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Editorial Note

The Journal of Applied Research on Science and Technology (JARST) is an academic journal published
by the Institute of Research and Development, Rajamangala University of Technology Thanyaburi (RMUTT).
The journal aims to disseminate high-quality research and innovative ideas in the fields of General
Engineering, Materials Science, Agricultural and Biological Sciences, Computer Science, and Mathematics,
serving as a platform for researchers, academics, faculty members, and students at both national and
international levels.

This issue presents ten research articles encompassing a diverse range of topics, such as The study of
the impact of water channel obstructions in the lower Mun River on flooding, Physicochemical, textural, and
antioxidant properties of Pandan Leaf Extract (PLE)-fortified gummy jelly, Analysis and improvement of PCB
manufacturing efficiency using discrete-event simulation: An electrical industry use case, Prediction of the
fatigue life of elevator wire rope using the Grey model GM (1,1), The relationship between compressive
strength and expansion of alkali-silica reaction and/or delayed ettringite formation with the use of fly ash,
Sustainable composite foam development: Crosslinked tapioca starch with corn husk sheet reinforcement
and chitosan biocoating, Leveraging blockchain for enhancing electronic data interoperability in Thailand's
port community system: Barriers and strategic enablers, Analysis of plowing patterns and their effect on the
efficiency of land preparation following rice harvest, Evaluation of cylinder-shaped solar dryers on natural
convection heat transfer, and A unified adaptive pure pursuit speed controller with EKF sensor fusion for real-
world Ackermann mobile robots. These articles collectively contribute to the dissemination of knowledge
across the physical and life sciences, providing valuable insights for future applications and developments.

Lastly, the editorial team extends its sincere appreciation to all contributors, reviewers, and
supporters whose efforts have made this publication possible. We look forward to your continued cooperation
and support in advancing the mission of JARST in the years to come.

Editorial Team
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The Study of the impact of water channel obstructions in the lower Mun River on flooding
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ABSTRACT

In 2022, Ubon Ratchathani Province experienced severe flooding that caused extensive damage to local
communities. Local public opinion attributed the severity of this event to flow obstructions in the Mun River,
particularly Kaeng Saphue and the Pak Mun Dam. These structures have raised concerns regarding their
potential impacts on flood hydraulics. To explore this idea, this study will look at how these barriers affect
flooding downstream using the HEC-RAS 2D hydrodynamic model. The simulation domain covers the river's
reaches from the confluence of the Chi and Mun Rivers to the point where the Mun River flows into the
Mekong River. The 2022 flood hydrograph was used to simulate flood extent and water levels under scenarios
with and without the obstructions, including four different cases. Model calibration and validation were
performed using data from 2019 and 2022, yielding high accuracy with R2 values of 0.964 and 0.978, and
RMSE values of 0.14 and 0.057, respectively. The study found that the water level at station M.7 was 116.50 m
MSL in both the scenario with Kaeng Saphue and the Pak Mun Dam (OB.1) and the scenario without the Pak Mun
Dam (OB.3), indicating no difference between these two cases. In contrast, removal of Kaeng Saphue (0B.2)
reduced the water level to 116.15 m MSL, and removal of both obstructions (OB.4) further lowered it to
115.92 m MSL. These results indicate that Kaeng Saphue plays a significant role in raising water levels at
station M.7, while the Pak Mun Dam has a secondary effect. When Kaeng Saphue is removed, the Pak Mun Dam
becomes the primary obstruction contributing to upstream water level increases. This highlights the hydraulic
influence of both natural and man-made obstructions in exacerbating flood impacts along the Mun River.

Keywords.: HEC-RAS 2D model, Mun River flood 2022, Channel obstruction, Kaeng Saphue rapid, Pak Mun Dam

INTRODUCTION above the normal water level. Water levels at Kaeng
Saphue fluctuate irregularly with alternating heights.
Due to this characteristic, Kaeng Saphue functions like
a water retention dam, causing elevated water levels
and reducing flow velocity. During the flood season,
Kaeng Saphue acts as a major obstacle to water discharge,
slowing the drainage of the Mun River into the Mekong
River and worsening flooding in low-lying areas [1, 2],
especially in Warin Chamrap and Ubon Ratchathani
Municipalities.

Additionally, the Pak Mun Dam is located at
Ban Huahew, Khong Chiam District, Ubon Ratchathani
Province, approximately 6 kilometers upstream
from the confluence of the Mun River and the Mekong
River. This water diversion dam, constructed from
compacted concrete, stands 17 meters high and extends
300 meters in length, featuring a crest 6 meters wide
at an elevation of 111.0 m MSL. The dam's water drainage
system consists of eight channels, each equipped with
a radial gate measuring 22.5 meters wide and 14.75
meters high, allowing a maximum discharge capacity

Ubon Ratchathani Province experiences the
problem of the Mun River overflowing its banks and
flooding low-lying areas along it almost every year.
This is due to the province's location at the confluence
of the Mun and Chi Rivers, which are major river
basins. Persistent heavy rainfall in these basins results
in a substantial inflow of water into low-lying areas
adjacent to the river, affecting residential communities,
economic zones, and critical transportation routes.
The Mun River, the only river that drains into the
Mekong River, exacerbates this situation due to its
limited drainage capacity.

The Mun River in the lower reaches of Phibun
Mangsahan District is characterized by numerous islands
and rapids throughout much of its length. In particular,
Kaeng Saphue is a large natural rock rapid that forms
araised rocky and soil formation, almost completely
obstructing the cross-section of the river and significantly
impeding water flow. The average rock elevation of
Kaeng Saphue is 106.25 m MSL, approximately 5.57 m
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of 18,500 cubic meters per second. The Pak Mun Dam
provides numerous benefits, including stabilizing
electricity production in the Northeast Region, supplying
water for a 150-kilometer irrigation system upstream,
supporting the Khong-Chi-Mun Project, establishing
a fish breeding center to promote fisheries development,
and serving as a tourist attraction [3]. However, the
Pak Mun Dam is often cited as an obstacle to water
drainage in the Mekong River. Since the dam was built
to block the river's original width of approximately
300 meters, only 180 meters of the river can be drained
through its eight gates, each 22.5 meters wide. This
limited drainage capacity has been identified as a
contributing factor to flooding in Ubon Ratchathani
Province [4, 5].

The 2022 flood was triggered by a strong
monsoon trough passing through the northeastern
region and by Tropical Depression Noru, which entered
Thailand near Khong Chiam District, Ubon Ratchathani
Province, on the evening of September 28, 2022. At
that time, it remained a depression. The storm then
moved across Amnat Charoen, Yasothon, Roi Et, Maha
Sarakham, and Khon Kaen Provinces, before weakening
into a low-pressure cell over Chaiyaphum Province
on the evening of September 29, 2022. The influence
of the storm brought heavy to very heavy rainfall to
the affected and surrounding areas, with particularly
intense rainfall recorded in many parts of Ubon
Ratchathani Province. This caused the water levels
in the Mun River and its tributaries to rise continuously,
leading to widespread overflow along nearly the
entire river. At Station M.7 in Warin Chamrap District,
the highest water level was recorded at 116.51 m MSL,
with a peak discharge of 6,071 m3/s. As a result, regularly
inundated low-lying areas experienced severe flooding,
particularly in Warin Chamrap District, where flood
levels rose above 4 meters. The flooding extended
into the Ubon Ratchathani urban area, an important
economic hub for both the province and the broader
region located at the edge of the flooded zone. Many
public utilities and almost all major access routes
into Ubon Ratchathani City were severely flooded,
including the Seri Prachathipatai 200 Years Bridge,
the western bypass (Highway No. 231), and Highways
No. 226 and 23. The only remaining main access route
was the eastern bypass (Highway No. 231), which
connects Warin Chamrap District to Ubon Ratchathani
City [6, 7].

This research reviews relevant studies on
flood volume analysis, flood simulation, and the impact
of flow obstructions. Previous studies include the
following: For instance, a study conducted in 2019
employed the InfoWorks-ICM model to simulate
flooding in the Mun River in Ubon Ratchathani Province,
with a focus on Mueang District. The study found that
the river's roughness coefficient ranged from 0.03 to
0.065. The calibration results were accurate and reliable,
making the model suitable for various applications [2].

\ AND TEGHNOLGY

Another study on flood prevention guidelines in Ubon
Ratchathani Province, particularly in the lower Mun
River Basin, reported that the river's roughness coefficient
ranged from 0.028 to 0.045 [8]. Additionally, a study
on the effects of flow obstructions on river flooding
found that such obstructions can cause higher-than-
normal flood levels and increased upstream inundation
distances [9]. Several studies have explored approaches
to mitigating flood problems in rivers and streams: A
study on flood alleviation in small streams found that
structural measures alone could not fully resolve
flood issues. Researchers found that the most effective
approach to reducing flood levels was to improve the
cross-sections of bridges and culverts [10]. A working
group investigating flood conditions and solutions
in Mueang District, Ubon Ratchathani, proposed
multiple drainage strategies for the Mun River. These
included diverting floodwater through a natural
canal to the Lam Dom Yai River, excavating a shortcut
canal to bypass rapids, and improving islands and
rapids in the downstream section. The results indicated
that improving islands and rapids yielded the greatest
reduction in flood levels-by approximately 162 to
169 cm [11]. A study examining the impact of flooding
on built-up areas and infrastructure in Nan City found
that raising land levels in flood-prone areas exacerbated
flooding. Elevated land obstructed drainage, resulting
in higher and longer-lasting floodwater levels [12]. The
Marine Department conducted a detailed dredging
design study for the Mun River, covering its course
from Chok Chai District in Nakhon Ratchasima to its
confluence with the Mekong River. Areas with
environmental conservation restrictions were excluded.
The study found that maximum flood levels could be
reduced by an average of approximately 90 cm. In
Mueang Ubon Ratchathani and Warin Chamrap
Districts, flood levels decreased by 51-59 cm, while
the greatest reduction-up to 99 cm-was recorded in
Phibun Mangsahan District [13]. Another study assessed
the impact of floodplain woodland on flood flows.
Results showed that establishing woodland in floodplain
areas significantly reduces downstream flood risk.
Increased hydraulic roughness from vegetation slows
flood velocities, raises upstream water levels, and
enhances flood storage capacity. These combined
effects help attenuate flood peaks and reduce flood
intensity, offering a natural method for flood mitigation
[14]. Lastly, a study in the Yellow River Basin examined
the influence of multiple cross-river structures on
flood discharge in mountain rivers. It found that
removing weirs reduced maximum backwater levels
by approximately 1.09 to 1.14 meters. Lowering weir
crest elevations also decreased upstream water levels
but did not substantially improve flood discharge
capacity. Conversely, bridges, particularly those with
piers, significantly affected flood dynamics. Submerged
slab and arch bridges contributed to upstream backwater
effects, with slab bridges having a more pronounced
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impact. The number of bridge openings and pier
thickness were found to be directly correlated with flow
obstruction and the river's flood discharge capacity [15].

The objective of this research is to analyze the
impact of flow obstructions in the lower Mun River,
specifically Kaeng Saphue and the Pak Mun Dam, on
flood levels in Ubon Ratchathani Province. This was
accomplished using the HEC-RAS 2D model to simulate
the 2022 flood event. The study compared scenarios
with and without these obstructions to determine the
extent to which they contribute to overflow flooding

\ AND TEGHNOLGY

from the Mun River. A 2D model was selected for its
ability to accurately capture inundation both within
the river channel and in overbank areas. The model's
accuracy was enhanced by updating the Digital
Elevation Model (DEM) with newly surveyed cross-
sectional data from 2020 and 2024, including detailed
topographic information about Kaeng Saphue.
Additionally, mesh sizes of 5 to 10 meters were applied
in areas with significant elevation variation, such as
dikes, flow paths, and uneven riverbeds, to improve
simulation precision.
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Figure 1 Study area along the Mun River in Ubon Ratchathani Province.

MATERIALS AND METHODS

The study area encompasses the Mun River
and its adjacent floodplains in Ubon Ratchathani
Province, located in the lower Mun River Basin. It
extends from the confluence with the Chi River at
UTM Zone 48N 469269 E, 1678548 N to its junction
with the Mekong River at UTM Zone 47N 1199499 E,
1703776 N, covering a distance of approximately 116
kilometers. The area includes nine districts situated
along and impacted by the Mun River: Khueang Nai,
Mueang Ubon Ratchathani, Warin Chamrap, Sawang
Wirawong, Don Mod Daeng, Tan Sum, Phibun
Mangsahan, Sirindhorn, and Khong Chiam (Figure 1).

The steps for hydraulic analysis with the
HEC-RAS 2D model involve gathering data, building
the model, adjusting and checking the model, and
using the model for case study analysis, as explained
below.

1. Data collection

Data collection included gathering existing
information from government agencies, such as river
shapes, Digital Elevation Models (DEMs), weather
and water data, land use details, and anything that
blocks water flow (Table 1).

2. HEC-RAS model setup

This study utilized the HEC-RAS model version
6.4.1, developed by the Hydrologic Engineering Center
(HEC) for the U.S. Army Corps of Engineers. The model
analyzes flow in both one-dimensional (1D) and
two-dimensional (2D) domains, supporting steady
and unsteady flow calculations for water surface
profiles, combined 1D and 2D hydrodynamics, and
spatial mapping of parameters such as depth, water
surface elevation, and velocity [16]. The 2D model
simulates changing flow by using the shallow water
(Saint-Venant) equations, which explain how mass
is conserved and how momentum works in both the
x and y directions, considering factors like gravity,
pressure, friction, and forces from movement. It
calculates water depth and velocity at each cell in a
computational mesh, enabling accurate simulation
over complex terrain.

HEC-RAS 2D uses a method that divides
space into small sections, like squares, rectangles, or
triangles, to solve equations on a grid that isn't perfectly
regular. The model supports complex boundary
conditions, internal structures, and terrain features,
making it highly suitable for simulating floods in
riverine channels and overbank areas [16, 17].
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Table 1 Data inputs for the HEC-RAS 2D model.

\ AND TEGHNOLGY

Type of Data

Details

Source

River Network

Longitudinal Profiles

River Cross-Sections
Digital Elevation
Model (DEM)

Meteorological Data

Hydrological Data

Land Use Data

Flow Obstruction
Data

Mun and Chi Rivers, including tributaries Huai Khayung,
Huai Pub, Lam Dom Yai, Lam Dom Noi, Lam Sebai, Lam
Sebok, Huai Tung Lung

Longitudinal profiles of Mun and Chi Rivers

Cross-sectional data of the Mun and Chi Rivers, including
major tributaries and cross-sections near Pak Mun Dam

1:4,000 scale with 5x5 meter grid resolution representing
off-river surface elevation

Daily evaporation from Yasothon, Si Sa Ket, and Ubon
Ratchathani weather stations and rainfall data

Runoff from gauging stations E.20A, M.182, M.170, M.176,
M.157, M.32, M.69, 020139; water level and rating curves
at M.7 and Sirindhorn Dam discharge data

Used for selection of Manning's roughness coefficient (n)

2024 survey of Kaeng Saphue by RID; river cross-sections
of Pak Mun Dam area (pre-construction and headworks)

Office of National
Water Resources
(ONWR), Royal
Irrigation
Department (RID)

ONWR, RID
ONWR, RID, EGAT

Land Development
Department

Meteorological
Department

RID, DWR, EGAT

Land Development
Department

RID, EGAT

Where,
t =time

h = water depth

u and v = velocity components in the and T,
directions respectively

= source/sink flux term (source > 0, sink < 0)

= gravitational acceleration

. = water surface elevation

9

N 0Q

oh  d(hu)
at ox

d(hv) _
ay =4

v _ 1 Th | Ts
St WO+ [ XV = —gVz, + V. (0hVV) = 2 4=

(1)
(2)

k = unit vector in the vertical direction
v, = the eddy viscosity tensor

7, = bottom shear stress vector
= wind surface stress vector
V = gradient operator given by 0/9x, a/dy

The HEC-RAS model set up for this research is
divided into 5 main parts: data verification, terrain
generation, 2D flow area generation, Manning's
roughness coefficients assignment, boundary condition
application, and flow obstruction sections import,

R = hydraulic radius

p = water density

f. = Coriolis parameter
v = velocity vector

as detailed below (Figure 2).

Data verification for
accuracy

Generate terrain from DEM
and cross-section
in RAS-Mapper

=

Generate the 2D Flow Area
and mesh for study area

L

Input unsteady flow data,
including flow rate and
water level.

Apply boundary condition
upstream and downstream)

Assign Manning’ s roughness

coefficients from riverbed
conditions and land cover

1

Input flow obstruction
data for various case
studies.

=

Model simulation

Water level and flood area

Figure 2 HEC-RAS 2D model development diagram.
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2.1 The accuracy of rainfall data was verified
using the Double Mass Curve method by plotting
the cumulative rainfall of the index station against
that of nearby stations. The consistency of streamflow
data was assessed through cross-checking with data
from adjacent stations. Additionally, the accuracy of
the Digital Elevation Model (DEM) was verified by
comparing elevation values with topographic
survey data.

2. 2 Initial terrain data was derived from the
Digital Elevation Model (DEM) provided by the Land
Development Department. To improve the accuracy of
the river areas, survey results of river cross-sections,
gathered from the Office of National Water Resources
and the Royal Irrigation Department, were used to
make a more detailed DEM just for the river sections
(Figure 3). This refined river DEM was then integrated
with the original Land Development Department
DEM to produce a new, adjusted DEM. This final DEM,
featuring refined elevation values, served as the
primary elevation data for the entire study area.

1175000 1180000 1185000 1190000 1195000

1700000

A. Phibun Mangsahan

g
H

A.Sirinthon

1185000 1130000

1195000 %

1175000 1180000

Kilometers

Figure 3 DEM from Kaeng Sapue to Pak Mun Dam.

Table 2 The roughness coefficient (Manning's n).
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2.3 The boundary conditions for flow simulation
(2D Flow Areas) were defined to cover the study area,
consistent with the research objectives and collected
data. The mesh size within the 2D flow areas was
determined based on the computational elements.
While a smaller mesh yields more accurate results,
it significantly increases computation time. Conversely,
a larger mesh reduces calculation time but at the
expense of accuracy. Thus, the strategy involved
initiating with a coarser mesh and progressively
refining its size to achieve greater detail in areas of
interest or critical importance. For this research, mesh
sizes ranged from 5x5 meters to 100x100 meters.

2.4 Accurate assignment of Manning's
roughness coefficients (n) is crucial for precise
calculations water surface elevation calculations.
Initial determination of Manning's n values was
based on experimental recommendations for various
river conditions [17]. The Mun River is characterized
by meanders, potholes, and areas with vegetation
and rock covers. As a result, the recommended
Manning's n values for these conditions typically
range from 0.033 to 0.045 [18]. A review of previous
research on similar river types has also found values
in the broader range of 0.028 to 0.065 [2, 8]. For
areas outside the river channel, the Manning's n
values were determined based on recommended
values according to land use types, as shown in
Table 2.

2.5 The boundary conditions applied in the
model consisted of upstream inflow and downstream
outflow conditions. Upstream inflow conditions were
based on water volume data gathered from seven
measuring stations (E.20A, M.182, M.32, M.157, M.170,
M.69, M.110) and flow data from Sirindhorn Dam.
Additionally, the runoff from sub-basins within the
2D Flow Areas was incorporated as lateral inflow
(side flow). The downstream condition utilized water
level data from gauging station 020139, located on
the Mekong River at Khong Chiam District.

