tire
Roller

Asphalt Distributor

Compressor
Wheel Loader

Asphalt Mixing
Plant

Generator Set
Dump Truck
Asphalt Pavers
Tandem Roller

Pneumatic Tire
Roller

Equipment
efficiency
factor (Fa)

0.83

0.83
0.83
0.83

0.83

0.83
0.83
0.83

0.83

0.83
0.83
0.83
0.83

0.83
0.83
0.83
0.83

0.83

0.83
0.83
0.83
0.83

0.83
0.83
0.83
0.83

0.83

Engine  Fuelconsump-  Fuel consumption Diff P -
power tion by calcula- per hour from : (St;;\ce erc(i/n) age
(HP) tion model (L/h) survey data (L/h) .
115.00 14.45 14.00 -0.45 -3.22
96.00 12.06 12.50 0.44 3.49
190.00 23.88 24.00 0.12 0.52
145.00 18.22 18.50 0.28 1.51
670.00 84.19 85.71 1.52 1.77
130.00 16.34 17.80 1.46 8.22
173.00 21.74 22.50 0.76 3.38
130.00 16.34 16.25 -0.09 -0.53
135.00 16.96 17.85 0.89 4.96
115.00 14.45 15.50 1.05 6.77
75.00 9.42 10.00 0.58 5.75
96.00 12.06 12.50 0.44 3.49
294.00 36.94 37.00 0.06 0.15
180.00 22.62 22.78 0.16 0.71
190.00 23.88 24.00 0.12 0.52
45.70 5.74 6.00 0.26 4.29
80.00 10.05 10.50 0.45 4.26
135.00 16.96 17.85 0.89 4.96
115.00 14.45 15.50 1.05 6.77
75.00 9.42 10.00 0.58 5.75
96.00 12.06 12.50 0.44 3.49
294.00 36.94 37.00 0.06 0.15
180.00 22.62 22.78 0.16 0.71
190.00 23.88 24.00 0.12 0.52
45.70 5.74 6.00 0.26 4.29
80.00 10.05 10.50 0.45 4.26
135.00 16.96 17.85 0.89 4.96
Average 0.48 3.03
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tools such as Asphalt Mixing Plant and Generator Set
had minimal differences, with a deviation of less than
1%. Detailed analysis reveals distinct patterns across
equipment types and power categories, with high-pow-
ered equipment like the Recycler Machine (670 HP,
85.71 L/h) showing relatively low deviation (1.77%) de-
spite its high consumption rate.

In comparison, medium-powered equipment, such as
the Water Tanker (130 HP), exhibited higher deviations
(8.22%). The CTRB-specific equipment demonstrated
unigue consumption patterns, with the Recycler Ma-
chine consuming significantly more fuel than other
equipment but maintaining good prediction accuracy.
The negative deviations observed in some equipment,
such as the Spreader (-3.22%) and Vibrator Roller
(-0.53%), suggest that the model occasionally overes-
timates consumption, highlighting the complexity of
fuel consumption prediction in tropical conditions.

Comparative analysis and impact of tropical
climate

Comparative analysis of Tables 1 and 2 reveals critical
insights into equipment specifications and operation-
al conditions across both sites. A notable difference is
observed in the Dump Truck specifications, with the
first site utilizing 100 HP units while the second site
employs 190 HP trucks. This power differential signif-
icantly influences fuel consumption patterns and op-
erational efficiency. The analysis of both sites consist-
ently shows that the tropical climate of Palangka Raya
City, characterized by consistently high temperatures,
leads to increased fuel consumption of approximately
0.48-0.49 L/h above model calculations. This eleva-
ted consumption is attributed to three main factors: (1)
Reduced engine efficiency due to high ambient temper-
atures; (2) Increased fuel vaporization rates; (3) Height-
ened cooling system demands.