Type of channel Minimum  Normal Maximum
1. Main Channel
a. clean, straight, full stage, no rifts or deep pools, more 0.030 0.035 0.040
stones and weeds
b. clean, winding, some pools and shoals 0.033 0.040 0.045
c. same as above, but some weeds and stones 0.035 0.045 0.050
2. Flood plains
a. Light brush and tree in summer 0.04 0.06 0.08
b. Developed, high intensity 0.12 0.16 0.20
c. Developed, medium intensity 0.08 0.12 0.16
d. Developed, low intensity 0.06 0.09 0.12
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3. Model calibration and validation

HEC-RAS model calibration and validation
aim to identify the appropriate model parameters.
We selected the Manning's n value. The friction value
for open channel flow is represented by the Manning's
roughness coefficient. We selected the Manning's n
value based on the characteristics of the study area.
This selection involved comparing the area's properties
with recommended ranges from existing manuals
[17] and iteratively testing the value with the model
until an appropriate fit was achieved. The model was
changed and verified for accuracy using statistical
methods, particularly the Coefficient of Determination
(R?) and the Root Mean Square Error (RMSE), as shown
in Equations (4) and (5). This process aimed to ensure
the model's fidelity to real-world conditions.

R? — { 2X1(Q0i—Q0)%(Qsi=0s) } (4)
- 0.5
[EX.1(Q0i-C0)? T, (@si-0s)”]
N nA2 0.5
RMSE = {MTQ)} (5)

When,
N = Number of data
Qo = Observed water level at any time
0, = Average observed water level
Qs = Modeled water level at any time
Qs = Average modeled water level

This study utilized water level data from the
M.7 gauging station on the Mun River (Seri Prachathipatai
Bridge, Ubon Ratchathani Province) for model calibration
(August-October 2019) and validation (August-November
2022). These periods included both flood events and
intervals when the Royal Irrigation Department had
suspended regulator gate operations, ensuring that
water levels and volumes were unaffected by gate-
related management. The accuracy of calibration and
validation was then assessed using statistical metrics:
the Coefficient of determination (R2) and the root
mean square error (RMSE). An R2? value greater than
0.6 and an RMSE value close to zero typically indicate
a strong positive correlation between observed and
modeled water levels. Therefore, the selected roughness
coefficient was considered acceptable [19, 21].

4. Study of flow obstruction impacts

The downstream section of the Mun River,
particularly in Phibun Mangsahan District, is characterized
by numerous rapids of varying sizes along almost
its entire length, which obstruct water flow. Kaeng
Saphue, a major rapid, spans the entire width of the
Mun River. Further downstream lies the Pak Mun Dam.
These features raise suspicions that the dam obstructs
the waterway and contributes to severe flooding in
Ubon Ratchathani Province [4, 5]. Consequently, the
researcher aims to investigate the impact of flow

\ AND TEGHNOLGY

obstructions in the Mun River, focusing on the identified
primary problem areas: Kaeng Saphue and the Pak
Mun Dam. The study divides the analysis of flow
obstructions into four distinct cases (Figure 4).

Impacts orwater level and
flooded area
1. Kaeng Saphue rapids’and Pak Mun

Independent Dam (OB,1)
Variable 2. Without Kaeng Saphue rapids (OB.2)

. Without Pak Mun Dam (OB.3)
. Without Kaeng Saphu€’and Pak Mun
Dam (OB.4)

1. Physical information, including river
network, river cross-sectional profile,
Manning's coefficient;"and elevation
values.

AW

Control
Variable

2. Hydraulic information, such as
discharge and water level.

\4

Water levels and flooded areas along

Dependent > ot i
the Mun River in Ubon Ratchathani

Variable

i

Province.

Figure 4 Conceptual framework in research.
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Figure 5 Longitudinal profile of riverbed before and

after improvement at Kaeng Sapue.
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Figure 6 Riverbed cross-section before and after
improvement at Kaeng Sapue.
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construction.

The study case was set as the independent
variable for analyzing the impact of flow obstructions
across all four cases, while the same control variables
were consistently applied. Physical data for the study
area included the river network, river cross-sections
(excluding the Kaeng Saphue and Pak Mun Dam areas),
and elevation data. Hydrological data comprised flow
discharge and water levels. The dependent variables
obtained from this analysis were the resulting water
levels and flooded areas along the Mun River in Ubon
Ratchathani Province.

The HEC-RAS model was applied to simulate
the effects of flow obstructions on water levels and
flooded areas. The study area covered the Mun River
from the M.182 gauging station (Kanthararom District,
Sisaket Province) and the Chi River from the E.20A

\ AND TEGHNOLGY

gauging station (Maha Chanachai District, Yasothon
Province), extending downstream to the Mekong
River at Khong Chiam District, Ubon Ratchathani
Province. The 2022 flood hydrograph was used as
input for the inundation simulation.

These cases comprise:

4.1 Impact with Kaeng Saphue and the Pak
Mun Dam present (current condition) (OB.1): This case
assumes the existing morphology of both Kaeng
Saphue and the Pak Mun Dam in the Mun River remains
unchanged. (Figures 5 to 7).

4.2 Impact without Kaeng Saphue (0B.2):
Derived from Case 1, this case involves removing Kaeng
Saphue by improving the riverbed slope at Kaeng
Saphue. We achieved this by using the normal water
level value before and at the end of Kaeng Saphue,
which led to an approximate riverbed slope of 1:12,000.
(Figures 5 and 6).

4.3 Impact without the Pak Mun Dam (OB.3):
This case, based on Case 1, looks at what happens if the
Pak Mun Dam is taken away, meaning the Mun River
in that area will go back to its original shape before the
dam was built (Figure 8).

4.4 Impact without both the Pak Mun Dam
and Kaeng Saphue (OB.4): This case combines the
improvements from Case 2 (riverbed slope at Kaeng
Saphue) and the original river cross-section in the Pak
Mun Dam area as in Case 3.

RESULTS AND DISCUSSION
1. HEC-RAS model calibration and validation results

Prior to calibrating the Manning's roughness
coefficient, a sensitivity analysis was performed by
varying the n value within a range of +5% to +20%.
The results showed that the maximum water level
varied by no more than 0.15 meters (Figure 9), indicating
that the model is relatively insensitive to small changes
in roughness within this range.

117
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n 10%
n 5%

- ==n0%

1 ==--- n -5%
----- n -10%
N ====- n -20%

116 A

=
=
(63}

N
[
~

Water level (m MSL)

110
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Figure 9 Sensitivity analysis results for Manning's
roughness coefficient at M.7.
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Figure 11 Comparison of observed and simulated
water levels for validation at M.7.
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Model calibration used 2019 water level data
from the Mun River at gauging station M.7. The calibrated
Manning's roughness coefficients (n) were 0.040 for
normal river sections and 0.045 for rapids (Figure 10),
yielding R2 = 0.964 and RMSE = 0.140 m.

Model validation employed 2022 water level
data (Figure 11), resulting in R2 = 0.978 and RMSE = 0.057 m.
These values met acceptance criteria (R? > 0.6, RMSE
close to 0).

A comparison of the model-simulated flooded
area with satellite imagery from GISTDA for the 2022
flood event in Ubon Ratchathani Province showed a
strong agreement. The model predicted an inundated
area of 483.58 sq.km., while GISTDA reported 441.40
sq.km., with an overlapping area of 408.44 sq.km.,
accounting for 92.53% of the GISTDA-derived flooded
area (Figure 12). Discrepancies are mainly due to

differences in flood extent interpretation: GISTDA
excludes water bodies and wetlands, whereas the
model removes only major channels and reservoirs.
Additionally, limited gauging data in some areas, such
as near Kaeng Saphue, may contribute to differences
in simulated flood extents.

2. Results of the application of HEC-RAS model in
studying the impact of flow obstructions.

The study of the four cases during the 2022
flood showed that obstacles in the water flow raised
water levels much higher than in situations without
these obstacles (Figures 13 and 14). The observed
elevation differences extended approximately 114
kilometers along the Mun River, leading to inundation
in areas from Khueang Nai District to Phibun Mangsahan
District.
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Figure 14 Simulated water levels in the Mun River under various cases (A focus on Ubon Ratchathani City).

2.1 With Kaeng Saphue and Pak Mun Dam
(OB.1): This case, representing the current condition,
yielded the highest water level at 116.50 m MSL. The
flooded area from the overflowing Mun River in
Ubon Ratchathani Province was 483.58 sq.km., with
a flood duration of 75 days.

2.2 Without Kaeng Saphue (OB.2): Removing
Kaeng Saphue resulted in a peak water level of
116.15 m MSL at station M.7. The flooded area decreased
to 463.07 sq.km. with a flood duration of 64 days.

2.3 Without Pak Mun Dam (OB.3): This case,
surprisingly, showed the same peak water level at
station M.7 as the current condition (116.50 m MSL).
The flooded area decreased to 483.58 sq.km. with a
flood duration of 75 days.

2.4 Without both Kaeng Saphue and Pak
Mun Dam (OB.4): The case without both obstructions
yielded the lowest peak water level at station M.7,
recorded at 115.92 m MSL. The flooded area decreased
to 445.06 sq.km. with a flood duration of 60 days.

The water levels at station M.7 for all four
study cases are presented in Figure 15, while the
corresponding flooded areas are detailed in Table 3.
The study results revealed that both the current
condition (OB.1), which includes Kaeng Saphue and
the Pak Mun Dam, and the case without the Pak Mun
Dam (OB.3) resulted in the same peak water level of
116.50 m MSL at station M.7.

In the case without Kaeng Saphue (0OB.2),
the water level at station M.7 was reduced to 116.15 m
MSL (a reduction of 0.35 meters). When both the Pak
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Mun Dam and Kaeng Saphue were removed (0B.4),
the water level at gauging station M.7 further decreased
to 115.92 m MSL (a reduction of 0.58 meters). These
findings align with previous studies on flood prevention
in the lower Mun River basin, which indicate that
improving rapids can effectively reduce water levels
[11, 13].

The study's findings indicate that Kaeng Saphue
is currently the primary obstruction to flow. Specifically,
the presence of Kaeng Saphue consistently caused
water levels to rise. Conversely, the absence of the Pak
Mun Dam alone did not significantly impact the water
level when Kaeng Saphue was present. However, if
Kaeng Saphue was removed while the Pak Mun Dam
remained, the water level still rose when compared
to the scenario where both were absent. This further
reinforces Kaeng Saphue's dominant role. Regarding
the Pak Mun Dam, which is situated downstream of
Kaeng Saphue, its riverbed level is approximately 12.0
meters lower, and its highest water level is about 3.0
meters lower than the riverbed level at Kaeng Saphue.

\ AND TEGHNOLGY

Critically, no backwater effect from the Pak Mun Dam
was observed upstream, confirming that the Pak Mun
Dam has no impact on the current flood level.
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Figure 15 Water Levels at Gauging Station M.7 for
Each Case.

Table 3 Effects of flow obstructions on flooding in the 2022 simulation.

Case stud Peak discharge Peak water level Duration of flooding Flooded area extent
y (m3/s) (m MSL) (days) (km2)

0OB.1 6,166 116.50 75 483.58

(Present)

0B.2 6,166 116.15 67 463.07

Percent (%) (-0.30%) (-10.67%) (-4.24%)

0B.3 6,166 116.50 75 483.58

Percent (%) (0.00%) (0.00%) (0.00%)

OB.4 6,166 115.92 60 445.06

Percent (%) (-0.50%) (-20.00%) (-7.97%)

Despite the removal of flow obstructions, the
model indicated that overflow and flooding persisted
in the area. This is because the volume of floodwater
still exceeded the river's capacity. Therefore, improving
only Kaeng Saphue would not fully resolve the flooding
issue. This observation is consistent with prior research
[10], which found that while removing obstructions
like weirs and culverts reduced flood length and
levels, it did not eliminate flooding entirely.

CONCLUSIONS

Flooding affects the Mun River Basin due to a
combination of contributing factors. This study focuses
on analyzing the impact of hydraulic obstructions
on the severe flooding event in 2022, which was the
most significant after the historical flood of 1978.
The results indicate that although flow obstructions
such as Kaeng Saphue and the Pak Mun Dam are not
the primary causes of flooding, excessive rainfall
exceeding the river's capacity remains the dominant

factor. Nonetheless, these obstructions play a role in
impeding the drainage of water into the Mekong
River, leading to elevated flood levels, expanded
inundation areas, and prolonged flood durations.

The downstream section of the Mun River in
Phibun Mangsahan District exhibits an uneven riverbed
topography, characterized by numerous potholes
and rapids. This irregular geomorphology increases
the roughness coefficient compared to rivers with
uniform slopes, thereby reducing water flow velocity
and efficiency. Therefore, any improvements or
dredging activities on the downstream Mun River
should ideally extend along the entire river segment,
reaching its confluence with the Mekong River to
effectively mitigate flooding.

However, such interventions often face
environmental constraints, particularly regarding
their impact on local livelihoods and traditional
fishing practices. The Mun River's diverse physical
characteristics contribute significantly to the rich
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biodiversity of fish species in the region. Moreover,
Kaeng Saphue remains an important tourist attraction
in Phibun Mangsahan District, especially during April,
when many visitors come for leisure and sightseeing.
Therefore, this study proposes an approach that
integrates engineering needs with the conservation
of natural and social values. It emphasizes designing
projects with ecological sensitivity; for example,
the concept of improving the river channel without
fully occupying the cross-section is an intriguing
approach, but it must be implemented continuously
along the entire river length to ensure uninterrupted
flow. This approach also includes community and
stakeholder participation, long-term monitoring and
evaluation after construction, promotion of ecotourism,
support for community economies related to biodiversity,
and the establishment of joint committees involving
government agencies, academic institutions, and
local communities. Such collaboration will help ensure
the long-term success of projects, reduce conflicts,
and prevent post-implementation failures.
Regarding water resource management in
the Mun River Basin and Ubon Ratchathani Province,
relevant agencies have continuously addressed
flood and drought challenges over time. While some
issues have been resolved, many still require further
attention. Flood mitigation efforts remain ongoing,
with active community involvement and feedback.
Currently, the Office of the National Water
Resources has developed a water chart for the Mun
River Basin. This plan provides guidelines and
recommendations for land use in flood-prone areas
to avoid obstructing water flow. Significant flood
mitigation projects include the Ubon Ratchathani
Province Flood Prevention and Mitigation Project, as
well as initiatives addressing flood and drought in the
lower Chi-Sebai-Sebok and lower Mun River Basins.
These projects involve constructing bypass channels
around Yasothon and Ubon Ratchathani cities. Completed
feasibility studies indicate a high readiness level for
implementation. Once constructed, these projects are
expected to protect Ubon Ratchathani city effectively
from floods with a recurrence interval of 5 to 10 years.
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ABSTRACT

The presented study focuses on fortifying pandan leaf extract (PLE) into a gummy product. The PLE preparation
using two carrier agents, Tween 80 (P3) and black sesame oil (P4), was applied before adding to gummy
processing. Then, the PLE-fortified gummy optimization was conducted by varying the PLE concentration at
1.0% (F1), 1.5% (F2), and 2.0% (F3) by weight. Their physicochemical properties were measured by textural by
Texture Profile Analysis (TPA), and /n-vitrobiochemical properties of PLE-fortified gummy were analyzed.
Results of the first experiment showed that there are significant differences in pH value, total soluble solids,
and color attributes, with the black sesame oil-based formulation exhibiting higher lightness (L* value) and
yellowness (b* value) values (p <0.05). The result of the TPA analysis showed that the PLE-fortified gummy
with black sesame oil formulation had higher hardness and chewiness than the PLE-fortified gummy with
Tween 80 formulation (p <0.05). For the second experiment, the physicochemical results demonstrated that
total soluble solids, acidity, and color values increased when PLE-extract concentration was added (p<0.05).
Regarding increasing PLE-extract levels, the texture of gummy jelly showed a decrease in hardness and
gumminess while springiness increased (p <0.05). Antioxidant properties, including free radical scavenging
activity by DPPH and ABTS assays, supported the potential health benefits of pandan leaf extract in gummy
jelly. This study suggests that black sesame oil is a suitable carrier for preparing pandan leaf extract for
gummy production. Therefore, the PLE-fortified gummy can be produced as a functional confectionery
product, paving the way for future applications in health-oriented gummy formulations.

Keywords: Gummy, Pandan leaf extract, Physicochemical properties, Phenolic compound

INTRODUCTION under acidic conditions facilitated by organic acids,
such as citric or malic acid. Additional ingredients
may include fruit and vegetable powders, milk proteins,
cereals, or herbal extracts. The formulation allows for
the addition of coloring and flavoring agents. The
ingredients are thoroughly mixed and heated during
processing until a suitable viscosity is achieved. Then,
the melted mixture is formed into molds of different
sizes and/or shapes. The drying step aims to reduce
the moisture content of the product and increase its
solid content. Generally, the drying period ranges
from 24 h to more [4]. Some gummies undergo further
processing, such as coating or drying with sugar or
starch, to ensure a optimize chewy texture and prevent
stickiness [4]. The gummy texture can be measured by
texture profile analysis (TPA), in which the deformation
of different descriptors is under force, distance, and
time deformation. TPA is a suitable technique for
following the deformation of viscoelastic materials.

Gummy jelly, classified as a gelled confectionery,
constitutes a significant portion of the candy market
in Thailand, accounting for approximately half of the
total market share. Their increasing popularity can
be attributed to consumer preferences for chewable
confections [1]. Gummy jelly is a form of dried jelly
highly favored among children, adolescents, and
working adults due to their appealing shapes, vibrant
colors, and balanced sweet-and-sour taste. These
products possess a chewy, elastic texture that enhances
the overall sensory experience during consumption
[2,3].

Gummy jelly typically comprises gelling agents
(hydrocolloid compounds) - such as gelatin, carrageenan,
or agar - combined with sweeteners like granulated
sugar, glucose, or alternative sugar substitutes in
carefully controlled proportions [2], making them a
high-energy food product. This mixture is prepared
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Moreover, the change in texture may be affected by
the ingredient changes [4].

There has been an increasing trend toward
developing confectionery products, especially gummies
fortified with various functional ingredients. This
innovation is motivated by the convenience of gummy
consumption, ease of transport, and the ability to mask
the bitter taste of vitamins or herbal extracts with the
inherent sweetness and acidity of the product.
Furthermore, the attractive presentation of gummies
enhances consumer compliance compared to
traditional pill or tablet formats. Pandan leaf extract
(PLE) is derived from Pandanus amaryllifolius and is
widely recognized for its unique aroma, antioxidant
properties, and bioactive compounds, including
phenolics and flavonoids. These bioactive components
have been associated with various health benefits,
such as anti-inflammatory and antioxidant effects,
which may contribute to improved well-being.
Pandan leaf extracts have been investigated for their
antioxidant capacity and their potential inhibitory
effects on xanthine oxidase (XO), an enzyme pivotal
in purine metabolism that catalyzes the oxidation
of hypoxanthine to xanthine and subsequently to
uric acid [5, 6].

Nowadays, the adult and elderly group of
consumers is increasingly seeking food products
that promote health and well-being, such as those
with antioxidant, anti-inflammatory, or uric acid-
lowering properties. The previously research related
studies demonstrate leaf extracts impact on gel-
liked texture [7- 9]. The incorporation of pandan
leaf extract (PLE) rich in phenolics and flavonoids-
may be particularly beneficial for this group, as it
offers potential health benefits including oxidative
stress reduction and xanthine oxidase inhibition,
which may contribute to better management of
conditions such as hyperuricemia or gout. Currently,
there is no research publication specifically on the
incorporation of PLE into gummy products. A study
of PLE on preserving salted duck eggs showed that an
increasing amount of PLE, its texture become chewier
in gel-based product [10]. This study also aims to
evaluate the effects of PLE incorporation in gummy
formulations, focusing on the impact of different
carrier agents and varying extract concentrations
on their physicochemical, texture, and antioxidant
properties. The findings of this study will provide
insights into the potential application of PLE in
functional products for adults and elderly people.