Equipment specification variations between sites

The study identified notable variations in equipment
specifications between the two construction sites, par-
ticularly for specific equipment used in the HRS-WC
application, as shown in Table 1 and Table 2. The differ-
ence in engine power of HRS-WC equipment between
the two research sites is a consequence of varying con-
tractor fleet availability and adjustments to site-spe-
cific conditions. It should be noted that the construc-
tion works were carried out by different contracting
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companies at each site, not by a single firm. At the first
site, the contractor-operated Dump Trucks with 100 HP
power, Asphalt Paver of 73.8 HP, and Tandem Roller of
100 HP, whilst at the second site, they utilized Dump
Trucks of 190 HP (90% higher), Asphalt Paver of 45.7 HP
(38% lower), and Tandem Roller of 80 HP (20% lower).
These engine power variations directly impacted fuel
consumption patterns, with higher-powered equipment
generally consuming more fuel per operating hour but
completing tasks in less time. In contrast, lower-pow-
ered equipment demonstrated lower hourly consump-
tion but required more extended operational periods.

Implications for project planning

These findings provide crucial road construction project
planning insights, especially in tropical regions. They
underline the need for (1) Equipment-specific adjust-
ment factors for fuel consumption estimates, (2) Re-
al-time monitoring systems to optimize fuel efficiency,
(3) Consideration of both equipment power ratings and
operational conditions, and (4) Climate-adjusted pre-
diction models for tropical environments. The data in-
dicates that equipment specifications and local climate
conditions must be closely considered when creating
fuel consumption projections and operational strat-
egies for future projects. This understanding enables
stakeholders to optimize equipment selection and
resource allocation better while considering environ-
mental impact and operational efficiency in tropical
conditions.

Analysis of environmental impact at the first site

Table 3 offers comprehensive data on carbon dioxide
emissions, energy consumption, and fuel consump-
tion from heavy equipment operations at the first
site. The study shows a total fuel use of 9305.22 L of
fuel, resulting in 334,894.82 MJ of energy consump-
tion and 24,844.93 kgCO, of carbon dioxide emissions
spread over six distinct work categories. HRS-Base
works consumed the highest proportion of resources,
utilizing 3389.54 L (36.4%) of total fuel consumption,
followed by HRS-WC at 3046.87 L (32.7%), and Base
works at 1740.90 L (18.9%). This distribution pattern
indicates that asphalt-related works account for most
of the first site's resource consumption and environ-
mental impact.

Detailed examination of equipment utilization reveals
significant variations in equipment coefficients and
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Table 3. Fuel consumption, energy consumption, and carbon dioxide emissions at the first site

No.

w

Work item

Sub-Base

Base

Prime Coat on
Base

HRS-Base

Tack Coat on
HRS-Base

HRS-WC

Quantity of
work

725.00 m?

1140.00 m?

4908.75 L

503.83 tonne

866.25 L

440.58
tonne

Equipment name

Wheel Loader
Dump Truck
Motor Grader

Vibratory Roller

Wheel Loader
Dump Truck
Motor Grader
Vibratory Roller

Water Tanker

Asphalt Distributor

Compressor

Wheel Loader
Asphalt Mixing Plant
Generator Set
Dump Truck
Asphalt Pavers
Tandem Roller

Pneumatic Tyre
Roller

Asphalt Distributor

Compressor

Wheel Loader
Asphalt Mixing Plant
Generator Set
Dump Truck
Asphalt Pavers
Tandem Roller

Pneumatic Tyre
Roller

Equipment
coefficient
0.0086
0.0953
0.001
0.0097

0.0087
0.0784
0.0013
0.013
0.0141

0.0002
0.00073

0.013
0.0201
0.0201
0.3737
0.0184
0.0129

0.0085

0.0002
0.0012

0.0056
0.0201
0.0201
0.3826
0.0184
0.0129

0.0085

Total (1+2+3+4+5+6)

Fuel

consumption
per hour (L/h)

12.15
13.00
17.00
10.80
Total 1
12.15
13.00
17.00
10.80
17.00
Total 2
15.80
10.20
Total 3
12.80
37.00
22.80
13.00
9.00
13.50

17.90

Total 4
15.80
10.20

Total 5
12.80
37.00
22.80
13.00
9.00
13.50

17.90

Total 6

Fuel con-
sumption

L
75.76
898.20
12.33
75.95
1062.23
120.50
1161.89
25.19
160.06
273.26
1740.90
15.51
36.55
52.06
83.84
374.7
230.89
2447.65
88.07
87.74

76.66

3389.54
2.74
10.87
13.61
31.58
327.66
201.91
2191.35
102.96
102.30

89.12

3046.87
9305.22

Energy
consumption
(MJ)

2726.43
32,326.31
443.58
2733.48
38,229.79
4336.93
41,816.35
906.73
5760.42
9834.56
62,654.98
558.26
1315.45
1873.72
3017.29
13,485.34
8309.89
88,090.81
3169.61
3157.82

2758.9

121,989.66
98.52
391.14
489.66
1136.59
11,792.41
7266.67
78,866.57
3705.64
3681.86

3207.27

109,657.01
334,894.82

@

Carbon diox-
ide emissions
(kgCO,)

202.27
2398.20
3291
202.79
2836.16
321.74
3102.24
67.27
427.35
729.60
4648.20
41.42
97.59
139.01
223.84
1000.44
616.49
6535.22
235.14
234.27

204.68

9050.08
7.31
29.02
36.33
84.32
874.85
539.09
5850.9
27491
273.15

237.94

8135.15
24,844.93
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consumption patterns across different work types.
Dump Trucks consistently show high equipment co-
efficients across multiple work categories (0.0953 for
Sub-Base, 0.0784 for Base, 0.3737 for HRS-Base, and
0.3826 for HRS-WC), indicating their critical role in ma-
terial transportation and overall project execution. The
highest fuel consumption for a single equipment type
was recorded in HRS Base works, where Dump Trucks
consumed 2447.65 L, resulting in 88,090.81 MJ of en-
ergy consumption and 6535.22 kgCO, of carbon dioxide
emissions. This substantial consumption can be attrib-
uted to the high equipment coefficient and the intensive
nature of asphalt work.

Comparative analysis of work categories shows that
coating operations (Prime Coat and Tack Coat) have a
relatively minimal environmental impact, consuming
only 52.06 and 13.61 L, respectively. This stark con-
trast with significant construction activities highlights
the varying resource intensity of different construction
phases. Base and Sub-Base works demonstrate mod-
erate consumption patterns. Base works show higher
resource utilization due to additional equipment re-
quirements, particularly the Water Tanker, which con-
tributed 276.69 L to the total consumption. The data
also reveals that equipment with higher coefficients
generally contributes more significantly to total emis-
sions, regardless of hourly consumption rates.
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Analysis of environmental impact at the second
site

Table 4 presents a comprehensive analysis of resource
consumption and environmental impact at the second
site, revealing the substantial environmental foot-
print of CTRB operations. The total site consumption
reached 26,267.13 L of fuel, resulting in 945,353.99 MJ
of energy consumption and 70,133.24 kgCO, of carbon
dioxide emissions. CTRB works dominated these met-
rics, accounting for 22,012.46 L (83.8%) of total fuel
consumption, 792,228.54 MJ of energy consumption,
and 58,773.28 kgCO, of carbon dioxide emissions. This
high consumption is primarily driven by specialized
equipment such as the Recycler Machine (8886.41 L)
and Dump Trucks (8350.56 L), comprising approxi-
mately 78% of CTRB-related fuel consumption.

The equipment coefficient analysis reveals critical pat-
terns in resource utilization, with Dump Trucks (0.1933)
and Wheel Loaders (0.1302) showing the highest uti-
lization rates in CTRB operations. Notably, while the
Recycler Machine has a lower equipment coefficient
(0.0576), its high hourly consumption rate (85.71 L/h) is
a major contributor to overall resource consumption. In
contrast, non-CTRB activities demonstrate significantly
lower consumption patterns, with HRS-Base consu-
ming 1799.04 L (6.8% of total), HRS-WC using 1514.83
L (5.8% of total), and Tack Coat operations showing
minimal impact at 9.36-159.81 L.

Table 4. Fuel consumption, energy consumption, and carbon dioxide emissions at the second site