MATERIALS AND METHODS

Pandan leaf extract preparation

The fresh Pandan ( Pandanus amaryllifolius)
leaves were purchased from an organic local farm in
Thailand. They were washed with tap water, cut into
small pieces, and dried using a hot air dryer at 50-55°C
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for 18-20 hr. After that, they were finely ground into
a powder (4-6% of moisture content). The PLE was
performed using the maceration technique according
to the process of Sithisam-ang et al. 2023 [11]. Briefly,
ground Pandan leaf powder (18 kg) was dissolved
into a 95% ethanol solution (food grade). The mixture
was continuously stirred for 1 hr. and followed by a
filter press machine. The residue was then re-extracted
to two additional extraction cycles under the same
conditions. The combined ethanolic extract from all
three rounds was subsequently concentrated by solvent
evaporation under vacuum conditions. The viscous
PLE-extract (1.63 kg, Figure 1) is a semi-liquid phase
with a dark green color containing 2.79 to 7.49 mg/kg
of 2-Acetyl-1-Pyrroline (2AP). The extract was kept
at -20°C until further use.

Figure 1 Pandan leaf extract.
Gummy production

The preparation of gummy fortified with pandan
leaf extract was conducted as following: PLE was
premixed with different carrier agents to facilitate its
incorporation into the gummy jelly formulation. The
1 portion (by weight) of PLE was stirred with the 1
portion (by weight) of either Tween 80 (P1) or Black
sesame oil (P2) for 20-30 min to ensure uniform
dispersion. The selected carrier agent was added at a
concentration of 0.50% of the total gummy formulation
weight.

In the secondly experiment, it was focused on
evaluating the effect of varying levels of PLE incorporation
using black sesame oil as the carrier agent. The pre-
mixed PLE-black sesame oil combination (1:1 w/w)
was added to the gummy formulation at three different
concentrations by weight: 1.0% (F1), 1.5% (F2), and
2.0% (F3), respectively, in comparison with a control
(0.5% PLE-carrier mixture).

The PLE-carrier mixtures were then mixed
with a standard gummy jelly base comprising 30%
granulated sugar, 20% glucose syrup, 0.5% citric acid,
0.5% pectin, 8% gelatin 250 bloom, including 500
ppm of sodium benzoate and 200 ppm of potassium
sorbate at 70-80°C. After that, the mixture was
formed in moldsinto a rectangular shape and placed
at 25-30°C for 2-4 hr.

Physico-chemical properties analysis

The sample was chopped and blended to analyze
the moisture content using a moisture analyzer (IR-35,
Denver instrument, USA). The water activity (aw) was
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also measured using a water activity analyzer (4 TE, Agua
lab, UK).

The gummy sample (5 g) was vortexed with
20 mL of distilled water and homogenized at 5000
rpm for 30 sec. A clear sample solution was taken for
measurement. The total soluble solid (TSS) content
and pH value were conducted using a digital hand-
held pocket refractometer (PAL-1 and PAL-3, Atago,
Japan) and a pH meter (Seven easy, Mettler Toledo,
Switzerland), respectively.

The titrimetric method N0.986.13 [12] was
used to analyze total titratable acidity (TTA) using an
auto-titrator (DL53, Mettler-Toledo, Switzerland). Each
data was calculated and reported as the percentage
of citric acid content.

The measurement of color value was followed
using a Minolta chromameter (CR-400, Konica Minolta,
Japan). The chromameter was calibrated by a white
color standard plate (Y=92.50, x=0.3165, y=0.3329)
using the light source of [lluminant Des 2° observer.
The colorimetric data was operated as a CIE Lab scale
in triplicated measurement and displayed the average
data in forms of L* value (Lightness, 0-100), a* value
((-) green to (+) red), and b* value ((-) blue to (+) yellow)
value.

Texture qualities analysis

Texture parameters were conducted by
measuring the texture profile analysis (TPA) with a
Texture Analyzer (TA500, Lloyd instrument, UK). The
gummy sample was compressed twice with a cylinder
prob (SMS P/25, 25 mm. diameter) and a 5-kg load cell.
A probe penetrated to a depth of 50% distance at a
30.0 mm./min test speed and a 0.05 N trigger point.
Ten pieces of gummy sample were evaluated for each
treatment. The hardness was expressed as the maximum
force (N) achieved at the first bite. Springiness related
to the height that the gummy recovers during the
time that elapses between the end of the first bite and
the start of the second bite, unit was mm. Cohesiveness
was calculated as ratio of area of second compression
cycle to that of area of first compression cycle.
Gumminess is defined as the multiplication of product
hardness and cohesiveness and chewiness is defined
as the product of hardness x cohesiveness x springiness.

Antioxidant properties analysis

The total polyphenol content (TPC) of the
samples was determined using the Folin-Ciocalteu
method, modified from Miliauskas et al. 2004 [13].
A standard gallic acid solution with working solutions
at 10-100 mg/mL was prepared through serial dilution.
The 50 pL of the sample extract was diluted with 0.95
mL of distilled water, mixed using a vortex mixer, and
combined with 1 mL of the sample solution, 5 mL of 10%
Folin-Ciocalteu reagent, and 4 mL of 7.5% sodium
carbonate solution. After incubation at 30°C for 30 min,
absorbance was measured using the U2900 UV/Vis
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spectrophotometer (Hitachi, Japan) at 760 nm. A
calibration curve was generated using gallic acid
standards, and TPC was expressed as mg gallic acid
equivalent (GAE) per g of sample.

The ferric-reducing antioxidant power (FRAP)
assay, adapted from Kang et al. (2010) [14], was used
to assess the reducing capacity of the sample. The
0.5 mL of sample extract, standard Fe (II) solution
(0-0.5 mM), or ethanol (as a blank) was added into
the 2.5 mL of FRAP reagent. It was mixed and placed
in the darkness at 37°C for 10 min. The spectrophotometer
absorbance at 593 nm was measured. The ferric reducing
capacity of each extracted sample was determined by
comparing its absorbance with the standard curve
and expressed as pM Fe (II)/g of sample.

The antioxidant activity of the sample extracts
was assessed using the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical scavenging assay adapted from Wong
and Chye (2009) [15]. A 0.2 mL aliquot of the sample
extract or distilled water (blank) was mixed in a test
tube, followed by 2.0 mL of 0.1 mM DPPH-methanolic
solution. The mixture was shaken thoroughly and
placed in the darkness at room temperature for 30
minutes. The absorbance at 517 nm was measured
using a spectrophotometer. The percentage of DPPH
radical inhibition was computed in comparison with
a blank.

The antioxidant activity of the sample extracts
was evaluated using the ABTS radical scavenging
assay, following the method of Wojdylo et al. (2007)
[16]. The diluted ABTS* solution (2.0 mL) was mixed
with the sample extract (0.2 mL) and incubated for
6 mins before absorbance measurement at 734 nm.
The percentage inhibition of its antioxidant capacity
was calculated.

Statistical analysis

Data were analyzed using both the independent
sample T-test and analysis of variance (ANOVA). The
T-test was applied to compare means between two
independent groups with the addition of different
carrier agents. For multiple group comparisons, a
completely randomized design (CRD) was employed
with ANOVA to evaluate the effects of various levels
of pandan leaf extract used in gummy jelly. The results
were presented as mean and standard deviation. Mean
separation was performed using Duncan's New Multiple
Range Test (DMRT) at the 95% confidence level. All
statistical analyses were performed using SPSS version
18.

RESULTS AND DISCUSSION

Pandan leaf extract (Figure 1) is characterized
as a semi-solid, viscous resin and poor water solubility.
The ethanolic pandan leaf extract contains lipophilic
bioactive compounds that exhibit low solubility in
water, posing challenges for their uniform incorporation
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into hydrophilic gummy jelly matrices. In a preliminary
study aimed at identifying an appropriate pandan leaf
extract preparation, different carrier agents, Tween 80
and black sesame oil, improved the miscibility of the
otherwise viscous and semi-solid ethanolic extract.
Moreover, the combination of PLE with other ingredients
such as glycerin, maltitol syrup, and gelatin affected
the solubility of the extracts and its functional integration
into the gummy jelly product.

In this experiment, carrier agent refers to a
substance used to facilitate the incorporation, dispersion,
stabilization, or controlled release of PLE active
compounds. Therefore, the first experiment investigated
the use of different carrier agents, specifically Tween
80 and black sesame oil, to facilitate the incorporation

\ AND TEGHNOLGY

of pandan leaf extract into gummy formulations at a
minimum concentration of a minimum concentration
0.5% by weight, as illustrated in Figure 2.

e

P1

Tween 8: Black sesame o::il
Figure 2 Gummy fortified with pandan leaf extract
mixed with different carrier agents.

Table 1 Physicochemical properties of the PLE-fortified gummy using different carrier agents.

Physicochemical properties P1 P2
Water activity (aw) ™ 0.73 +0.01 0.74 £0.01
pH value™ 418 +0.02 418 +0.02
Total soluble solids (°Brix) 76.54 £1.60? 75.43 +1.53P
Total acidity as citric acid (%) 1.57 £0.04? 1.26 +0.02°
Color:

L* value 15.94 +0.91° 26.8 3£0.882
a* value 1.97 +0.182 1.15 £0.22P
b* value 2.98 +0.64° 8.46 £1.68°

Note:
sample T-test at p <0.05.
mno significant difference values (p>0.05).

abDjfferent superscript letters in the same row are significantly different according to independent

Table 2 Texture properties of the PLE-fortified gummy using different carrier agents.

Texture properties (TPA) P1 P2
Hardness (N) 90.75 +25.45P 97.77 +13.032
Adhesiveness (N.mm) 0.26 +0.14° 0.32 +0.20?
Springiness"s 0.94 +0.04 0.97 +0.04
Gumminess (N)"s 48.62 +13.80 47.25 +9.26
Chewiness (N) 41.82 +10.70P 45.82 +9.032
Stringiness (mm) 0.66 +0.082 0.25 +0.11°

Note:
independent sample T-test at p <0.05.
nspo significant difference values (p >0.05).

The chemical and physical characteristics of
both formulations are presented in Table 1. The results
indicated that the two formulations of gummy exhibited
similar pH values, ranging from 4.18 to 4.19, with water
activity levels between 0.733 and 0.742, and total
soluble solids measuring between 75.43°Brix and
76.54°Brix. The physicochemical properties of gummy
formulations fortified with pandan leaf extract (PLE)
were significantly influenced by the type of carrier
agent used. Similarly, the report that the commercial

abpifferent superscript letters in the same row are significantly different according to the

gummies contained a high moisture and varied in
widely water activity between 0.51-0.79 [17, 18].

In terms of color value, the incorporation of
black sesame oil as a carrier agent resulted in significantly
higher lightness (L*) and yellowness (b*) values
compared to using Tween 80 ( p<0.05). The differences
in pH value and total soluble solids between two
formulations were relatively minor; however, total
acidity was significantly lower in the black sesame
oil-based formulation (p <0.05). It might be Tween
80 was more effective in improving solubility and
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integrating the PLE within the gummy jelly matrix,
possibly due to its amphiphilic composition, which
aids in emulsification and dispersion.

In terms of texture parameters, as assessed
by Texture Profile Analysis (TPA) (as shown in Table 2),
gummy formulas utilizing Tween 80 and black sesame
oil as carrier agents revealed significant differences
in textural attributes such as hardness, chewiness,
adhesiveness, and stringiness (p<0.05). The hardness
of the gummy formulation incorporating black sesame
oil was exceptionally high compared to that of the
formulation using Tween 80. It could be due to the
slight polarity of Tween 80. However, due to the low
fortification level of PLE at 0.5%, no significant effects
in adhesiveness and springiness were observed.

Studies have demonstrated that incorporating
oils and emulsifiers into gummy formulations can
improve the integration and stability of hydrophobic
compounds. For instance, research on oil-in-water
emulsions prepared with sesame oil and protein
isolates showed that stable emulsions with suitable
rheological properties could be formulated, highlighting
the emulsifying capabilities of sesame oil. Additionally,
using emulsifiers in confectionery has been shown to
aid in emulsifying fats in products like caramel, fudge,
and toffee, suggesting a similar potential in gummy
formulations. While direct studies on black sesame
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oil in gummy products are limited, the findings
indicate that lipid-based composition could similarly
aid emulsification and dispersion within gummy
matrices [19].

Table 3 shows the antioxidant properties of
PLE-fortified gummies regarding total phenolic content
(TPC), ferric reducing antioxidant power (FRAP), and
DPPH and ABTS free radical scavenging assays. The
results were found that the PLE-fortified gummy
formulation with Tween 80 had a higher TPC than that
of the formulation using black sesame oil, but the latter
exhibited greater FRAP values (p<0.05). This discrepancy
suggests that while Tween 80 may enhance efficient
phenolic solubility (as the report of Skrypnik & Novikov
(2020) [20], who demonstrated significantly increased
phenolic recovery from apple pomace at 0.5-1.0%
Tween 80), black sesame oil exhibits a more favorable
medium for antioxidant activity (as a previously report
of Bopitiya & Madhujith (2013) [21], that showed
vigorous antioxidant activity with high total phenolic
content and significant DPPH and ABTS radical
scavenging activities. Regarding the biochemical
compound of pandan leaf extracts and black sesame
oil, which possess notable antioxidant properties,
gummy fortified with PLE was also found to have
significant antioxidant activity.

Table 3 Biochemical properties of the PLE-fortified gummy using different carrier agents.

Biochemical properties P1 P2
Total phenolic content (ug GAE/g sample) 177.42 £20.072 109.22 +4.53P
FRAP (uM Fe>/g sample) 766.02 +26.37° 1180.19 +191.83¢2
DPPH* (%¥Inhibition) " 37.72 £0.55% 26.75 +0.60P
ABTS* (%Inhibition) 18.34 +0.05° 9.54 +0.20°

Note:
sample T-test at 7<0.05.
mno significant difference values (p>0.05).

Tween 80 (polysorbate 80), a nonionic
surfactant, is commonly used in food systems to
emulsify hydrophobic substances due to its ability
to reduce interfacial tension and enhance the dispersion
of lipophilic compounds in hydrophilic matrices
[22]. It effectively disperses ethanolic extracts in
aqueous environments by lowering interfacial tension,
thus promoting the homogeneous distribution of
the extract throughout the gummy matrix. In contrast,
black sesame oil serves as a natural lipid-based carrier
and is also suitable for solubilizing hydrophobic
plant compounds. Its rich content of unsaturated
fatty acids and antioxidant compounds makes it an
excellent natural carrier that may contribute to both
the nutritional value and positively influence the
sensory flavor and texture of the finally gummy jelly
[23]. However, using Tween 80 as a carrier agent may
impart a slightly bitter and astringent taste to products,

a-bDjfferent superscript letters in the same row are significantly different according to the independent

as indicated by its characteristic properties -the
interaction of Tween 80 with salivary proteins and
mucous membranes, leading to a puckering mouthfeel.
Due to the use of Tween 80, its surfactant properties
may disrupt the lipid-protein balance in saliva,
causing a similar tactile sensation. Additionally,
residual surfactant on the tongue may interfere with
taste perception or enhance bitter notes, especially at
higher concentrations [24]. Moreover, other agents
such as sugars, fat, and oil frequently used to mask
astringency, which is linked with plants extract. They
may inhibit the interactions between salivary proteins
and tannin compound or other astringents [24].
These findings suggest that the use of black
sesame oil enhanced color parameters. At the same
time, Tween 80 was more effective in improving
solubility and integrating the PLE within the gummy
jelly matrix, possibly due to its amphiphilic composition,

©2025 Institute of Research and Development, RMUTT, Thailand

J Appl Res Sci Tech 2025;24(3):261310

%

DOI: 10.60101/jarst.2024.261310



https://ird.rmutt.ac.th/
https://doi.org/10.60101/jarst.2024.261310

JOURNAL OF

APPLIED RESEARGH ON SCIENCE

which aids in emulsification and dispersion.
Consequently, the P2 formulation, which uses black
sesame oil as the PLE-carrier agent for gummy
processing, was selected for the second experiment,
in which the concentration of pandan leaf extract
incorporated into the product was varied between
1.00% and 2.00%.

The study investigated the incorporation of
pandan leaf extract into gummy formulations by
mixing 1 portion of pandan leaf extract with 1 portion
of black sesame oil by weight and adding this mixture
to the product at concentrations of 1.0% (F1), 1.5% (F2),
and 2.0% (F3) by weight, respectively in comparison
with a control gummy formulation. Representative
product images are presented in Figure 3, and the
chemical-physical characteristics are detailed in
Table 4. The experimental results indicated that the
three gummy formulations exhibited water activity
(aw) values between 0.74 and 0.75, total soluble
solids ranging from 76.54°Brix to 79.22°Brix, and
pH values between 4.20 and 4.25. Total acidity levels
were within the range of 0.52% to 0.68%, showing
minimal variation among the formulations. While
statistical analysis indicated slight differences in
lightness (L* value) and yellowness (b* value) among
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the formulations, particularly with lower values
observed in F1 compared to F2 and F3 with a decreasing
trend of PLE, (p <0.05), these variations were not
visually distinguishable. This suggests that higher
amounts of pandan leaf extract contribute to a slightly

darker product color.
AR
oE

A" 4dh 7 4
PLE 1.0% PLE 1.5%
Y
E
L = J
PLE 2.0%

Figure 3 Gummy fortified with different amounts
of pandan leaf extract.

Table 4 Physicochemical properties of gummy fortified with pandan leaf extract at different amounts.

Physicochemical properties F1 F2 F3
Water activity (aw) " 0.74 £ 0.01 0.74 £ 0.01 0.75 +£0.02
pH value®s 4.20 £0.01 4.25 +0.01 4.20 +0.01
Total soluble solids (°Brix) 79.01 £0.052 79.22 £0.002 76.83 +£2.05°
Total acidity as citric acid (%) 0.68 £0.012 0.52 +0.00¢ 0.63 +0.01°
Color:

L* value 40.23 +0.41° 41.13 £ 0.56? 41.53 + 0.30°
a* value 3.51 £0.052 3.41 £ 0.05° 3.34 £ 0.06¢
b* value -1.99 +0.182 -1.93 £ 0.072 -1.63 £0.17°

Note:
multiple range test at p<0.05.
mno significant difference values (p>0.05).

-Different superscript letters in the same row are significantly different according to Duncan's new

Table 5 Texture properties of gummy fortified with pandan leaf extract at different amounts.