Quantity of Equibment Fuel con- Fuel con- Energy con-  Carbon diox-
No. Work item lZ Equipment name q FE ent sumption per sumption sumption ide emissions
wor coetmcien hour (L/h) w M) (kgCO,)
j | Cementfor 266.60 o ent Spreader 0.2083 14.00 77163 | 2777084 206024
CTRB tonne
Total 1 771.63 27,770.84 2060.24
1800.00
2 CTRB tonne Wheel Loader 0.1302 12.50 2929.50 105,432.71 7821.77
Dump Truck 0.1933 24.00 8350.56 30,0536.65 22,296.00
Motor Grader 0.0045 18.50 149.85 5393.10 400.10
Recyler Machine 0.0576 85.71 8886.41 319,822.00 23,726.72
Water Tanker 0.0050 17.80 160.20 5765.60 427.73
Padfoot Roller 0.0219 22.50 886.95 31,921.33 2368.16
Vibrator Roller 0.0134 16.25 391.95 14,106.28 1046.51
Pneumatic Tire Roller . 0.0080 17.85 257.04 9250.87 686.30
Total 2 22012.46 | 792,228.54 | 58,773.28
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_ @uestinat _ el Fuel_con- Fuel con- Energy con- _Carbor_w di_ox-
No. Work item work Equipment name coefficient sumption per sumption sumption ide emissions
hour (L/h) L MJ) (kgCo,)
,  TackCoaton ..o Asphalt Distributor 0.0002 15.50 651 234.29 17.38
CTRB Compressor 0.0073 10.00 153.30 5517.27 409.31
Total 3 159.81 5751.56 426.69
4 HRS-Base Wheel Loader 0.0050 12.50 33.45 1203.87 89.31
Asphalt Mixing Plant | 0.0201 37.00 398.03 14,325.04 1062.74
Generator Set 0.0201 2278 24506 8819.58 654.30
i’ginzeo Dump Truck 0.0444 24.00 570.31 20,525.43 1522.73
Asphalt Pavers 0.0125 6.00 4014 144464 107.17
Tandem Roller 0.0340 10.50 191.07 6876.48 510.15
Egﬁg;ﬂaﬂc Tire 0.0336 17.85 32099 | 11,552.49 857.05
Total 4 1799.04  64,747.51  4803.44
s TackCoaton o000 Asphalt Distributor 0.0002 15.50 2.79 100.41 7.45
HRS-Base Compressor 0.0007 10.00 657 236.45 1754
Total 5 9.36 336.87 24.99
Wheel Loader 0.0050 12.50 25.09 902.90 66.98
Asphalt Mixing Plant 0.0201 37.00 29852 10,743.78 797.05
Generator Set 0.0201 2278 183.79 6614.68 490.73
6 HRS-WC [;2; rff Dump Truck 0.0456 24.00 439.29 15,810.12 11,72.91
Asphalt Pavers 0.0172 6.00 4142 1490.87 110.60
Tandem Roller 0.0466 10.50 196.41 7068.62 524.40
Egﬁgf‘aﬂc Tire 0.0461 17.85 33031 | 11,887.71 881.92
Total 6 1514.83  54,518.68  4044.59
Total (1+2+3+4+5+6)  26,267.13 945,353.99  70,133.24

Comparison of equipment environmental impact
between sites

Fig. 4 presents the equipment with the highest ener-
gy consumption and carbon dioxide emissions based
on the type of work at both research sites. The graph
highlights a significant contrast between the two con-
struction methods, where equipment used in the CTRB
method consumes significantly more energy and gen-
erates substantially higher carbon dioxide emissions
per unit than the conventional method. Dump Trucks
are the primary contributors to environmental impact
at the first site, which employs the conventional method
due to their extensive use across various construction
activities. The Dump Truck for HRS-Base exhibits the

highest energy consumption, amounting to 88,090.81
MJ, with carbon dioxide emissions of 6335.22 kgCO,.
This is followed by the Dump Truck for HRS-WC, which
consumes 78,866.57 MJ and emits 5850.90 kgCO,. Ad-
ditionally, the Dump Truck for Base records an energy
consumption of 41,816.35 MJ with carbon dioxide emis-
sions of 3102.24 kgCO,, while the Dump Truck for Sub-
Base consumes 32,326.31 MJ and emits 2398.20 kgCO,.

Conversely, three primary pieces of equipment dom-
inate the environmental impact at the second site,
which utilizes the CTRB method. The Recycler Ma-
chine exhibits the highest energy consumption at
319,822.00 MJ, with carbon dioxide emissions reaching
23,726.72 kgCO,. This is followed by the Dump Truck
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Fig. 4. Top equipment by energy consumption and carbon dioxide emissions based on work item
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for CTRB, consuming 300,536.65 MJ and emitting
22,296.00 kgCO,. Lastly, the Wheel Loader for CTRB
records an energy consumption of 105,432.71 MJ, with
carbon dioxide emissions of 7821.77 kgCO,.