Texture properties (TPA) F1 F2 F3
Hardness (N) 121.15 +25.662 60.85 +8.61P 70.25 +5.76°
Adhesiveness (N.mm)" 0.22 +0.13 0.28 +0.09 0.16 +0.11
Springiness 0.89 +0.08" 0.93 +0.042> 0.98 +0.032
Gumminess (N) 52.18 +19.052 29.03 +4.48P 30.34 +7.71°
Chewiness (N) 46.68 +13.66? 27.54 +3.57° 29.52 +6.96P
Stringiness (mm) 1.00 +0.392 0.75 +0.23b 0.44 +0.13

Note:
multiple range test at p<0.05.
mno significant difference values (p>0.05).

abDjfferent superscript letters in the same row are significantly different according to Duncan's new
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The analysis of textural attributes in gummy
formulations, conducted through Texture Profile Analysis
(TPA), revealed that increasing the concentration of
pandan leaf extract from 1.0% to 2.0% resulted in
statistically significant differences (p <0.05) in
parameters such as hardness, springiness, gumminess,
chewiness, and stringiness. Specifically, there was a
trend of decreasing hardness and gumminess, while
springiness increased, leading to a reduction in
chewiness. Notably, the variations in pandan leaf
extract concentration did not significantly affect the
adhesiveness of the gummies, as detailed in Table 5.
These findings align with previous research indicating
that the incorporation of plant extracts can influence
the textural properties of gummy candies, affecting
parameters such as hardness and springiness. Similarly,
the report by Charoen et al. (2015) [9] supports this
result. The addition of herbal extracts to gelatin-based
gummy formulations altered the gel network structure,
resulting in changes to mechanical properties including
reduced hardness and increased elasticity. This effect
is likely due to interactions between phytochemical
compounds in the extracts and the gelatin matrix,
which may interfere with protein crosslinking and
water distribution, thus modifying the gummy's
texture.

Regarding the biochemical compound of
pandan leaf extracts, which possess notable antioxidant
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properties, gummy fortified with Pandanus amaryllifolius
extract was found to have significant antioxidant
activity, as shown in Table 6. While the PLE concentration
increased, antioxidant activity in DPPH and ABTS
assays also improved (p <0.05). Notably, the highest
concentration (2.0%) exhibited significantly enhanced
DPPH and ABTS radical scavenging abilities ( p <0.05),
confirming the presence of potent bioactive compounds
in the extract, especially flavonoids and phenolic
compounds. The PLE had a total phenolic content
(TPC) 126.76 £1.45 mg GAE/g sample and exhibited
57.01 +4.23% of ABTS free radical scavenging inhibitory
activity (Do not shown in this report). This result
showed the potential of pandan leaf extracts as
functional ingredients in food products, owing to
their rich phytochemical profile and associated health
benefits. While direct studies on PLE-infused gummy
confections are scarce, successfully incorporating other
herbal extracts into gummies suggests a promising
avenue for future research and product development.

The incorporation of PLE into gummy
formulations presents a promising avenue for
functional food development. The findings indicate
that black sesame oil is a preferable carrier agent due
to its superior impact on color, texture, and antioxidant
retention. Additionally, increasing PLE concentration
enhances bioactivity, though it may alter textural
attributes.

Table 6 Biochemical properties of gummy fortified with pandan leaf extract at different amounts.

Biochemical properties F1 F2 F3
Total phenolic content (ug GAE/g sample) 283.00+67.21° 268.54+68.67° 356.97+89.74?
FRAP (uM Fe*[g sample) 357.80+0.50¢ 431.00£0.25 508.53+0.85?
DPPH* (%Inhibition) 34.39+0.80¢ 39.02+0.34° 51.97+0.742
ABTS* (%Inhibition) 6.98+0.55¢ 19.04£0.63P 22.7240.762
Note: *<Different superscript letters in the same row are significantly different according to Duncan's new

multiple range test at p<0.05.

CONCLUSIONS

This study explored the development and
characterization of PLE-fortified gummy formulations,
focusing on their physicochemical, textural, and
antioxidant properties. The incorporation of PLE using
black sesame oil as a carrier agent led to a more desirable
texture and color, and compared to Tween 80, resulted
in a more favorable texture, color, and antioxXidant power
in terms of FRAP. The increasing PLE concentration
between 1.0%-2.0% influenced the gummy's structural
integrity, reducing hardness and gumminess while
increasing springiness. Furthermore, antioxidant
assays confirmed the potential bioactive benefits of
PLE-black sesame oil, particularly at higher concentrations,
suggesting its suitability as a functional ingredient in
confectionery products. However, the study's claim of
success is limited by the absence of sensory evaluation,

a critical step for assessing consumer acceptability and
ensuring the success of the product in the market.

Additionally, the results of this study not only
demonstrate a predictable cause—effect relationship
between PLE concentration and antioxidant capacity
but also highlighting the potential applications of
these finding. A greater emphasis on the potential
degradation or transformation of PLE components
during processing, along with comparison with a
control (without PLE), would have provided more
insightful conclusions. The findings of this research
provide a foundation for future innovations in health-
oriented gummies, emphasizing the potential
application of PLE as a natural antioxidant source in
functional food development.
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ABSTRACT

The production of Printed Circuit Boards (PCBs) manufacturing is a complex process where companies must
constantly balance minimizing costs, ensuring the stringent quality standards demanded by modern electronics,
and accelerating production timelines to meet market demands. Discrete Event Simulation (DES) allows
manufacturers to create dynamic digital models of their production lines, enabling them to visualize material
flows, accurately identify operational bottlenecks, and thoroughly evaluate the potential impact of process
changes in a virtual setting. This study improvement project focused on enhancing the lead welding process,
likely-through robotic automation-to improve speed and consistency. The comprehensive financial analysis
revealed that an initial investment outlay of 1.5 million baht, anticipated over a 5-year operational period, is
projected to yield substantial financial returns. Specifically, the project is expected to generate a considerable
annual net cash flow, after tax, of 1.98 million baht. Employing a standard corporate discount rate of 10% to
appropriately reflect the time value of money and investment risk, the evaluation yielded compelling metrics
indicative of strong profitability. The project features a remarkably short discounted payback period of only
10 months, signifying swift recovery of the initial capital invested. Furthermore, it generates a strong positive
net present value (NPV) of 1.15 million baht, confirming that the present value of anticipated future earnings
significantly outweighs the initial and ongoing costs. The investment's attractiveness is further underscored
by an exceptionally high internal rate of return (IRR) of 87% and a robust modified internal rate of return
(MIRR) of 61%, which provides a more realistic measure of profitability by accounting for the reinvestment rate
of cash flows. This significant outperformance strongly confirms the project's substantial economic value,
providing compelling justification for management to confidently proceed with the investment as a strategically
sound decision poised to enhance operational efficiency and long-term profitability.

Keywords: Discreate-Event simulation, PCB manufacturing, MIRR, SMT-Line

INTRODUCTION useful in healthcare system planning [7] and the
automotive industries [6]. Its effectiveness stems
from handling system complexity, with Pace [8]
detailing crucial simulation accuracy factors. Recent
advances in multi-level simulation, particularly
Digital Twin applications, have significantly boosted
DES's predictive capabilities [9]. Combining DES with
automation brings substantial benefits to electronics
manufacturing. Lee and Kim [10] found automation
increases output while reducing errors, though Garcia
et al. [11] caution that thorough financial analysis
remains essential. This research focuses on applying
DES to enhance PCB manufacturing efficiency by
integrating knowledge from flexible production systems
[2-6] production scheduling [3] and automation [10,
11] to develop practical industrial solutions. The study
results show that investing in automation systems
for PCB soldering processes not only leads to increased

Discrete Event Simulation (DES) has become a
widely recognized industrial analysis tool, particularly
valuable in manufacturing for creating detailed
production process models. It helps identify weaknesses
and improvement opportunities in both resource
allocation and operational cost reduction [1, 2]. Modern
DES software like FlexSim offers diverse applications
spanning from assembly line improvements to
transportation management [3-5]. Case studies
demonstrate DES's significant role in transforming
production systems. Zhang and Liu [3] successfully
employed FlexSim to enhance production scheduling,
while Jiang and Zhang [4] applied it to flexible assembly
lines. Liu and Wang [5] implemented it for transportation
planning, showcasing the tool's adaptability [6]. DES
applications extend beyond manufacturing, proving
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production efficiency and reduced operating costs,
but also proves to be highly economically viable based
on standard economic investment evaluation criteria,
reinforcing the importance of comprehensive financial
analysis in business decision-making.

MATERIALS AND METHODS

Manufacturing simulation software that allows
manufacturers to simulate production processes and
analyze their performance. This program can help
manufacturers identify bottlenecks in production
processes and find solutions to improve efficiency. The
analysis and improvement of printed circuit board
(PCB) production efficiency with FlexSim software
version 19.1 can be done in the following steps:

1. Collect data about the entire production
process, from raw materials to finished products. This
data includes information about machinery, equipment,
labor, and production steps as shown in Figure 1.

2. Create a model of the production process as
illustrated in Figure 3.

3. Analyze the model of the production process
and find solutions to improve efficiency as summarized.

4. based on the findings shown in Table 5.

From Figure 1 as shown flowchart within the
SMT process (Surface Mount Technology) process is
a method of assembling electronic components onto
a printed circuit board (PCB). The process begins
with the input of the workpiece into the system. The
workpiece is then inspected to ensure that it is free
of defects. The next step is the soldering process. In
this step, the solder paste is applied to the PCB and the
components are placed in their correct position. The
PCB is then passed through a reflow oven, which
melts the solder and bonds the components to the
PCB. After the soldering process, the PCB is trimmed
to remove any excess solder. The PCB is then cleaned
and inspected again. The next step is the assembly
process. In this step, the components that were not
soldered in the SMT process are added to the PCB.
These components include connectors, switches,
and other devices. The assembly process is followed
by the welding and wiring process. In this step, the
components that require welding or wiring are
connected to each other. The next step is the transformer
installation process. In this step, the transformer is
installed on the PCB and the final step the screw and
nut installation process. In this step, the screws and
nuts are installed to secure the components to the
PCB.

From Figure 2. As shown the manual soldering
process is a method of assembling electronic
components onto a printed circuit board (PCB) by
hand. The process is typically used for small-scale
production or for components that are too large or
complex to be soldered by machine.
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Figure 2 elding press using manual labors.

This research uses FlexSim version 19.1
manufacturing simulation software, a tool that allows
manufacturers to dynamically model manufacturing
processes and analyze their performance. This software
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plays an important role in identifying bottlenecks in
the manufacturing process and proposing solutions
to improve efficiency. It is noted that using FlexSim
version 19.1 software, the steps to analyze and improve
the efficiency of printed circuit board (PCB) manufacturing
are detailed as follows. First, comprehensive data on
the entire PCB manufacturing process, from raw
material input to finished products, is collected.
These data are an important input parameters for
the model, including: Machine and equipment data:
production capacity, rotational speed, setup time,
processing time, breakdown rate, and maintenance
time; Labor data: the number of employees working
at each station, work capacity, and work schedule;
Manufacturing process data: production steps (as
shown in Figure 1), cycle time, transportation time,
and inter-station storage space; Quality data: defect
or defect rate at each step (e.g., 64% quality rate in
the manual soldering process as shown in Table 1);
Cost data: labor cost, machine cost and the associated
investment costs (as shown in Table 3 and Table 5).
All of this information is essential to create a model
that reflects the reality of the original production
system before introducing improvements. Then, a
detailed digital model of the PCB manufacturing
process was created in the FlexSim environment (as
shown in Figure 3). This step is the heart of the process,
covering: Layout: Arrange the model of machines,
workstations, buffers and conveyor systems to match
the actual factory layout; Process Logic: Program or
set the logic of each workstation, workpiece movement,
process decisions and various working conditions,
such as detailed simulation of the SMT process
(workpiece feeding, inspection, soldering, cutting,
cleaning, assembly, welding, transformer installation,
screw and nut installation, labeling and quality control);

\ AND TEGHNOLGY

Parameter Input: Input the data collected in Step 1
into the model so that the model can work under
the actual conditions of the original system. Then,
when the model is completely created and configured,
a simulation is performed to evaluate the performance
of the current system and identify areas for
improvement. This process includes running a
Simulation: Simulate the operation of the production
line under the current conditions for a specified
period of time to collect performance data. Current
Status Assessment: Analysis of the performance data
of the manual soldering process before improvement
(as shown in Table 1) showed relatively low efficiency,
such as output of 471 pieces/day and quality rate of
64%, Solution Determination: Based on the analysis
of bottlenecks and desired goals (as shown in Table
2), improvement solutions were developed, such as
introducing a robotic automation system for the
solder soldering process. Finally, the improvement
approach obtained from the analysis was simulated
to assess the potential impact before the actual
investment. Post-improvement simulation: Create a
new simulation model that reflects the proposed
change, such as introducing 3 machines and 1 worker
in the welding process (as shown in Table 3).
Performance comparison: Compare the simulation
results between the original system and the improved
system by considering key indicators such as reduction
in number of workers, cycle time, daily output, and
cost (as shown in Table 4 Financial cost analysis:
Conduct a comprehensive financial analysis (as shown
in Table 5 and Table 6) using criteria such as net present
value (NPV), internal rate of return (IRR), adjusted
internal rate of return (MIRR), and discounted payback
period to confirm the attractiveness of the investment
and make a decision recommendation.
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Table 1 Manual soldering process: Before improvement.
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Before: Manual soldering process

Number of workers

OEE

Cycle Time (second/pieces)
Takt Time

Capacity [ Day (pieces)
Productivity (pieces)
Quality Rate (%)

Lay Out :

3

61.1

741
471
64

-

Labor costs (1 employee
15,000 baht/person/month)

30,000-45,000

Table 2 Problems that need to be fixed and improved 5 topics.

Problems that need to be fixed and improved

Labor Reduce production costs (reduce workers)
Production capacity Increase productivity

Quality -

Technology Welding robots are used in the production process.
Executive vision Reduce bottlenecks

Table 3 An automated approach designed for entrepreneurs to make investment decisions.

Directions: Add 3 machines and 1 worker (to control the work)

Number of workers 1

Number of machines (machine) 3

Cycle time (minute) 12.83

Productivity 797 pieces or 107.56%

Labor costs 15,000 baht/month, 180,000 baht/year

(15,000 baht/month/person)

Machinery costs (500,000

1,500,000 baht/year (excluding maintenance costs

baht/machine) for the first year and maintenance cost 10
percent/year: approximately 150,000 baht)

Total net for first 1 year 1,680,000 baht/year

Investment cost (8 baht/circuit board) 6,376 baht/day, 127,520/month or 1,530,240
baht/year

Payback period About 1 year 2 months
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Table 4 Comparison table before and after improvements.

\ AND TEGHNOLGY

Comparison table before and after improvements

Number of workers
Cycle time
Productivity

Number of pieces/days

Machinery costs
Labor costs

Labor cost + machinery

Investment cost
Profit/loss per year

Estimates for the first year

Payback period

There is no burden on machinery costs.

Labor costs

Machine maintenance costs -
Labor/machinery costs

Investment cost
Profit/loss per year
Payback period

Before After

3 persons 1 person + 3 machine

95 minutes 91 minutes

64 % 107.56 %

471 797

- 1,500,000 baht

540,000 baht/year 180,000 baht/year

540,000 baht/year 1,680,000 baht/year

904,320 baht/year 1,530,240 baht/year

364,320 baht/year -149,760 baht/year

7.17 month 1 year 2 months

540,000 baht/year 180,000 baht/year
150,000 baht/year

540,000 baht/year 330,000 baht/year

904,320 baht/year 1,530,240 baht/year

364,320 baht/year 1,185,240 baht/year

7.17 months 2.6 months

Table 5 Numerical data for deciding on investment in production improvement projects.

Project Numerical data
Investment value 1,500,000 baht
Investment period 5 years
The cost of money or the minimum rate of return 10%
desired to be earned.
NPV (Net Present Value) 11,514,525 baht
IRR (Internal Rate of Return) 87%
MIRR (Modify Internal Rate of Return) 61%
DPB (Discount Payback Period) 10 months

Table 6 Payback period calculation table

Payback Period Year Cash Flow (baht) Cumulative Cash Flow (baht)

0 (1,500,000) (1,500,000)
1 1,800,338.20 300,338

2 1,636,671.09 1,937,009

3 1,487,882.81 3,424,892

4 1,352,620.74 4,777,513

5 1,229,655.21 6,007,168

RESULTS AND DISCUSSION and maintaining quality standards. This can be

The results of the analysis are as follows: From
Table 2 Show the primary challenges to be addressed
are increasing production efficiency, reducing costs,

accomplished by integrating technology into the
production process and optimizing various operational
aspects. Aligning with management's vision, these
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improvements will help alleviate production
bottlenecks. From Table 3 Show an automated approach
to manufacturing, designed to improve efficiency
and reduce costs by introducing 3 machines and 1
worker to oversee the process, offers the following
improvements are reduced labor is significantly
reduced to just 1, leading to lower labor costs and
increased productivity by the cycle time has been
reduced to 12.83 minutes per piece, resulting in a
productivity increase of 107.56% get output increases
to 797 pieces. Whereas the initial investment in
machinery is higher, amounting to 1.5 million baht.
However, this is offset by reduced labor costs and
increased productivity the estimated payback period
for the investment is approximately 1 year and 2 months.
Table 4, a comparison is shown between the manual
soldering process before and after implementing
automation. The workforce has been significantly
reduced from 3 workers to 1, leading to significant
labor cost savings. The cycle time has decreased from
95 minutes to 91 minutes, resulting in a significant
productivity boost of 107.56%. The daily output has
increased from 471 pieces to 797 pieces. However,
the initial investment in machinery has increased the
overall cost. While the initial investment is higher,
the long-term benefits outweigh the costs. The
automated process offers a faster payback period of 1
year and 2 months compared to the previous 7.17
months. From Table 5 This table presents quantitative
data used to make investment decisions for production
improvement projects. Investment Value: 1, 5 m baht
the total amount of money required to invest in this
project. Investment Period 5 years. The estimated
timeframe for the return on investment. Cost of
Money or minimum desired rate of return 10% the
minimum expected rate of return from this investment.
NPV (Net Present Value) 1.15 m baht. The net present
value of the project, indicating its overall profitability.
A positive NPV suggests a worthwhile investment.
IRR (Internal Rate of Return) 87%. The internal rate
of return of the project, which is the rate at which
the net present value of the project becomes zero.
The higher the IRR, the more attractive the investment.
MIRR (Modified Internal Rate of Return) 61% An
adjusted version of IRR that considers the reinvestment
rate of cash flows. DPB (Discount Payback Period) 10
months. The time it takes for the project to recover
its initial investment, considering the time value of
money. From Table 6 Payback Period Calculation.
This table shows the cash flow generated each year
of the investment project and the cumulative cash
flow. It is used to calculate the payback period of the
project. In year O, there is an initial investment of
1,500,000 baht, resulting in a negative cumulative cash
flow. Subsequently, in years 1, 2, 3, 4, and 5, there is a
continuous inflow of cash, causing the cumulative cash
flow to gradually increase until it becomes positive.
Based on the table, the project can within 1 year, as
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the cumulative cash flow becomes positive in the first
year. This means that the initial investment in year 0
has been recovered.

The automation of the soldering process was
a clear success, increasing productivity by 107% (from
471 to 797 pieces/day), reducing production time from
95 to 91 minutes/piece, and reducing the number of
workers from 3 to 1. Despite the initial investment
of 1.5 million baht, the project was able to achieve
payback, within 1 year and 2 months and provided
a satisfactory financial return (NPV of 1.15 million
baht, IRR 87%), in line with the company's goal of
increasing efficiency, reducing costs, and maintaining
quality standards. This investment has proven to be
worthwhile in the long run and can serve as a model
for the development of other production processes.