Equipment contribution to environmental impact

Fig. 5 illustrates the percentage distribution of each
equipment type’s contribution to total fuel consump-
tion at both research sites. This comparison highlights
a fundamental difference in fuel consumption profiles
between the two construction methods. The conven-
tional method relies heavily on Dump Trucks, whereas
the CTRB method exhibits a more balanced distribution
between Dump Trucks and Recycler Machines. At the
first site (conventional method), Dump Trucks dom-
inate fuel consumption, accounting for 71.99% of the

Fig. 5. Equipment contribution by based on fuel consumption

Dump Truck 71.99%
Asph;llt Mixing 755%
ant
Rollers 6.36%
Generator Set 4.65%
Wheel Loader E 3.35%
Water Tanker E 2.94%
Asphalt Finisher []2.05%
Others ] 1.11%
0% 20% 40% 60% 80%
Contribution

@ First Site

total. Other significant contributors include the Asphalt
Mixing Plant (7.55%), various types of Rollers (6.36%),
the Generator Set (4.65%), and the Wheel Loader
(3.35%). Equipment such as Water Tankers, Asphalt
Finishers, and the “Others” category contribute rela-
tively minor shares, each below 3%. At the second site
(CTRB method), fuel consumption is distributed more
evenly among several key equipment types. While
Dump Trucks remain the most significant contributor
at 35.63%, their share is considerably lower than at the
first site. The Recycler Machine, a specialized piece of
equipment for the CTRB method, plays a significant
role, contributing 33.83%, nearly matching the share of
Dump Trucks. Other key contributors include the Wheel
Loader (11.38%) and various types of Rollers (9.80%).

Dump Truck 5.63%

Recyler Machine 33.83%
Wheel Loader

Rollers

Cement Spreader

Asphalt Mixing
Plant

Others

Generator Set

0% 10% 20% 30% 40%

Second Site Contribution
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Implications for project planning and
environmental management

The distribution of environmental impact across differ-
ent construction activities highlights the resource-in-
tensive nature of CTRB technology. Despite its poten-
tial long-term durability benefits, CTRB demonstrates
significantly higher immediate resource demands than
conventional methods. This is evidenced by the concen-
trated impact during the CTRB phase, contrasting with
standard paving operations’ lower but consistent im-
pact. The data suggests that equipment selection and
utilization patterns are crucial in determining overall
environmental impact. These findings emphasize the
need for strategic planning and resource optimization
in road construction projects, particularly when imple-
menting CTRB technology in tropical environments.

The analysis suggests several strategies for environ-
mental impact mitigation. These include emphasizing
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primary consumption sources for efficiency gains, cre-
ating monitoring protocols for high-impact operations,
and applying mitigation strategies for peak consump-
tion times. Important factors should also include max-
imizing CTRB operations to reduce time, effectively
planning high-consumption equipment, and assessing
equipment combinations that preserve construction
quality while minimizing total environmental effect.
Project managers who grasp this can more equitably
distribute resource use throughout project phases and
spot possibilities to lower operational expenses and
environmental effects.

Comparison of resource consumption between
conventional and CTRB methods

Comparing traditional techniques with CTRB, Table 5 of-
fers a thorough comparative analysis of resource con-
sumption patterns and environmental effects across
both construction sites. From -3.22 % to 7.88%, the

Table 5. Recapitulation of fuel oil consumption, energy consumption and carbon dioxide emissions

Fuel consumption

Energy consumption per

Carbon dioxide emissions per = Fuel consump-

e UL per work quantity Sl work quantity (MJ/unit) work quantity (kgCO,/unit) tion difference
First Site
I | Sub-Base e EZ&?SS))/ L/m? (l\iJZ)?ri% (kgg(i]/m3) 3.12(%)
2 | Base 5 523353/ L/m? (l\%ﬁ% (kgé&?m% 2.63 (%)
3 | Prime Coat on Base 88} g;?sgg)/ L/L (I\[/)I.JB/BL) (kg%gf 0 7.88 (%)
4 | HRS-Base Zgg 533353/ L/tonne (Miitzélwie) (kgcgJZ)zgnne) 2.98 (%)
5 e 5233353/ L <r\[/J|J5/7L) (kg%(o)f/L) 779 )
6 | HRS-WC :;; 52&?353/ L/tonne (Mi??éiie) (kgcg)f)[;gnne) 299 (%)
Second Site
7 | Cement for CTRB gg; E?u?\(js:/))/ L/tonne (M1J[/]fc.)?15ne) (kgng'Zt(i)nne) -3.22 (%)
8 | CTRB ggg E?ﬁfﬁ?/ L/m? (:ﬁrg) (kg3C2Cf/5m3) 163 (%)
9 TackCoatonCTRB o7 g‘u‘;s:;))/ L/L <|\ij7/4L) (kg%é? 0 5.79 (%)
10| HRS-Base 222 Q?S??/ L/tonne (Mﬁ?&iﬁe) (kgcgjtgonne) 179 6)
o | e [y [ e
12 | HRS-WC §Z? 52333/ L/tonne (Mﬁtiﬁ\zne) (kgC]O?./?gnne) 207 (%)
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study shows notable differences in fuel use between
model calculations and field data, thus stressing the
complexity of consumption forecasting in real opera-
tions. Fuel use differences between the model and sur-
vey at the first site, where traditional techniques were
used, ranged from 2.63% to 7.88%, with coating oper-
ations exhibiting the most notable differences. The site
demonstrated consistent consumption patterns, with
Sub-Base works consuming 1.47 L/m?3 (52.73 MJ/m?,
3.91 kgCO,/m? and Base works slightly higher at
1.53 L/m?® (54.96 MJ/m?, 4.08 kgCO,/m?). Energy con-
sumption per unit of work ranged from 0.38 MJ/L for
Prime Coat on Base to 248.45 MJ/tonne for HRS WC,
with corresponding carbon dioxide emissions ranging
from 0.03 kgCO,/L to 18.43 kgCO,/tonne.

The second site, featuring CTRB works, exhibited signif-
icantly higher resource intensity, with CTRB operations
consuming 12.23L/m?3(440.13MJ/m?,32.65 kgC0,/m?3),
approximately eight times higher than convention-
al methods. The Cement for CTRB showed moder-
ate consumption at 2.92 L/tonne (104.95 MJ/tonne,
7.79 kgCO,/tonne) but uniquely demonstrated nega-
tive deviation from model predictions (-3.22%). Ener-
gy consumption at this site ranged from 0.37 MJ/L for
Tack Coat to 440.13 MJ/m?3 for CTRB works, reflecting
the complex artistry and additional energy require-
ments for cement recycling processes.

Efficiency variations in HRS works

Comparative analysis of HRS works between sites re-
vealed notable efficiency variations, with the first site
showing higher consumption for HRS-Base (6.73 L/
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tonne) and HRS-WC (6.92 L/tonne) compared to the
second site is more moderate 3.36 L/tonne and 3.77 L/
tonne respectively. These differences suggest the influ-
ence of site conditions, equipment efficiency, and oper-
ational practices. Model-to-survey deviations remained
relatively consistent for HRS works (1.79-2.99%), indi-
cating reliable predictability for these operations.

Trade-offs in environmental efficiency between
methods

Fig. 6 presents a comparative analysis of environmen-
tal efficiency for three primary pavement layers across
both research sites, with values normalized per unit of
work (MJ/unit for energy consumption and kgCO,/unit
for carbon dioxide emissions). The graph highlights a
critical trade-off in selecting road construction technolo-
gies. While the CTRB method exhibits significantly higher
energy consumption and emissions in the structural lay-
er, it demonstrates substantial environmental efficiency
in the surface layers. For the structural layer, the CTRB
method at the second site exhibits substantially higher
energy intensity, reaching 608.05 MJ/m?, compared to
107.69 MJ/m?3 for the conventional method at the first
site, representing a nearly fivefold increase. Similarly,
carbon dioxide emissions for the structural layer in CTRB
construction amount to 45.11 kgCO,/m?, approximately
five times higher than the 7.99 kgCO,/m? observed in the
conventional method. This reflects the energy-intensive
nature of CTRB construction, primarily driven by the ex-
tensive use of the Recycler Machine and Dump Truck.