CONCLUSIONS

The manual soldering process, as outlined in
Table 1, was inefficient, labor-intensive, and prone to
quality issues. The low productivity and high labor
costs were significant concerns. To address these
challenges, an automated approach was proposed.
As detailed in Table 3, this approach involves introducing
three machines and one worker to oversee the process.
This automation significantly reduces labor costs,
increases productivity, and improves product quality.
The initial investment, though substantial, is offset
by the long-term benefits. The financial analysis in
Table 5 indicates a strong positive NPV, high IRR, and
a short payback period, making the investment highly
attractive. Table 6 further confirms the rapid payback
period, with the initial investment recovered within
a year. By implementing this automated solution, the
company can enhance its manufacturing process,
reduce costs, and improve overall efficiency.
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ABSTRACT

This article presents a tensile testing method for elevator wire ropes to predict fatigue life using the Grey GM
(1,1) model, based on the relationship between applied force and the service life of the wire rope. The model is
constructed from testing data where forces are applied to the wire rope until failure or damage occurs. A
tensile testing machine for elevator wire ropes was designed and constructed, with a 5-meter-tall steel frame
structure. At the top, a driving machine consisting of a 7.5-horsepower motor was installed to pull a wire rope
with a diameter of 10 millimeters. One end of the wire rope is attached to the lift car, while the other is
connected to the counterweight, enabling two-level vertical movement. The tensile force simulation involved
adding masses of 350, 450, 550, and 650 kilograms, which moved up and down and stopped abruptly. The
peak tensile forces recorded in the wire rope were 3.641, 4.845, 6.666, and 7.873 kilonewtons, respectively. The
predicted fatigue life of the wire rope corresponding to these forces was 1,347,302; 927,853; 638,988; and
440,055 cycles. The results show that the fatigue life of the wire rope decreases as the tensile force increases.
Predicting the fatigue life of wire ropes is crucial for inspection and quality assessment of elevator ropes. It
allows for estimating wear over time in accordance with the Ministerial Regulation on Standards for Safety
Management, Occupational Health, and Working Environment concerning Machinery, Cranes, and Boilers B.E.
2564 (2021).

Keywords: Wire rope, Predict the fatigue life, Wear and tear over time

INTRODUCTION program to identify best practices for managing wire
rope to enhance safety and minimize elevator downtime
due to rope failures. Yuanpei et al. [19] developed a
finite element model of wire rope to study mechanical
properties such as stress and strain, contributing to
wire rope wear.

Bassir et al. [20] investigated the effects of
corrosion on wire rope by immersing it in sulfuric
acid and subjecting it to static traction tests to
predict lifespan for maintenance planning. Yuxing
[21] examined the friction and wear characteristics
of fiber core wire rope (6x19+FC structure) under
low-temperature environments, finding that the
friction coefficient increased as ambient temperature
decreased, peaking at 0.85 at -25°C, which could be
mitigated by oil lubrication.

Zhen et al. [22] explored tribo-fatigue
behavior by conducting bending fatigue tests on
wire rope. Their study revealed that the rope's
diameter decreased as bending fatigue increased,
leading to damage and fractures. Xiangdong et al,
[23] analyzed the sliding friction coefficient (COF),
discovering that wire rope surface wear exhibited
distinct patterns, including delamination, deep
grooves, and plastic deformation. These effects were

Wire ropes are essential equipment used for
lifting or pulling heavy loads in various industrial
applications, such as bridges, elevators, and mining
hoists [1-3]. During operation, friction and wear issues
arise due to differing contact conditions of the wire
rope [4, 5], leading to changes in its properties.
Damage may occur due to mechanical or environmental
factors, or a combination of both [6, 7], which
reduces performance and causes fractures [8, 9].
The complexity of wire rope wear accelerates its
degradation [10].

Furthermore, deteriorating wire ropes exhibit
increased elasticity, resulting in system vibrations
during operation [11], posing safety hazards to users
and workers [12]. Therefore, the efficiency and safety
of the wire rope are critically important. Ensuring
reliable elevator operation necessitates adherence
to safety standards [13-15] relevant to wire rope usage.
These standards cover requirements for design,
testing, installation, and maintenance [16, 17], ensuring
that wire ropes perform efficiently and safely.

For wire rope analysis techniques, Anil et al.
[18] analyzed elevator wire rope using the Ansys
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significantly influenced by sliding speed, which also
impacted the contact area of wire rope strands [24].

This study presents a tensile test of elevator
wire rope to predict the forces acting within the
wire rope. A Grey GM (1,1) model was developed to
identify the relationship between force and the
lifespan of the wire rope. This model aims to predict
fatigue life from usage, which is crucial for
inspecting and assessing the quality of elevator wire
rope to ensure that elevators operate safely and
efficiently.

MATERIALS AND METHODS
1 Structural design

The elevator wire rope tensile test machine's
structural design consists of a steel framework, with
a height of 5 meters. At the top, an elevator machine
(driving machine) is installed, which includes a 7.5
horsepower motor used to pull the wire rope with a
diameter of 10 millimeters. The ends of the wire rope
are attached to both the lift car and the counterweight
assembly, which moves up and down. There are two
levels: the first level is 0.6 meters above the ground,
the second level is 1.7 meters above the first, and the
distance from the second level to the motor mount
is 1 meter, as shown in Figure 1.

Driving machine

Lift car

/

Figure 1 Structural design for testing the strength
in the lift sling cable.

Wire rope Counterweight

2. Control system

The design of the control system for the lift
sling cable tensile testing machine is divided into
two parts: the power circuit and the control circuit.

2.1 The power circuit consists of a fuse,
which protects against short circuits and excessive
current in the electrical circuit, connected to a magnetic
contactor. A magnetic contactor is an electrical device
that opens or closes an electrical circuit through
magnetic control. It is used to control the operation
of an electric motor. The motor used is an AC three-
phase motor, which has advantages such as no
brushes, resulting in low friction loss, high power

\ AND TEGHNOLGY

factor, low maintenance, easy startup, relatively constant
speed, ease of construction, durability, low cost, and
high efficiency, as shown in Figure 2.

POWER CIRCUIT

) ]
Magngta \\{M—ag@?\o

Fuse2| |E ||:|
ul v|w

U1|Vv1|wi
s |

OTOR
3 ~

Figure 2 Motor power circuit.

CONTROL CIRCUIT

Fusel

_}L_I__ use3
i

Stop switch
Down S\.’\If’itch% K1 5 (!)
A N b/

Up valitdQ

Limnit switch1 Limnit switch2

K2

Magneticl
[K1]

K1
Magnetic2
[K2]

LEDZ?F

2.2 The control circuit consists of a fuse that
is connected to an overload relay (Overload Relay)
to disconnect the control circuit. This is a protective
device to prevent electrical equipment from
exceeding its capacity or to protect the motor from
damage when the current exceeds the rated load

Figure 3 Motor Control Circuit.
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capacity. It includes switches that command the lift
to move in two directions: the up switch and the
down switch. The movement will stop automatically
due to the limit switches installed on each floor.
However, in the event of an abnormality, a Stop
switch will halt the operation for safety. The status
of the operation is indicated by signal lights as
shown in Figure 3.

3. Design of measurement systems

3.1 Circuit design measurement Strain refers
to an object's deformation amount compared to its
original size. It is a fundamental principle used to
measure the strength of various materials, including
checking the strength of the lift's wire rope. This
ensures the safety and reliability of the lift system.
A strain gauge measures the elongation or contraction
of the lift's wire rope. It is attached to a metal bar
placed between the wire rope and the lift cabin, as
shown in Figure 4. When the motor pulls the wire
rope, it causes strain on the metal bar, leading to a
change in its shape, which also results in a change
in the resistance of the strain gauge.

(oo

 §

Figure 4 Attaching the strain gauge to the metal bar.

Test | Area | Max. Load | Tensile strength | Yield point | Yield strength
MNo. | mm? kN N/ mm? kN N/ mm?*

1 21.00 38.71 477585 26.18 323.21

2 122.72 63.55 57185 63.24 515.36

Figure 5 Results of the tensile test on a steel bar.

A metal bar is used instead of a wire rope,
since installing a strain gauge requires a smooth
surface for accurate strain measurements, and the
surface of a wire rope is not smooth, a metal bar is
used instead. The metal bar must have properties
that closely resemble the wire rope. The bar used
has been tested for tensile strength, which is 477.95
Newtons per square millimeter, as shown in Figure
5. The wire rope used is a right-hand ordinary lay
type with an 8xS (19) + FC construction, as shown in
Figure 6. The tensile strength of the wire rope is 482.92
Newtons per square millimeter, as shown in Figure 7.

\ AND TEGHNOLGY

Figure 6 Helical characteristics of 8xS (19) + FC wire
rope [25].

Test date : 10 February 2023
Test Temperature : 25 °C
Testing machine : Universal Testing Machine INSTRON 5590-HVL

Table 1 the results of tensile test of SLING Size 10.45 mm

Specimen T
Diameter (mm) 10.45
Cross sectional area (mm?) 85.77
Maximum tensile load (kN) 4142
Tensile strength (Nfmm?) 482.92

Figure 7 Results of the wire rope tensile test for Thailand
Institute of Scientific and Technological
Research (TISTR) Request No. R6600254.

. Q
R1 i
o
L
Strain Gage 2
L o >
=15
or
=
e
O
Vs
O- -0

(Input Voltage)
Figue 8 4 Wheatstone bridge circuit [26].

Measuring values from the strain gauge, to
measure the values obtained from a strain gauge, a
wheatstone bridge circuit is used [26] This circuit is
designed to determine unknown resistance values
by comparing them with standard known resistances.
It is particularly effective in converting small changes
in electrical resistance, as detected by the strain gauge,
into an output voltage. The process involves supplying
input voltage (referred to as excitation) to the circuit.
The output voltage is then measured based on changes
in resistance within the circuit. These changes are
caused by the strain gauge's response to deformation.
The resulting output is expressed in units of mV/V,
as illustrated in Figure 8.

From Figure 8 the governing equation [27]
can be derived as follows;
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_ R3 Ry
0= ( -
R{+R3 Ry+Ry

Ws (1)

By determining the stress value from the

resistance relationship when specified.R =F¢ [28].

4V,
£€=— (2)
Vin*AxF

When R is Resistor 1

is Resistor 2

N’

is Resistor 3
is Strain gauge signal
is Strain

&
V., is Output voltage

V. is Input voltage

F  is Gauge factor
A is Strain gauge circuit amplifier gain
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3.2 Specifications

The strain gauge used is the KFGS-5-120-C1-11
L1M2R model, which functions by changing the
electrical resistance that occurs when the material
to which the strain gauge is attached is stretched or
compressed. As the metal stretches or contracts, the
electrical resistance changes accordingly. This change
in resistance can be converted into strain values
using a Wheatstone bridge circuit, which has the
following characteristics.

- Electrical resistance

- Gauge factor

- Input voltage

- Amplification rate of the strain gauge

signal amplifier

3.3 Measurement system

The Wheatstone bridge circuit designed
from Figure 8 is connected to the JY-S60 amplifier,
which amplifies the signal as an analog signal. This
signal is then sent to the NI myRIO for processing
and recording results on a notebook computer, as
shown in Figure 9.

‘ Power supply 24 Volt ‘

Figure 9 Measurement system equipment.

To ensure accurate prediction analysis, it is
necessary to calibrate the strain gauge by applying
masses of 300, 400, 500, and 600 kilograms to the
lift car, which has a mass of 50 kilograms, as shown
in Figure 10. The strain gauge readings in the form
of voltage signals are presented in Table 1.

The values from Table 1 are plotted in a graph,
as shown in Figure 11.

From Figure 11 a linear equation can be derived,
which consists of the slope of the graph multiplied
by the measured value, plus a constant. This linear
equation should be implemented as a function in

LabVIEW to convert the voltage readings into weight
measurements.

3.4 The wire rope material used for securing
and lifting.

The wire rope used for securing and lifting
measurement equipment complies with the standards
and requirements of ISO 4344 for passenger elevator
applications. It meets the specified safety requirements
and experimental conditions to simulate real
operational scenarios. A pulley with a 10-millimeter
groove diameter is used to securely hold the wire
rope, ensuring firm adhesion and preventing slippage
during sudden stops, as shown in Figure 12.
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Table 1 Strain gauge calibration.

Mass (kilograms)

350 450 550 650
1406 1.660 2.095 2.354
1416 1694 2.031 2.334

Voltage (Volts)

1440 1.694 2.065 2.295

Average | 1421 1.683 2.064 2.328

Mass (kilograms) Calibartion

700
650
600
550
500
450
400
350

300
14 1.6 18 2 2.2 24
Voltage (Volts)

Figure 11 Strain gauge calibration.

Figure 12 Installation characteristics of the strain
gauge, steel rod, and wire rope.

3.5 Testing method
In the test, the movement of the elevator will
be controlled to oscillate vertically the same number
of times, with a sudden stop at each instance. This
Figure 10 Calibration of the strain gauge with added  js done to determine the maximum force exerted on
mass in the lift car 300 kg (a), 400 kg (b),  the wire rope by measuring the strain on the material.
500 kg (c), and 600 kg (d). A constant weight is added as a load applied during
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testing. During the sudden stop, the elevator car
carrying the weight will be halted at the midpoint
of the elevator shaft to induce tension or shock force
on the wire rope.

RESULTS AND DISCUSSION

1. Gray GM model (1.1) The Grey Model can
process complex geometric structures, mechanical
models, and external conditions that affect the
fatigue lifespan of wire ropes. It helps reduce the
difficulty in calculating reliable predictions of the
wire rope's lifespan [29-32]. The traditional form of
the GM (1,1) equation is defined as follows.

xOk) +azM (k) =b (3)

Where x"” (k) is the initial sequence, X" (k)
is the first accumulated sequence, 5 is the
developing coefficient, b is the gray action quantity

,and 2" (k) is the background value. This is achieved
using the sequence of average values and calculating
the derivative of the data sequence.

The values of 3 and b can be obtained using

the least squares method for the GM (1,1) model as
follows.

;] = BB (4)
When
x(©)(2) —-zMW©2) 1
x(o) n) —z(l)(3) 1

The calculation of the background value is
fundamentally the area enclosed by the curve of the
approximation and the axes, approximated using

trapezoidal areas x" (t) along the x-axis [k —1,k]

and the y-axis . Due to significant errors in this
method, improvements have been made, and
equation (5) is referred to as the whitenization
equation. It can be rewritten as follows.

fk dx ™ (k)
k

k
dt + af xW(t)dt
- dt k-1

=b [ D ©)Pdt (6)

By rearranging the equation it can be expressed
as follows.

xO3) +a )
k
=b /[ _

L xD(0)dt
LD (@)@ de (7)
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Thus, the calculation Zm(k) by solving the

k
integral, the accuracy can be enhanced. I x® (t)dt
k-1
can enhance the accuracy of the background value
estimation. This, in turn, improves the precision of
predicting the fatigue life of the wire rope using the
Grey Model GM (1,1). The Newton-Cotes formula is
applied to compute the integral.

C = %[7f(x0) +32f (x1) + 12f (xp)+..

w32 (x3) + 71 (x4)] (8)

Whenx, =a+kh,h=(b—a)/4,a=
k — 1,b = k is applied, the background value is
given by.

b—
zW(k)=C = W[ﬁ (xo) +32f (x1)+..

o H12f(x2) + 321 (x3) + 7 (x4)] (9)

The process of predicting the fatigue life of
wire ropes under tensile force is arranged in
ascending order. The GM (1,1) gray model is
constructed based on the original sample age data
of the wire rope from Table 2, which was obtained
from testing the forces affecting the wire rope's
usage. The values of a and b are determined to
predict the next fatigue life.

Table 2 Experimental results on the service life of
wire ropes from fatigue testing machine [33].

Tension load (kN) N 4 (cycle)
S=15 57702
S=20 34986
S=25 32608
S$=30 25672

2. Experimental Results in this study a
simulation of the tensile load on elevator wire ropes
was conducted by increasing the mass to 350, 450,
550, and 650 kilograms, allowing vertical movement
up and down and then stopping abruptly to record
the maximum force exerted on the wire rope as
shown in Table 3. The obtained force values were
then used to predict the fatigue life of the wire rope
using the Grey Model GM (1,1). The results indicate
that as the tensile force applied to the wire rope
increases, its fatigue life decreases accordingly. For
example, when the tensile force values were 3.641,
4.845, 6.666, 7.873, 9.00, 10.00, and 15.00 kN, the
predicted fatigue life cycles of the wire rope were
1,347,302, 927,853, 638,988, 440,055, 303,054,
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208,689, and 143,740, respectively, as shown in
Figure 13 and summarized in Table 4.

Table 3 Testing of maximum force generated from
weight in each experiment.

Mass Force Testing from Weight (N)
(kg) 1 2 3 4  Average
350 3,503 3,639 3,693 3,729 3,641
450 4,879 4,744 4924 4834 4,845
550 6,706 6,796 6,503 6,661 6,666
650 8,059 7833 7856 7743 7,873
14 7><105 Prediction of wire rope fatigue life

120 |

D10+ ""‘.

s

o 8 \

= \

S 6

2 \
ol m\ﬂ_% = Predicted values]|
0 R ———

0 0.5 1 1.5 2 2.5 3 3.5
Force (N) «104
Figure 13 Prediction of wire rope fatigue life.

Table 4 Predicted Fatigue Life of Wire Rope under
Tensile Load.

Tension (kN) Fatigue life (cycle)
3.641 1,347,302
4.845 927,853
6.666 638,988
7.873 440,055

9.00 303,054

10.00 208,689

15.00 143,740
CONCLUSIONS

This research simulates the tensile load on
elevator wire ropes by increasing the weight, moving
up and down, and then stopping suddenly to determine
the maximum force exerted on the wire rope during
operation. The obtained data is used to predict the
fatigue life of the wire rope. The study indicates that
as the force applied to the wire rope increases, its
fatigue life decreases [34-36]. Repeated tensile
loading over a long period causes deterioration of
the wire rope, requiring more frequent replacements.

\ AND TEGHNOLGY

When the wire rope reaches its lifespan limit, it may
lead to damage [37-39]. From tensile tests with
forces of 3.641, 4.845, 6.666, 7.873, 9.00, 10.00, and
15.00 kilonewtons, the corresponding fatigue lives
of the wire rope were found to be 1,347,302; 927,853;
638,988; 440,055; 303,054; 208,689; and 143,740
cycles, respectively. It is essential to predict the
lifespan of the wire rope in advance for maintenance
planning. the wire rope is lifespan for maintenance
planning or selecting an appropriate wire rope size.
These measures must comply with the Ministerial
Regulation on Safety Management, Occupational
Health, and Working Environment for Machinery,
Cranes, and Boilers, B.E. 2564 (2021) [40], as well as
other relevant standards [41-43].
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ABSTRACT

Mass concrete structures that have been deteriorated are typically attributed to shrinkage or thermal deformation.
However, there is another type of cracking that has been found whose crack patterns have been considered
to be the result of alkali-silica reaction (ASR) and/or delayed ettringite formation (DEF) that occurred in
heat-steam cured in massive concrete structures when the initial temperature during the hydration process
exceeds 70 °C. It is generally believed that fly ash has played an important role in increasing the durability in
concrete. This study investigates the effects of fly ash on the compressive strength and expansion of mortar
specimens subjected to ASR and/or DEF and water absorption in mortar specimens. Mortar samples were
prepared using Portland cement Type III with 20% replacement of Class F fly ash, some specimens contained
reactive aggregates as silica sand through a replacement of 30 wt% of river sand. Sodium sulfate was added
(4%wt SOs addition). Some specimens were exposed to an elevated temperature curing at early age to induce
ASR and accelerate DEF. Compressive strength and length change were measured over 200 days. Results
indicate that fly ash effectively mitigated ASR expansion but had a limited impact on DEF. Samples exposed
to both ASR and DEF conditions exhibited essential expansion and rapid reduction of compressive strength
when reactive aggregate and sodium sulfate were used. This research provides insights into the complex
interactions between fly ash, ASR, and DEF in cementitious systems, with implications for improving
concrete durability in aggressive environments.