However, the trend is reversed for surface layers,
namely HRS-Base and HRS-WC. In the HRS-Base

Fig. 6. Energy consumption and carbon dioxide by pavement layer type
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layer, the CTRB method demonstrates significantly
greater energy efficiency, with consumption reduced to
120.98 MJ/tonne, compared to 242.13 MJ/tonne in the
conventional method, representing an approximately
50% reduction. Similarly, carbon dioxide emissions for
HRS-Base in CTRB construction stand at 8.89 kgCO,/
tonne, nearly half that of the conventional method,
which records 17.96 kgCO,/tonne. A comparable trend
is observed for the HRS-WC layer, where the CTRB
method achieves 135.82 MJ/tonne and 10.08 kgCO,/
tonne, reflecting an approximately 45% improvement
in efficiency over the conventional method, which re-
cords 248.89 MJ/tonne and 18.46 kgCO,/tonne.

Implications for sustainable construction
practices

These findings emphasize critical implications for sus-
tainable construction practices and resource manage-
ment. The significant contrast between conventional
and CTRB methods’ resource consumption highlights
the importance of considering environmental im-
pact in method selection. While CTRB offers superior
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long-term durability, its intensive resource require-
ments during construction present a crucial trade-off,
contributing significantly to the total environmental
impact at the second site. This comprehensive analysis
confirms the need for more efficient and environmen-
tally friendly construction methods, potentially adopt-
ing best practices from conventional methods to opti-
mize CTRB operations.

The findings enable more informed decision-making
in balancing construction quality, environmental re-
sponsibility, and operational efficiency, particularly in
tropical climates where local conditions significantly
affect equipment performance and resource consump-
tion patterns. This information is invaluable for deci-
sion-making processes that consider the overall envi-
ronmental impact of road construction.

Comparative analysis of equipment consumption
patterns

Table 6 compares heavy equipment fuel consumption
between field data and manual specifications, reveal-
ing significant patterns across both sites. Due to limited

Table 6. Comparison of heavy equipment fuel consumption based on field and manual data

_ Rl Bt 30a Fuel Consumption by = Category by
No. Heavy Equipment and Horsepower A B () Handbook/ Handbook/ References
Manual Book (L/h) Manual Book
First Site
1 | Wheel Loader: Komatsu WA150-5, 96 HP 12.15 7.90-11.00 High Komatsu (2019)
2 Motor Grader: Komatsu GD511A-1, 135 HP 17.00 16.50-21.00 High Komatsu (2019)
3 | Vibratory Roller: Caterpillar CS-423E, 83 HP 10.80 9.50-12.90 High Caterpillar (2018)
4 | Pneumnatic Tire Roller: Sakai TS200, 135 HP 17.90 12.00-18.00 High Si‘;fe's"'ftf‘j"(yz'oﬂd;s'
5 | Tandem Roller: CAT CB44B, 100 HP 13.50 10.20-14.20 High Caterpillar (2018)
6 Asphalt Pavers: CAT AP355F, 73.80 HP 9.50 9.50-11.40 Medium Caterpillar (2018)
Second Site
7 | Wheel Loader: Komatsu WA150-5, 96 HP 12.50 7.90-11.00 High Komatsu (2019)
8 | Motor Grader: Caterpillar 120K2, 145 HP 18.50 15.60-21.90 High Caterpillar (2018)
9  Vibratory Roller: Caterpillar CS533E, 130 HP 16.25 13.20-17.00 High Caterpillar (2018)
10 | Padfoot Roller: Caterpillar CP74B, 173 HP 22.50 16.60-29.20 High Caterpillar (2018)
11 | Recycler Machine: Wirtgen WR25005, 670 HP 85.71 71.00-94.00 Medium W'rltgcen(onTg)”ca
12 | Pneumatic Tire Roller: Sakai TS200, 135 HP 17.85 12.00-18.00 High | S3aiHeavyindus-
tries Ltd (2012)

13 | Tandem Roller: CAT CB434, 80 HP 10.50 7.60-11.40 Medium Caterpillar (2018)
14 | Asphalt Pavers: CAT AP255E, 45.70 HP 6.00 5.60-9.50 Low Caterpillar (2018)
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information and handbooks, not all machines were in-
cluded in this comparison. At the first site, 83.3% of
the equipment (5 out of 6) operated in the “High” con-
sumption category, with only the Asphalt Pavers show-
ing medium consumption levels. Notable deviations
from manual specifications were observed in the Wheel
Loader (12.15 vs. 7.90-11.00 L/h) and Pneumatic Tire
Roller (17.90 vs. 12.00-15.00 L/h), consistently excee-
ding the recommended ranges.