Keywords: Fly ash, Alkali-silica reaction, Delayed ettringite formation, Compressive strength, Expansion

INTRODUCTION followed by the formation of an alkali-silica gel that
absorbs water and expands [3]. Recent studies have
focused on the role of calcium in the ASR mechanism.
Gaboriaud et al. (1999) proposed that calcium plays
a crucial role in forming expansive products, suggesting
that the interaction between calcium and the alkali-
silica gel is essential for understanding ASR kinetics [4].
This finding has implications for using supplementary
cementitious materials like fly ash, which can modify
the calcium content in the pore solution. Various
factors, including the reactivity of aggregates, alkali
content of cement, environmental conditions, and
the presence of supplementary cementitious materials
influence the progression of ASR. Lindgard et al. (2012)
conducted a comprehensive review of factors affecting
ASR in concrete, highlighting the complex interplay
between material properties and environmental
conditions [5].

Concrete is one of the most widely used
construction materials worldwide due to its versatility,
strength, and relatively low cost. However, the long-
term durability of concrete structures can be
compromised by various degradation mechanisms,
including alkali-silica reaction (ASR) and delayed
ettringite formation (DEF) as shown in the bridge
foundation in Thailand shown in Figure 1. These
phenomena can lead to expansive reactions within
the concrete matrix, resulting in cracking, loss of
strength, and ultimately, reduced service life of
structures [1].

ASR is a complex chemical process between
reactive silica in aggregates and alkali hydroxides in
the concrete pore solution. The reaction produces an
expansive gel that can lead to cracking and deterioration
of concrete structures[2]. The mechanism of ASR
involves the dissolution of silica by hydroxyl ions,
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Figure 1 Cracking of the bridge foundation in Thailand.

DEF, conversely, is associated with the
decomposition and subsequent reformation of ettringite
in concrete subjected to high curing temperatures,
leading to expansion and cracking in mature concrete
[6]. The mechanism of DEF involves the decomposition
of ettringite at temperatures higher than 70 °C, the
incorporation of sulfate ions into the C-S-H gel, and
the gradual release of these sulfates over time, leading
to the delayed formation of ettringite in the hardened
concrete matrix [7]. Recent research by Brunetaud
et al. (2007) has provided insights into the kinetics
of DEF, demonstrating that the expansion process
occurs in three phases: induction, acceleration, and
stabilization [8]. The factors influencing DEF include
curing temperature, cement composition (particularly
C3A and sulfate content), and exposure conditions.
Ramlochan et al. (2003) investigated the effect of
supplementary cementing materials on DEF, finding
that their effectiveness depends on both chemical
and physical factors [9].

However, ASR and DEF have been extensively
studied individually, their potential interaction in
concrete systems is less well understood. Bérubé et al.
(2002) investigated the combined effects of ASR and
DEF, suggesting that the presence of one mechanism
may influence the development of the other [10]. They
observed that concrete affected by both ASR and DEF
exhibited more severe deterioration than concrete
affected by either mechanism alone. Recent work by
Sriprasong et al. (2020) has shed light on the synergistic
effects of ASR and DEF, demonstrating that the presence
of ASR can accelerate the onset of DEF expansion [11].
This finding highlights the importance of considering
multiple degradation mechanisms when assessing
concrete durability.

Using supplementary cementitious materials
(SCMs) such as fly ash has been widely recognized
as an effective method to mitigate ASR in concrete [12].
Fly ash, a by-product of coal combustion in power
plants, is known to reduce the available alkalis in the
pore solution and modify the composition of the
calcium silicate hydrate (C-S-H) gel, thereby limiting
the potential for expansive reactions [13]. While the
effects of fly ash on ASR have been extensively studied,
its impact on DEF and the potential interaction between

\ AND TEGHNOLGY

ASR and DEF in the presence of fly ash are less well
understood. This knowledge gap is particularly
significant given that concrete structures may be
simultaneously exposed to conditions that promote
both ASR and DEF, such as in mass concrete elements
or precast concrete products subjected to heat
treatment [9]. Recent research by Owsiak (2010) has
explored the combined effects of fly ash on both
ASR and DEF, suggesting that the optimal fly ash
content for mitigating both mechanisms may differ
from that required for ASR alone[14]. This finding
underscores the need for further investigation into
the role of fly ash in complex degradation scenarios.

The present study aims to investigate the
relationship between compressive strength and
expansion in mortar specimens subjected to conditions
promoting ASR and/or DEF, focusing on the mitigating
effects of fly ash. By examining various combinations
of reactive aggregates, sulfate addition, and high-
temperature curing, this research provides a
comprehensive understanding of the complex
interactions between these degradation mechanisms
and the role of fly ash in enhancing concrete durability.
The significance of this study lies in its potential to
inform the development of more resilient concrete
mixtures capable of withstanding multiple degradation
mechanisms. As infrastructure ages and environmental
conditions become more aggressive due to climate
change, the need for durable concrete that can resist
both ASR and DEF becomes increasingly critical [15].

This research addresses the effect of fly ash
in mitigating ASR and DEF and its combination in
different situations on expansion and attendant
damage in mortar, focusing on the influence of SO3
with chemicals to add sulphate ions to the pore
solution. Fine reactive aggregates (silica sand) were
used to initiate ASR. The internal damage due to the
expansion was characterized by correlation with
the compressive strength. Hence, ASR and DEF are
consistently examined, combining high temperature
at early ages, addition of alkali sulphates, and reactive
aggregate. In this study, High-early-strength Portland
cement type Il (HPC) is used, which is often used in
laboratory test because it has a higher CsA, which
could accelerate ASR due to a higher alkali, while high
SOs in HPC has an effect to DEF. It is generally believed
that using fly ash reduces the alkalies in cement, which
means it can inhibit the risk of ASR and possibly also
the risk of DEF.

MATERIALS AND METHODS
Research design

This study employs a quantitative experimental
design to investigate the effects of fly ash on the
compressive strength and expansion of mortar
specimens subjected to conditions promoting alkali-
silica reaction (ASR) and/or delayed ettringite formation

©2025 Institute of Research and Development, RMUTT, Thailand

J Appl Res Sci Tech 2025;24(3):261627

i

DOI: 10.60101/jarst.2024.261627



https://ird.rmutt.ac.th/
https://doi.org/10.60101/jarst.2024.261627

JOURNAL OF

APPLIED RESEARGH ON SCIENCE

(DEF). The research design allows for systematically
manipulating key variables, including aggregate
reactivity, sulfate content, and curing temperature,
to isolate and examine the individual and combined
effects of ASR and DEF.

Materials

Porland Cement: Type III (HPC) conforming
to ASTM C150 was used as the primary binder. The
chemical composition of HPC is given in Tablel.
Type Il cement was chosen due to its higher early
strength and heat of hydration, which can accelerate
ASR and DEF processes, allowing for the observation
of these phenomena within the study timeframe.

Table1l The chemical composition of the Portland
Cement type Il used in this study.

Chemical composition %by weight
Calcium Oxide (CaO) 65.07
Silicon Dioxide (SiO3) 20.74
Aluminum Oxide (Al,03) 5.03
Iron Oxide (Fe,03) 3.02
Magnesium Oxide (MgO) 2.78
Titanium Dioxide (TiO2 0.18
Sulphur Trioxide (SO3) 1.95
Potassium Oxide (K20) 0.18
Sodium Oxide (NaxO) 0.35
Loss on Ignition (ig. loss) 0.7

Fly Ash: Shehata and Thomas (2000) suggested
that fly ash could mitigate ASR, especially fly ash
with class F [12]. Thus, fly ash from the BLCP Power
Plant in Rayong, Thailand, which was class F, similar
to the report of Shehata and Thomas (2000) was
used as a partial replacement for cement.

Aggregates: This study used two types of fine
aggregates: 1) Natural river sand passing through a
No.50 sieve (0.30 mm opening) as the non-reactive
aggregate. 2) Reactive silica sand passing through a
No.60 sieve (0.25 mm opening) was used to promote ASR.

Chemical Admixtures: Sodium sulfate (Na,SO4)
was used to increase the sulfate content in selected
mixtures, promoting DEF as per the methodology
described [9]. In a previous study, Escadeillas et al.
(2007) [16] and Zhang et al. (2002a) [17] suggested

Table 2 Mortar Mixture Proportions.
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that high SO content in cement and SO3/Al,O3 molar
ratio could be a significant factor for DEF. In the
absence of SOs, there can be no ettringite. However,
ettringite (not monosulphate) can be present at the
end of the heat treatment in the presence of much SOs.
On the other hand, in the absence of Al,0s, ettringite
is not present again. However, if Al,Osis higher,
monosulphate (not ettringite) can be present. Taylor
et al. (2001) indicated that the pessimum of SOs is
trending to increase with the content of Al,Os; thus,
this will suggest a pessimum of the SO; | Al,O3 ratio
[7]. Zhang et al. (2002b) have studied the expansions
for the mortar specimens made from SOs [ Al,O3
molar ratios in the range between 0.80-1.40 [18].
The results indicate that the maximum expansion
occurs with the molar ratio of about 1.00, and no
expansion was observed when the molar ratio is
lower 0.80. Zhang et al. (2002b)'s also defined a DEF
Index for the expansion as shown in Eqn. 1-1 and
suggested that there is no expansion when DEF
index (calculated from Eqn. 1-1) is lower than 1.1
while the expansion can be observed when DEF
index is above 1.1 [18].

Eqn.1-1

SO3

DEFIndex = (Al o
2Y3

). % [(SO3I§3A)b] x \/Naz0¢q

where; (SOs3 [ Al203), is the molar ratio of SO3
to Al,O3 of the cement,
(SO3+ C3A)pis the combination of SOs and
C3A %wt in the cement
/Na,0cq is the square root of Na2Oeq %Wt in
the cement.

Mixture proportions

The amount of water can be found according
to the flow table test method (ASTM C230/C230M).
The flow test result suggests the water-to-cement ratio
is equal to 0.83 Six mortar mixtures were prepared
with a water-to-binder (cement + fly ash) ratio of 0.83.
The mixture proportions are detailed in Table 2. The
mixture IDs are interpreted as follows: FA contains
fly ash, NS is no sulfate addition, S is sulfate addition,
NR is no reactive aggregate, R contains reactive aggregate
(silica sand), T cured at room temperature, and 90
subjected to 90°C heat treatment.

Mixture ID Cement (%) Fly Ash (%) River Sand (%) Silica sand (%) (% of cell\i?;fl?:/veight)
FA_NSR_T 80 20 70 30 0
FA_NSR_90 80 20 70 30 0
FA_SNR_T 80 20 100 0 4
FA_SNR_90 80 20 100 0 4
FA_SR_T 80 20 70 30 4
FA_SR_90 80 20 70 30 4
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Specimen preparation

Mortar specimens were prepared according
to ASTM C109 for compressive strength testing (50
mm cubes) and ASTM C1260 for expansion testing
(25x25x285 mm prisms). The mixing procedure
followed ASTM C305.

Curing regimes

In order to accelerate the DEF effectively,
the temperature history was adapted based on the
work of Famy (1999) and Famy et al. (2001) as shown
in Figure 2. A set of specimens suffixed by_90 were
cured for four hours under sealed conditions at 30
°C soon after casting, and then exposed to 90 C for
twelve hours with a temperature gradient of 30
°C/hr. Subsequently, the temperature was gradually
reduced to 30 °C over four hours, the specimens
were kept at 30 °C for another two hours, and finally
the seal and mould of the specimens were removed.
Another set of specimens, suffixed by _T, were cured
at 302 °C (room temperature) for twenty-four
hours under sealed conditions.

100

80 1

60 1

40 |

TEMPERATURE (0OC)

20 A

0

0 Eli ]IZ 1‘8 24
AGE (HOUR)
Figure 2 Curing regimes at early age to accelerate DEF.

After the initial curing period, all specimens

0.400
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were submerged in water at 30 + 2°C, As the DEF
expansion rate may be retarded when the pH in the
pore solution rises due to leaching [19, 20] the water
used to submerge the specimens needs to be changed
every four weeks.

Testing procedures

Expansion measurements: length change
measurements were conducted on mortar prisms at
7,14, 28, 56, 100, 150, and 200 days using a digital
length comparator with a precision of 0.001 mm,
following the procedure outlined in ASTM C1260.

Compressive strength testing: compressive
strength tests were performed on mortar cubes at 7,
14, 28, 56, 100, 150, and 200 days using a hydraulic
press under ASTM C109.

Data analysis: The results are reported by
averaging the measured values of three specimens
for each type of mix proportion and curing condition.
The expansion and compressive strength data were
analyzed using descriptive statistics and graphical
methods to identify trends and relationships. The
effects of fly ash, sulfate addition, reactive aggregates,
and curing temperature on expansion and strength
development were evaluated by comparing the
different mixture designs. The relationship between
expansion and compressive strength was examined
using regression analysis to test the hypothesis of a
non-linear relationship and to identify potential
threshold values for critical expansion related to the
higher expansion that might occur when the
compressive strength is suddenly reduced.

RESULTS AND DISCUSSION

1. Results

1.1 Expansion measurements

The expansion measurements for all mortar
mixtures over the 200-day test period are presented
in Figure 3.

0.350

0.300

(%)

0.250
0.200
0.150

EXPANSION

0.100
0.050

--k--FA_NSR_T
—a—FA_NSR_90
FA_SNR_T
—s—FA_SNR_90
--o--FA_SR_T

—e—FA_SR_90

0.000 T

150 200

TIMES (DAYS)
Figure 3 Expansion of mortar specimens over time.
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The expansion results reveal several key trends
as follows: 1) mixtures subjected to high-temperature
curing (90°C) consistently showed higher expansion
compared to their room-temperature counterparts,
2) the addition of sodium sulfate resulted in increased
expansion, particularly when combined with high-
temperature curing, 3) mixtures containing reactive
aggregates (R) exhibited higher expansion than those
without, indicating the occurrence of ASR, 4) the
combination of reactive aggregates, sulfate addition,
and high-temperature curing (FA_SR_90) produced

\ AND TEGHNOLGY

the highest expansion, reaching 0.352% at 200 days,
and 5) mixtures without reactive aggregates or sulfate
addition (FA_NSR_T and FA_NSR_90) showed the
lowest expansion, suggesting that fly ash was effective
in mitigating ASR when other promoting factors were
absent.

1.2 Compressive strength results

The compressive strength results for all mortar
mixtures over the 200-day test period are presented
in Figure 4.
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Figure 4 Compressive strength of mortar specimens over time.
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Figure 5 Relationship between expansion and compressive strength.

The compressive strength results reveal the
following trends: 1) most mixtures showed an increase
in strength up to 100 days, followed by a plateau or
decline, 2) mixtures subjected to high- temperature

curing initially developed higher strengths but showed
more pronounced strength loss at later ages, 3) the
addition of sodium sulfate (S) resulted in higher early-
age strength but led to more significant strength loss
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over time, particularly when combined with high-
temperature curing, 4) the mixture with both ASR and
DEF promoting factors (FA_SR_90) exhibited the most
dramatic strength loss, dropping from a peak of 32.94
MPa at 100 days to 13.60 MPa at 200 days, and 5)
mixtures without reactive aggregates or sulfate addition
(FA_NSR_T and FA_NSR_90) maintained relatively
stable strength throughout the test period.

1.2 Relationship Between Expansion and
Compressive Strength

The relationship between expansion and
compressive strength for all mixtures is illustrated
in Figure 5 Key observations from this analysis include:

e A general inverse relationship between
expansion and compressive strength is evident, with
higher expansion associated with lower strength.

¢ The relationship appears non-linear, with
a more rapid decline in strength observed beyond
an expansion threshold of approximately 0.10%.

e Mixtures subjected to both ASR and DEF-
promoting conditions (FA_SR_90) show the most
pronounced negative correlation between expansion
and strength loss.

e Mixtures with only fly ash and no promoting
factors for ASR or DEF (FA_NSR_T and FA_NSR_90)
exhibit minimal expansion and maintain relatively
stable strength.

These results provide insights into the complex
interactions between fly ash, ASR, and DEF, and their
combined effects on mortar expansion and strength
development. These findings have implications for
understanding the durability of cementitious systems
exposed to multiple degradation mechanisms and
the role of fly ash in mitigating these effects.

2. Discussion

The results of this study provide valuable
insights into the complex interactions between fly
ash, alkali-silica reaction (ASR), and delayed ettringite
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formation (DEF) in cementitious systems. The following
discussion interprets these findings in the context of
the research questions and existing literature.

2.1 Effectiveness of Fly Ash in Mitigating ASR
and DEF

The expansion results demonstrate that fly
ash effectively mitigated ASR expansion, particularly
without other promoting factors. This is evident in
the low expansion values observed for mixtures
FA_NSR_T and FA_NSR_90, which contained fly ash
but no reactive aggregates or added sulfates. This
finding is consistent with previous research [12].
who reported significant reductions in ASR
expansion with fly ash. The ASR detection via ASR
detection kit, as shown in Figure 6, suggests a tiny
amount of ASR gel (green gel) around the reactive
aggregate (red aggregate).

50
mm | ¥

50 mm

I I
450 560 640 720 800

Figure 7 Left: Backscattered electron image (cracks inside aggregate) Right: Results of qualitative analysis

using EDS.
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However, the effectiveness of fly ash in
mitigating DEF-induced expansion appears to be more
limited. Despite fly ash, mixtures containing added
sulfates (FA_SNR_T and FA_SNR_90) exhibited higher
expansion than their non-sulfate counterparts. This
observation aligns with Ramlochan et al. (2003) [9],
who noted that higher quantities of fly ash might be
necessary to mitigate DEF compared to ASR effectively.
The results suggest that while the 20% fly ash
replacement used in this study was beneficial in
reducing ASR expansion, it may not have significantly
mitigated DEF under the aggressive conditions created
by sulfate addition and high-temperature curing. This
highlights the importance of considering the specific
degradation mechanisms and exposure conditions
when determining optimal fly ash content for durability.

Moreover, there is no gaps around the aggregate
which it possibly suggests to ettringite or cracks in
the cement paste. At the same time, the EDS analysis
also indicated that there is low silica (Si) in the
specimens, which can ensure that fly ash could reduce
the occurrence of ASR according to Figure 7 that were
observed by polarizing microscope by SEM-EDS
analysis. Figure 8 shows a specimen containing fly
ash (red line) and a specimen without the replacement
of fly ash (blue line). The position (26 angles) and
intensities of the peak provide information about
the spacing between the lattice planes and the
abundance of different crystallographic forms present
in the sample, which means the specimens that contain
fly ash could have a higher percent crystallinity and
also a higher crystal perfection according to a peak
width. From this perspective, it can be suggested that
the higher compressive strength and lower expansion
have occurred due to fly ash, which led to a gap
fulfillment before the occurrence of ASR.

2.2 Relative Contributions of ASR and DEF to
Expansion and Strength Loss

The expansion and strength data reveal distinct
patterns for specimens subjected to conditions
promoting ASR, DEF, or both mechanisms simultaneously.
Mixtures containing reactive aggregates (FA_SR_T and
FA_SR_90) showed higher expansion than those
without, indicating the occurrence of ASR. However,
the addition of sulfates and high-temperature curing
(FA_SNR_90 and FA_SR_90) resulted in even greater
expansion, suggesting a significant contribution from
DEF.

The expansion was higher in the presence
of a reactive aggregate and added sulphate (FA_SR_90),
which might be due to the high curing temperature
initiating ASR, while the subsequent reaction occurs
later in moist curing conditions [21]. Without a
reactive aggregate, the larger expansion of
FA_SNR_90 than FA_SNR_T at 200 days was likely
due to ettringite formation at a later age. Usually,
when sulphate is added, alkali content is exposed to
a high temperature (over 70 °C) at an early stage, DEF
is more likely to occur [7]. Even at 200 days, a
continued expansion is evident from the DEF
requiring more time to complete the reaction [22].