This pattern persisted at the second site, where equip-
ment showed a more diverse distribution of consump-
tion categories: six units in “High,” two in “Medium,” and
one in “Low” categories. The highest consumption was
recorded by the Recycler Machine (85.71 L/h, 670 HP),
while the Asphalt Pavers demonstrated the lowest con-
sumption (6.00 L/h, 45.70 HP), indicating a strong cor-
relation between engine power and fuel consumption.

Geographic and climatic influence on equipment
performance

The geographic location of both sites, situated between
1.5° to 2.5° south of the equator, significantly influenced
equipment performance and fuel consumption pat-
terns. The consistent tropical climate and high temper-
atures increased cooling system demands and affected
overall equipment efficiency. This environmental ele-
ment in high-powered machines caused consumption
levels to surpass manual specifications by 10-20% for
specific equipment.

While lower-powered equipment (<100 HP) mostly kept
consumption within advised ranges, the data indicates
that higher horsepower (>150 HP) equipment exhibited
more significant departures from manual specifications.
These results underline the importance of location-spe-
cific operational plans, including improved maintenance
schedules, operator training courses, and real-time
monitoring systems to maximize fuel economy in tropi-
cal areas. The study also emphasizes the need to consid-
er environmental conditions while choosing equipment
and scheduling operations, since they greatly influence
operational expenses and environmental sustainability.

Study limitations and future research directions

When reading the findings, one should consider several
shortcomings of this study. First, the study was done
in a particular tropical climate area, Palangka Raya
which could restrict the generalizability of results to
places with other climatic circumstances. The second
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study concentrated only on fuel use and emissions
during construction; it did not consider the long-term
environmental effects throughout the pavement's life-
time. Third, various construction techniques’ economic
factors and cost-benefit studies were not thoroughly
investigated. Fourth, the study applied a constant ef-
ficiency factor 0.83 to all equipment, which might not
precisely represent the differences in equipment effi-
ciency under various operating conditions. Fifth, the
study ignored operator skill levels, equipment main-
tenance history, and thorough soil conditions, which
could significantly affect fuel consumption patterns.
The study period was also short, and seasonal chang-
es in weather conditions that could impact equipment
performance were not recorded. Future studies should
include lifecycle analysis, economic considerations,
variable efficiency factors, and a broader spectrum
of geographical and climatic conditions to offer more
thorough insights into sustainable road building prac-
tices, addressing these constraints.

Conclusions

This study offers important new perspectives on the envi-
ronmental effects of several pavement foundation struc-
tures in tropical climate settings, especially contrasting
conventional techniques with CTRB. Examining fuel use
data from two Palangka Raya construction sites showed
that actual field consumption regularly surpassed the-
oretical estimates by 0.48-0.49 L/h, with differences
between -3.22% and 7.88%. This difference is especially
notable in equipment running under the high-temper-
ature equatorial conditions of the area, therefore high-
lighting the need for climate factors in construction
planning. The comparative analysis showed that CTRB
works, while offering superior pavement quality, resul-
ted in substantially higher environmental impacts, con-
suming 12.23 L/m?® of fuel compared to conventional
Sub-Base (1.47 L/m®) and Base (1.53 L/m® methods.
This translated to significantly higher energy consump-
tion (440.13 MJ/m?3 for CTRB versus 52.73 MJ/m? for
Sub-Base and 54.96 MJ/m? for Base) and carbon emis-
sions (32.65 kgCO,/m? for CTRB versus 3.91 kgC0O,/m?
for Sub-Base and 4.08 kgCO,/m? for Base). Field data
analysis further revealed that most heavy equipment
operated in the “high” fuel consumption category ac-
cording to manufacturer specifications, with tropical
conditions exacerbating consumption rates.
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These results draw attention to the complex trade-offs
in road building between long-term pavement durabili-
ty and short-term environmental effects. Particularly in
tropical areas, where environmental conditions greatly
affect equipment performance, the study emphasizes
the importance of a thorough approach to construc-
tion method selection. Sustainable road construction
techniques should consider the technical requirements
of tools and materials and their environmental per-
formance under climate conditions. Emphasizing cli-
mate-adapted practices in civil engineering, this paper
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