In the specimens that exhibited a significant
expansion, there was a steeper slope from a gradual
degradation of compressive strength in FA_SR_T
compared to the slope of FA_SNR_90 and FA_SR_90,
which gradually increased at the beginning and
rapidly reduced at a later age. The gradual degradation
in FA_SR_T indicates that K,SO4 and reactive aggregate
cause ASR expansion and subsequent damage at the
initial stage due to ASR gel that produces an internal
tensile strength and easily affects ASR as a reduction
of the modulus [23].
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In the specimens coupled with ASR and DEF
(FA_SR_90), the ASR acceleration at the initial stage
from the elevated temperature can immediately
reduce compressive strength development and early
expansion. The subsequent damage and rapid expansion
at later stages might be caused by DEF, which likely
results from a lowered pH by ASR occurrence.

Alternatively, the increased slope for FA_SNR 90
at the initial stage might be due to the accelerated
hydration from an increased curing temperature
[24]. At later stages, the slope of FA_SNR_90 starts to
fall sharply when the expansion reaches approximately
0.18%, which might be due to the occurrence of DEF
leading to a rapid reduction of the compressive
strength.

2.3 Expansion and Strength Development
Patterns

This study's expansion and strength
development patterns reveal complex interactions
between ASR, DEF, and fly ash over time. The non-
linear relationship between expansion and compressive
strength, particularly evident in mixtures subjected
to both ASR and DEF conditions (FA_SR_90), supports
this study's fourth hypothesis (H4). This non-linear
relationship suggests the existence of a threshold
expansion value beyond which strength loss accelerates
rapidly.

For the FA_SR_90 mixture, this threshold
appears to be around 0.2% expansion, corresponding
to the 56-day measurement. After this point, the
rate of strength loss increased dramatically, with
compressive strength dropping from 31.51 MPa at
56 days to 13.60 MPa at 200 days. This observation
is consistent with the findings of Bérubé et al. (2002),
who reported accelerated strength loss in concrete
affected by both ASR and DEF once a critical level of
expansion was reached.

The time-dependent nature of ASR and DEF
development is also evident in the results. In mixtures
prone to both mechanisms (FA_SR_90), expansion
occurred more rapidly in the early stages (up to 56
days) compared to DEF-only mixtures (FA_SNR_90).
This suggests that ASR may have dominated the early
expansion, with DEF contributing more significantly
to later stages. This observation supports the fifth
hypothesis (H5) and aligns with the work of
Biangam et al.(2012), [25] who noted that the
relative contributions of ASR and DEF to concrete
deterioration can vary over time.

2.4 Implications for Concrete Durability

The findings of this study have several important
implications for concrete durability in environments
where both ASR and DEF are potential concerns:

1) Fly ash effectiveness: While 20% fly ash
replacement effectively mitigated ASR expansion,
controlling DEF under aggressive conditions may
not be sufficient. This suggests higher fly ash contents
or combinations with other supplementary cementitious
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materials may be necessary for comprehensive durability
enhancement.

2) Synergistic effects: The severe deterioration
observed in specimens subjected to both ASR and
DEF highlights the need to consider potential synergistic
effects when assessing concrete durability. Designing
for resistance to a single degradation mechanism may
not be sufficient in complex exposure environments.

3) Early-age thermal management: The
significant impact of high-temperature curing on DEF
development underscores the importance of careful
thermal management in precast concrete production
and mass concrete placement. Limiting maximum
curing temperatures and controlling cooling rates
may be critical for long-term durability.

4) Long-term monitoring: The delayed nature
of DEF-induced expansion and strength loss emphasizes
the need for extended monitoring periods in durability
studies and in-service structures. Standard 28-day
tests may not capture the full extent of potential
deterioration in systems prone to DEF.

5) Mixture optimization: The complex
interactions between fly ash, ASR, and DEF observed
in this study suggest that optimizing concrete mixtures
for durability may require a more nuanced approach.
Balancing the mitigation of multiple degradation
mechanisms while maintaining desired early-age
properties presents a significant challenge for concrete
technologists.

2.4 Limitations and Future Research Directions

While this study provides valuable insights
into the interactions between fly ash, ASR, and DEF,
several limitations should be acknowledged:

1) Limited fly ash content: Only one fly ash
replacement level (20%) was investigated. Future
studies should explore a range of fly ash contents to
determine optimal levels for mitigating both ASR
and DEF.

2) Single fly ash source: The study used Class
F fly ash from a single source. Different fly ash
compositions may yield varying results, warranting
further investigation.

3) Mortar vs. concrete: The use of mortar
specimens, while allowing for accelerated testing,
may not fully represent the behavior of concrete under
field conditions. Validation studies using concrete
specimens are recommended.

4) Laboratory conditions: The controlled
laboratory environment may not accurately reflect
the variability of field exposure conditions. Long-term
field studies would provide valuable complementary
data.

5) Limited duration: While the 200-day test
period captured significant deterioration, even
longer-term studies may reveal additional insights
into the progression of ASR and DEF.
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Based on these limitations and the findings
of this study, several directions for future research are
proposed:

1) Investigate the effectiveness of higher fly
ash contents and combinations with other supplementary
cementitious materials in mitigating combined ASR-
DEF deterioration.

2) Explore alternative test methods that can
differentiate between ASR and DEF-induced expansion,
such as microstructural analysis techniques.

3) Conduct parallel studies using concrete
specimens to validate the mortar bar results and
assess the impact of coarse aggregates on ASR-DEF
interactions.

4) Develop and validate numerical models
to predict long-term concrete performance under
combined ASR-DEF conditions, incorporating the
effects of fly ash and other mitigation strategies.

5) Investigate the potential for developing
performance-based specifications that address
multiple degradation mechanisms simultaneously,
moving beyond single-parameter durability criteria.

CONCLUSIONS

This study investigated the effects of fly ash
on the compressive strength and expansion of mortar
specimens subjected to conditions promoting alkali-
silica reaction (ASR) and/or delayed ettringite formation
(DEF). The key findings can be summarized as follows:

1) The 20% fly ash replacement used in this
study effectively mitigated ASR-induced expansion
but showed limited efficacy in controlling DEF under
aggressive conditions.

2) Specimens subjected to conditions
promoting both ASR and DEF exhibited the highest
expansion and most severe strength loss, supporting
the hypothesis of synergistic effects between these
degradation mechanisms.

3) A non-linear relationship between
expansion and compressive strength was observed,
with accelerated strength loss occurring beyond a
threshold expansion value of approximately 0.2%.

4) The relative contributions of ASR and
DEF to overall deterioration varied over time, with
ASR appearing to dominate early expansion and
DEF becoming more significant in later stages.

5) High-temperature curing significantly
exacerbated both ASR and DEF-induced deterioration,
highlighting the importance of thermal management
in concrete production and placement.

These findings contribute to the broader
understanding of concrete durability under complex
exposure conditions and have important implications
for designing durable cementitious systems. The
study underscores the need for a more comprehensive
approach to durability enhancement that considers
multiple degradation mechanisms and their potential
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interactions. Future research should optimize fly
ash content and explore combinations with other
supplementary cementitious materials to effectively
mitigate ASR and DEF. Additionally, long-term field
studies and the development of advanced predictive
models will be crucial for translating these laboratory
findings into practical guidelines for durable concrete
design and construction.
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ABSTRACT

Laminar composite foams were developed to create environmentally sustainable materials. Crosslinked tapioca
starch was utilized as the foam matrix and reinforcement was provided by corn husk sheets, with a chitosan
biocoating subsequently applied to modify the surface. These foams were produced through hot-pressing,
with the number of corn husk sheet layers varied (1, 2, and 3) alongside chitosan coating concentrations (1%
and 3% by weight). The resultant materials were subjected to comprehensive characterization, where
morphology, density, crystallinity, flexural and impact strength, thermal stability, and water absorption
properties were evaluated. Refined foam cell structure and reduced structural defects were observed upon
incorporating corn husk sheets. Increases in density and mechanical strength, as determined through flexural
and impact testing, were documented with higher fiber content. In contrast, thermal stability decreased, while
water absorption was reduced. The chitosan biocoating further densified the foam cell structure, increasing
density and mechanical strength with increasing concentration, though crystallinity showed no significant
change. Notably, the chitosan coating improved water resistance. The composite foam with two corn husk layers
and a 3% chitosan coating exhibited optimal performance, demonstrating a 57.32% reduction in water uptake
after 20 minutes, a 251.61% increase in flexural strength, and a 195.23% rise in impact strength compared to
the unmodified foam. These sustainable composite foams show significant potential for sustainable food
packaging, highlighting the synergistic property enhancements achieved through this laminar composite
architecture.

Keywords: Starch foam, Corn husk, Chitosan, Laminar composite, Water resistance

INTRODUCTION effects on the central nervous system, including
headaches, fatigue, and potential depression [2].

To address these environmental concerns,
bio-based polymers have been investigated as
sustainable substitutes for materials derived from
fossil fuels, with their potential for reduced harmful
emissions being a key advantage. Tapioca starch, a
readily available bio-based polymer in Thailand, has
been considered for food packaging applications
under low moisture conditions. However, its inherent
limitations, particularly brittleness, low mechanical
strength, and poor water resistance, have restricted its
widespread use compared to synthetic polystyrene
foam. Starch, a renewable and biodegradable biopolymer
obtained from abundant agricultural sources such
as tapioca, corn, and rice, is a promising alternative to
petroleum-based packaging materials [3-4]. Its easy
availability, low cost, and biodegradability have
aligned with the increasing demand for environmentally
conscious materials.

Starch-based foams are recognized for their
limited flexibility and high susceptibility to moisture

Thailand has been increasingly confronted
by a significant environmental challenge stemming
from the rising volume of annual waste. This increase
is largely attributed to greater consumer spending
and rapid technological advancements, leading to
shorter product lifespans. Notably, plastic materials,
especially foam plastics, are widely used in packaging
and containers due to their lightweight nature and ease
of manufacture. However, the growing accumulation
of plastic waste has exacerbated environmental
problems [1]. In 2021, approximately 2.76 million
tons of plastic waste were generated in Thailand,
representing about 11% of the total waste. Most of
this plastic was single-use. These synthetic, non-
biodegradable plastics pose a major disposal issue.
Incineration, a common waste management method,
has resulted in environmental pollution. Specifically,
the combustion of foam materials releases styrene
gas, which is absorbed through the skin and lungs.
Long-term styrene exposure has been linked to adverse
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[5]. To mitigate these inherent drawbacks, starch
modification through crosslinking has been explored.
Glyoxal, a documented crosslinking agent, effectively
alters starch, improving water resistance [6-7].
Nevertheless, crosslinked starch foams still exhibit
issues with brittleness and high water absorption.
To address these remaining shortcomings, strategies
involving blending with hydrophobic polymers,
such as octanoyl starch [8] and PBS [9], or reinforcement
with natural fibers like chitin [8], have been
investigated. Natural fibers, including jute, corn husk,
kraft pulp, sugarcane bagasse, and flax, have also
been considered as reinforcement materials [10].
Studies on the mechanical properties of these natural
fibers indicate that fiber length and orientation
significantly influence their strength [11]. Consequently,
research has increasingly focused on composite material
development. Laminar composites, characterized by
low density, lightweight, and versatile properties,
have been explored as a potential solution. Material
properties can be tailored in these structures by
strategically aligning fibers or reinforcements along
applied stress directions, optimizing performance
for specific uses [12-13].

Often viewed as readily available agricultural
residues, corn husks, the natural protective outer
layers of corn cobs, have gained increasing attention
as a sustainable and economical resource, traditionally
used for food wrapping during cooking. A distinct
color change is typically observed, from light green
when fresh to cream or light brown upon drying.
Fibers easily obtained from corn husks and stalks have
been explored for textiles and composite reinforcement,
and they are already being used in decorations and
some food packaging due to their low cost [14]. The
significant elongation exhibited by corn husks under
tension, comparable to coconut and palm fibers, makes
them interesting for reinforcing polymer matrices. It
is generally accepted that a natural fiber's elongation
at break is mainly determined by its cellulose content
and the alignment of cellulose microfibrils along
the fiber axis. Consequently, corn husk fibers have
been investigated as reinforcement in numerous
polymer composite studies [15-16]. Based on these
promising characteristics, corn husk sheets are
particularly suitable for laminar reinforcement
within crosslinked starch foam structures.

To specifically address the inherent
susceptibility to water often associated with starch
foam packaging, crosslinked starch laminate composite
foams, reinforced through the strategic incorporation
of corn husks in a layered structure, were developed
as a central focus of this research. Corn husks were
utilized explicitly as a reinforcing phase within these
composite structures to improve the overall mechanical
integrity and reduce water uptake. However, it is well-
established that natural cellulose fibers, including
those abundantly present in corn husks, are known to
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exhibit a degree of interaction with water molecules
due to the presence of numerous hydroxyl groups (-OH)
within their fundamental chemical structure, which
readily attract and bind with water molecules through
hydrogen bonding [17]. This inherent characteristic
has been observed to result in limitations such as poor
overall water resistance of the resulting composite.

Chitosan, a linear polysaccharide copolymer
derived from chitin, has garnered significant interest
for its ability to impart enhanced water resistance and
antifungal properties, as widely explored in scientific
literature [18-22]. Previous studies have demonstrated
that chitosan coatings can slightly increase density and
reduce water and moisture absorption in starch-based
materials [23]. Its capacity to form films that significantly
enhance barrier properties, particularly water resistance
due to its polar nature, makes it a promising candidate.
Moreover, chitosan is recognized for its potential to
improve mechanical strength and rigidity when
applied as a coating, a characteristic expected to densify
the surface of our starch/corn husk foams and provide
additional structural integrity. Its inherent antimicrobial
properties also offer a potential benefit for food
packaging applications.

This study introduces a novel approach to
address limitations in existing starch-based
biocomposites by developing a unique laminar
composite architecture. This innovative design
integrates a crosslinked tapioca starch foam matrix
with distinct corn husk sheet reinforcing layers, a
structural configuration that is less explored in
sustainable materials. We aim for a synergistic
enhancement of properties through this specific
layered design. A chitosan biocoating is then applied
to the composite surface. This coating's primary
goal is to enhance water resistance, while its known
antimicrobial properties offer a potential secondary
benefit for food packaging applications. Our research
focuses explicitly on simultaneously improving critical
properties like water resistance and mechanical
strength, which remain significant hurdles for many
current starch-based materials, especially for
sustainable food packaging. We investigate how
varying the number of corn husk sheet layers and
the chitosan coating concentration influences these
crosslinked tapioca starch laminate composite
foams' morphology, density, thermal properties,
flexural/impact strength, and water absorption. This
detailed investigation aims to clearly articulate the
scientific gap our work addresses and its unique
contribution to the field of sustainable biocomposites.

MATERIALS AND METHODS

Materials

Tapioca starch, the foundational matrix material,
was obtained from commercial suppliers in Thailand.
Processing aids, including guar gum and magnesium
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stearate, were sourced from Chemipan Corporation
Co., Ltd. (Thailand). To modify the tapioca starch
matrix, glyoxal (40% solution, Merck) was employed
as the crosslinking agent. Acetic acid (analytical
reagent grade, RCI Labscan Co. Ltd, Thailand) was
utilized in pH adjustments and chitosan processing.
Corn husk sheets, representing the sustainable
reinforcement component, were procured from a
local farm within Thailand. The corn husk sheets
used were carefully selected to maintain consistent
dimensions, specifically 20 mm in width, 150 mm
in length, and approximately 0.2 mm in thickness.
The control over thickness was primarily achieved
through a meticulous manual selection process of
individual corn husk sheets, ensuring uniformity for
the fabrication of the composite foams. Chitosan
was acquired from Marine Bio Resources Co. Ltd.
(Thailand) to apply biocoating, which is characterized
by a degree of deacetylation (DD) of 72%.

Preparation of chitosan biocoated corn husk sheets

A chitosan biocoating procedure was
implemented to enhance interfacial compatibility
and reduce the moisture sensitivity of the corn husk
sheet reinforcement. Chitosan solutions, at 1% and
3% (w/v) concentrations, were formulated by dissolving
chitosan powder in a 1% (v/v) aqueous acetic acid
solution. The resulting solutions were magnetically
stirred at room temperature (25°C) until complete
dissolution and homogeneity were achieved.

Next, pre-cut corn husk layers were immersed
in the prepared chitosan solutions at 25°C for uniform
coating. After immersion, these biocoated layers were
oven-dried at 50°C for 10 minutes to remove residual
solvent and fix the chitosan. The resulting chitosan-
modified reinforcement was then stored in a desiccator
until incorporated into the crosslinked tapioca starch
foam matrix.

Crosslinked tapioca starch preparation

An initial pre-drying step was performed on
80 g of tapioca starch at 110°C for 24 hours to remove
residual moisture and prepare the crosslinked
tapioca starch. The dried starch was then dispersed
in 120 mL of deionized water. Glyoxal, employed as
the crosslinking agent, was added at a concentration
of 0.0375 g per 100 g of starch [7-8]. The mixture was
then mechanically stirred at 25°C for 20 minutes to
ensure uniform crosslinking was achieved. Subsequently,
the resulting starch-glyoxal mixture was vacuum-
filtered using an aspirator pump. Unreacted glyoxal
was removed by thoroughly rinsing the filtered
mixture three times with deionized water. The filtered
crosslinked starch was then dried at 50°C for 24 hours.
Finally, the dried material was ground into a fine
powder using a mortar and pestle and then sieved
through a 60-mesh sieve to obtain a consistent particle
size.
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Composite foam formulation

A uniform dry blend was formulated using
100 g of crosslinked tapioca starch powder. To enhance
binding and lubrication, 1 wt% guar gum and 2 wt%
magnesium stearate were incorporated, respectively
[9]. These components were thoroughly mixed using
a kitchen-aid mixer. Subsequently, 120 g of distilled
water was gradually introduced into the dry mixture.
The resulting mixture was subjected to an additional
20 minutes of mixing to ensure complete dispersion
and hydration.

Fabrication of crosslinked starch/corn husk laminate
composite foams

Composite foam fabrication utilized a
compression molding technique. Molds, 15 mm wide
by 120 mm long, adhered to ASTM D5943-5996 flexural
and impact testing standards. Starch mixture and
reinforcing corn husk layers (either uncoated or
chitosan-coated) were integrated following specific
patterns (Figure 1). For the single-layer design (Figure
1a), the process began with a starch mixture base,
followed by a corn husk layer centered in the mold,
then topped with more starch mixture. In the two-
layer configuration (Figure 1b), two husk layers were
placed at the mold's bottom and top, with starch
mixture introduced between them. For the three-layer
setup (Figure 1c), three husk layers alternated with
the starch mixture, with a husk layer forming the
final surface. The loaded molds were then subjected
to 160°C and 50 bar pressure for 4 minutes to facilitate
crosslinking and lamination. The resulting crosslinked
starch/husk laminate composite foams were subsequently
cooled to ambient temperature.

Corn husk
Crosslinked starch foam

Figure 1 The configuration of crosslinked starch/corn
husk laminate composite foams with varying
numbers of corn husk layers: (a) single-layer,
(b) two-layer, and (c) three-layer.

Characterization

Morphology: The microstructure of corn
husk sheets, as well as crosslinked tapioca starch/corn
husk laminate composite foams, both with and without
chitosan biocoating, was investigated using scanning
electron microscopy (SEM, JEOL JSM-6610 LV). Fracture
surfaces resulting from flexural testing were sputter-
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coated with gold to improve electrical conductivity.
SEM images were obtained at an accelerating voltage
of 10 kV, allowing for visualization of the foam
morphology and interfacial interactions.

Density: The density of the composite foams
was determined at room temperature using a density
determination kit, with chloroform employed as the
displacement fluid.

Crystal structure: The crystalline structure of
the composite foams was analyzed using X-ray
diffraction (XRD). Measurements were performed
at room temperature on both chitosan-coated and
uncoated samples.

Thermal stability: The thermal degradation
behavior of the composite foams was evaluated using
thermogravimetric analysis (TGA, NETZSCH TG 209
F3 Tarsus). Before TGA, samples were dried at 80°C
for 72 hours to remove residual moisture. TGA was
conducted under a nitrogen atmosphere at a heating
rate of 10°C/min, from 30°C to 500°C. Weight loss data
was subsequently used to assess the thermal stability
of the materials.

Mechanical properties: The flexural strength
of the composite foams was determined through a three-
point bending test conducted on a LLOYD Instruments
LR50K universal testing machine, following ASTM
D790-03. The test was performed with a maximum
load of 5 kN and a 2 mm/min crosshead speed. The
impact strength of notched composite foams was
evaluated using a cantilever beam (Izod-type) impact
test, per ASTM D256. Notches, 4.8 mm in depth and
0.25 mm in radius, were introduced into the samples
using a milling machine, as specified by ASTM D256.
Three impact tests were performed per sample, and
the average impact strength was subsequently reported.

Hollow container
— Sealed

Wl/i;y OCv‘i‘)mposite foams .L ' with clay
Wzéél/l s e O[)Iwater

10, 20, 30 min

Figure 2Experimental setup for water absorption
crosslinked starch/corn husk laminate
composite foams.

Water absorption and weight loss. To evaluate
the water absorption behavior of the fabricated
sustainable composite foams, square specimens of
crosslinked tapioca starch/corn husk laminate
composites (15.0 mm x 15.0 mm), both with and without
chitosan biocoating, were prepared. Water absorption
capacity was determined using a custom-designed
apparatus, as shown in Figure 2. A plastic hollow
rectangular container with dimensions of 15.0 x 15.0
mim, sized to fit the test samples precisely, was placed
on each foam specimen and sealed with modeling
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clay to prevent leakage. Deionized water was then
carefully added to the container. Water uptake was
measured at predetermined time intervals of 10, 20,
and 30 minutes. After each interval, any surface water
was gently removed using absorbent paper, and the
specimens were immediately reweighed. All tests
were performed under controlled conditions at 25 °C.
The percentage of water absorption was calculated
using Equation 1:

Water Absorption (%) = [(W2 - W1) [ W1] x 100 (1)

where W1 represents the initial weight of the specimen,
and W, represents the weight of the specimen after
water absorption.

In order to evaluate the potential for degradation
or leaching of constituent components from the
composite foams, weight loss measurements were
conducted. Specimens, sized 15.0 mm x 15.0 mm, were
immersed in deionized water for 24 hours. Following
this immersion, specimens were carefully removed
and placed within a forced-air convection oven,
maintained at a temperature of 60°C. Drying was
continued for 24 hours, or until a consistent weight
was attained, indicating the removal of all absorbed
moisture. The weight loss percentage was then
determined by applying Equation 2.

Weight Loss (%) = [(W1-W3) [ W;] x 100 (2)

where W1 represents the initial weight of the specimen,
and W3 represents the weight of the specimen after
immersion and drying.

RESULTS AND DISCUSSION

Crosslinked starch/corn husk laminate composite
foams

Crosslinked tapioca starch composite foams
were reinforced with corn husk sheets, selected for
their established mechanical strength and inherent
water resistance. To evaluate the influence of
reinforcement layers, single-layer, two-layer, and three-
layer configurations of corn husk were incorporated
into the starch foam matrix.

The morphology of the resulting crosslinked
tapioca starch/corn husk laminate composite foams
was examined through scanning electron microscopy
(SEM). Representative SEM images are presented in
Table 1. For pure crosslinked tapioca starch foam, a
dense outer layer with small foam cells was observed,
while the inner core exhibited larger cells and evidence
of fracture, indicative of inherent brittleness. However,
upon the introduction of a single corn husk sheet as
a central reinforcement layer, a more uniform foam cell
structure was achieved. This structural modification
was accompanied by an increase in overall density
and a reduction in average cell size. Furthermore, the
void size within the central core was also observed to
decrease.
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A notable increase in foam cell density and
a concurrent decrease in cell size were observed upon
incorporating two corn husk sheets, strategically
positioned on the upper and lower surfaces of the
tapioca starch foam. Conversely, including three corn
husk sheet layers resulted in the formation of larger
voids within the foam structure. It is hypothesized that
the increased confinement of the starch matrix between
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three corn husk sheet layers restricted its expansion
during the foaming process, leading to the development
of larger, fewer foam cells. Consequently, the three-
layer composite exhibited a lower overall foam density
when compared to the composites reinforced with
one and two layers. These findings highlight the
significant influence of corn husk sheet distribution
on the resulting foam morphology and density.

Table 1 Fracture surface analysis (visual inspection and SEM micrograph) and density of crosslinked starch/corn
husk laminate composite foams with varying numbers of corn husk layers.

Numbers of Fracture surface Density
corn husk layers Visual inspection SEM micrograph (20X) (g/cm?)
0 - 0.29 +0.01
1 0.41+0.13
2 0.41 +0.15
3 0.60 +0.32

The density of the crosslinked tapioca starch/
corn husk laminate composite foams, incorporating
one, two, and three layers of corn husk sheets, was

measured and is presented in Table 1. A consistent
increase in density was observed with each additional

corn husk sheet layer. This increase can be attributed
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to the inherent density of the corn husk sheets,
determined to be 0.35 £ 0.45 g/cm3. As the number of
corn husk sheet layers integrated into the composite
structure was increased, a corresponding rise in the
overall density of the resulting foam material was
noted. This finding is consistent with previous research
[8, 24]. This observation highlights the effective
contribution of corn husk sheets as a reinforcing
component in enhancing the bulk density of the
tapioca starch-based composite foam.

X-ray diffraction (XRD) patterns, illustrating
the crystalline structures of crosslinked tapioca
starch foam and a composite foam reinforced with
two corn husk sheet layers, are presented in Figure
3. A characteristic peak at 17.1°, indicative of the
semi-crystalline nature of the starch, was observed
in the XRD pattern of the crosslinked tapioca starch
foam [25]. Upon incorporating two corn husk sheet
layers, a new peak was detected at 22.6°, attributed
to crystalline cellulose within the corn husk [26].
This cellulose-specific peak, absent in the pure starch
foam pattern, confirms the successful integration of
corn husk sheets.-While the overall pattern of the
laminate composite foam appeared sharper than that
of the pure starch foam, this primarily indicates the
crystallinity contributed by the corn husk component
itself, rather than a significant increase in the crystallinity
of the starch matrix.

Table 2 presents the flexural strength and
elongation at break of the crosslinked tapioca starch/
corn husk laminate composite foams. A notable
increase in flexural strength was observed as the
corn husk sheet content was increased from one to
two layers. This improvement is attributed to the
laminar reinforcement mechanism, which effectively
enhanced the material's capacity to bear load during
three-point bending tests. It is theorized that this
type of reinforcement facilitates a more efficient
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distribution of both compressive and tensile stresses
experienced by the material, a phenomenon supported
by previous studies' findings [27]. However, a
subsequent increase in the corn husk sheet content
to three layers decreased flexural strength. This
reduction is likely due to a relative decrease in the
proportion of the continuous starch matrix within
the composite structure, leading to a reduction in
the number of cohesive foam cells and a concurrent
increase in overall porosity. Consequently, the
efficiency of interfacial stress transfer between the
distinct phases of the composite was compromised,
ultimately resulting in a lower measured flexural
strength. Moreover, while corn husk provides
reinforcement, the interface between the corn husk
and the starch matrix might not be perfectly bonded
without adhesion promoters. At three layers, the
increased number of interfaces could lead to more
potential sites for interfacial debonding or delamination
under flexural stress, thereby lowering the strength.

500 T —— T
17.1°, Stm_-chnﬁ aiCellmloss —— 2 Layer corn husk foam

Crosslinked starch foam

400

300

34,6%, Cellulose

Intensity

200

100 +

0

0 20 40 60 80

2 Theta degree
Figure 3 XRD patterns of crosslinked starch foam
and crosslinked starch laminate composite
foams with 2 layers of corn husk sheet.

Table 2 Flexural properties and impact strength of crosslinked starch/corn husk laminate composite foams with

varying numbers of corn husk layers.

Numbers of corn Flexural properties Impact strength
husk layers Strength (MPa) Strain (%) Modulus (MPa) UJ/m?)
0 31+04 41400 278 + 0.1 56.6 + 0.5
1 75+0.2 48+0.1 566 + 0.0 96.9£0.2
2 10.3 £ 0.1 46+0.8 796 £ 0.2 139.0+0.3
3 8.2%0.3 70+£0.2 278 £ 0.1 117.7 £ 04

Interestingly, the observed increase in flexural
strain for the three-layer composite, notably higher
than that of the one- and two-layer samples, can be
attributed to several toughening mechanisms inherent
in multi-layered laminar structures. The increased
number of reinforcing corn husk layers likely facilitates
improved stress distribution across the composite,

allowing individual layers to deform more effectively
before catastrophic failure [28]. This multi-layered
configuration can also promote crack deflection at
the interfaces, forcing propagating cracks to follow
a more tortuous path and thereby absorbing more
energy [29]. Furthermore, the overall enhanced
deformability of the structure, despite the presence
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of rigid reinforcing layers, may stem from the intricate
interplay between the flexible starch foam matrix
and the multiple corn husk layers, enabling greater
strain accommodation before fracture [30]. These
combined effects contribute to the superior ductility
observed in the three-layer composite.

Impact resistance of the crosslinked tapioca
starch laminate composite foams, reinforced with
varying corn husk sheet layers (1, 2, and 3 layers),
was evaluated, and the results are presented in
Table 2. A noticeable increase in impact resistance
was recorded when the corn husk sheet content was
raised from 1 to 2 layers. This improvement is believed
to be a direct result of the inherent strength of the
corn husk sheets, which effectively reinforced the
composite foam against impact. Furthermore, the
increased density and reduced foam cell size observed
in the 2-layer samples facilitated efficient stress
transfer within the composite, contributing to the
enhanced impact performance. However, a subsequent
decrease in impact resistance was seen upon further
increasing the corn husk sheet content to 3 layers.
This reduction is associated with a corresponding
decrease in foam density and an increase in foam

100

80 1

60

Weight (%)

40

s (Crosslinked starch foam
e 2 Layers corn husk foam
e Corn husk sheet

20 ¢

100 200 300 400 500

Temperature ("C)
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cell size, leading to larger voids. These voids are
hypothesized to have interfered with effective stress
transfer, thereby diminishing the overall impact
resistance of the composite foam.

The thermal stability of corn husk sheets,
crosslinked tapioca starch foam, and the resulting
crosslinked tapioca starch/corn husk laminate composite
foams was evaluated using thermogravimetric
analysis (TGA). Distinct thermal degradation profiles
for each material were observed, as illustrated in
Figure 4 and summarized in Table 3.

Thermal decomposition of corn husk sheets
was observed to occur in two stages. An initial 5.67%
weight loss was noted between 36°C and 162°C,
attributed to moisture evaporation. A subsequent
substantial weight loss of 38.87% began at 188°C,
corresponding to cellulose and hemicellulose
degradation. Similarly, crosslinked tapioca starch
foam exhibited a two-stage degradation profile. The
first stage, between 36°C and 248°C, involved 7.16%
weight loss due to moisture evaporation. At 269°C,
significant degradation (79.21% weight loss) was
observed, associated with the breakdown of a-1,4
glycosidic linkages within the starch polymer.

25 " "
e ("rosslinked starch foam b
e ) Layers corn husk foam
20 Corn husk
—
=
_E 15
&
S
O 10
o
a
5
0

100 200 300 400 500 600

Temperature ("C)

Figure 4 Thermal degradation behavior of corn husk sheet, crosslinked starch foam and crosslinked
starch/corn husk laminate composite foams (a) TGA thermogram and (b) DTG thermogram.

Table 3 Thermal degradation of corn husk sheet, crosslinked starch foam and crosslinked starch/corn husk

laminate composite foams.

Sample }St Degradation e 27 Degradation
T(C) W (%) (O W (%)

Corn husk sheet 36-162 5.67 188 72.76
Crosslinked starch foams 36-248 7.16 269 79.21
Crosslinked starch laminate composite 36-117 5.70 247 79.14

foams with 2 layers of corn husk sheet

It was observed that the crosslinked tapioca
starch/corn husk laminate composite foams
demonstrated a reduced thermal stability when
compared to the crosslinked tapioca starch foam.
This reduction can be attributed to corn husk sheets
containing B-1,4 glycosidic linkages. These linkages

are known to degrade at a lower temperature (188°C)
than the a-1,4 linkages found in tapioca starch
(degrading between 260-320°C). Consequently, the
composite foams showed an earlier onset of thermal
degradation [31], indicating that the corn husk
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component's thermal stability dictates the overall
composite's initial degradation temperature.

The water absorption behavior of crosslinked
tapioca starch foam and its corn husk sheet reinforced
composites was analyzed over a 10 to 30 minutes
period (Figure 5). An increase in water absorption with
time was observed for both materials. However, water
uptake was significantly reduced upon incorporating
corn husk sheets.

The reduction in water absorption is primarily
attributed to the barrier effect of the layered corn
husk sheets within the composite structure. While
cellulose, the main component of corn husk [14],
exhibits an inherent lower affinity for water than
the highly hydrophilic starch matrix, its role extends
beyond mere hydrophobicity. The dense, layered
arrangement of the corn husk sheets effectively
impedes the diffusion of water molecules into the
underlying starch foam matrix, thereby limiting
direct and prolonged contact between water and
the more absorbent starch component. This physical
impediment significantly contributes to the observed
decrease in overall water uptake.

Weight loss
71.7740.02 %

500 - e=@== (‘rosslinked starch foam
. w== 2 Layes corn husk foam

300 1

40.6910.43 %
200 1

Water absorption (%)

100

0 10 20 30
Time (min)
Figure 5 Water absorption and weight loss of
crosslinked starch foam and crosslinked
starch laminate composite foams with 2
layers of corn husk sheet.

Further evidence supporting the enhanced
water resistance was obtained through weight loss
measurements. Following a 24-hour water immersion
and subsequent 24-hour drying at 60°C, the neat
crosslinked tapioca starch foam exhibited a substantial
weight loss of 71.77 £ 0.02%, indicating significant
water-induced degradation. In contrast, the composite
reinforced with two layers of corn husk sheet
demonstrated a significantly lower weight loss of
40.69 + 0.43%. This represents a 43.3% reduction in
weight loss compared to the neat crosslinked tapioca
starch foam. This decrease in weight loss is attributed
to the protective effect of the corn husk sheets, which
effectively encapsulate the starch foam, thereby
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minimizing direct water contact and reducing the
leaching of starch components into the aqueous medium.

The placement of corn husk sheet layers
significantly influences the composite's overall
performance in practical applications, particularly
concerning mechanical integrity, barrier properties,
and material efficiency. A well-distributed, multi-
layered structure enhances flexural and impact
strength, which is crucial for durable packaging during
handling and transport, by effectively distributing
stress and resisting crack propagation. Furthermore,
the strategic layering of corn husk within the hydrophilic
starch foam creates tortuous pathways for water
molecules, significantly improving water resistance-
a vital property for preserving food freshness. This
allows for tailoring packaging solutions to specific
performance needs, optimizing material usage, and
contributing to the sustainability and cost-effectiveness
of potential mass production.

Chitosan-coated crosslinked starch/corn husk laminate
composite foams

The crosslinked tapioca starch laminate
composite foams reinforced with corn husk sheets
exhibited enhanced mechanical properties and
improved, albeit still limited, water resistance.
Furthermore, the susceptibility of corn husk sheets to
fungal growth under high humidity conditions was
identified as a challenge. To address these limitations,
a chitosan solution was applied as a biocoating to the
corn husk sheets further to enhance the water resistance
of the composite foams. Chitosan coatings with
concentrations of 1% and 3% (w/v) were investigated.
The inherent hydrophilicity of both starch and corn
husk contributed to the observed water absorption
and fungal susceptibility. Chitosan, recognized for
its antimicrobial and hydrophobic characteristics,
was employed to establish a barrier against water
uptake and fungal proliferation [22].

The cross-sectional morphology of composite
foams, reinforced with two layers of corn husk sheets
and subjected to chitosan biocoatings (0-3 wt%), was
examined via scanning electron microscopy (SEM),
with representative micrographs presented in Table 4.
SEM analysis revealed a significant influence of the
chitosan biocoating on the resultant foam morphology.
Specifically, increased foam cell density was observed
with increasing chitosan concentrations. This
densification is attributed to forming a chitosan film
that effectively occluded pores within the corn husk
sheets. Consequently, water vapor diffusion during
the foam formation process was hindered, leading to
restricted foam cell expansion and a denser overall
microstructure. The chitosan biocoating, therefore,
plays a key role in modifying the cellular architecture
of these sustainable composite foams, resulting in
enhanced structural integrity and potentially improved
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barrier properties against moisture and other
environmental factors.

A direct correlation was observed between
chitosan coating concentration and the density of
crosslinked tapioca starch laminate composite foams
reinforced with two layers of corn husk sheets. As
detailed in Table 4, foam density increased proportionally
with higher chitosan concentrations. This increase
is attributed to the deposition of chitosan, a relatively
dense polymer, onto corn husk fibers and within the
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foam's internal structure. The inherent high density
of corn husk sheets (1.16 + 0.40 g/cm3) also contributed
to the composite's overall density. Chitosan application
effectively filled voids and interstitial spaces within
the foam, yielding a more compact material. This
density enhancement is considered a key factor in the
improved mechanical properties of the composite
foams, as load-bearing capacity and structural integrity
are directly influenced.

Table 4 Fracture surface analysis (SEM) and density of two-layered corn husk/crosslinked starch composite

foams with varying chitosan concentrations.

Chitosan concentration (%)

SEM
(20X)
Den51t3y 041+ 015 0.43+0.29 0.50 +0.20
(g/cm?)
600 T ey composite foam was observed with the chitosan

17.1°, Starch . —— 3% Chitosan coated foam

Non-coated foam

400

34.6°, Cellulose

Intensity

—_
=
=

=

0 20 40 60 80

2 Theta degree
Figure 6 XRD patterns of crosslinked starch laminate
composite foams with 2 layers of corn
husk sheet with and without 3% chitosan
coating.

Figure 6 displays the X-ray diffraction (XRD)
patterns obtained for the crosslinked tapioca starch/
corn husk laminate composite foams, with a direct
comparison made between the uncoated sample
and the sample coated with 3 wt% chitosan. Typical
chitosan diffraction peaks, usually found around
9.35°, 19.42° and 21.14° [32], were not visible in the
pattern of the chitosan-coated composite foam. This
absence is likely because the chitosan concentration
used was too low for the XRD technique to detect.
No significant change in the crystallinity of the

coating, suggesting a minimal impact on the material's
structural order. This indicates that while chitosan
may interact with the corn husk/tapioca starch matrix,
it does not substantially alter the overall crystallinity
under these conditions.

The thermal resistance properties of crosslinked
tapioca starch laminate composite foams, reinforced
with corn husk sheets with and without 3% chitosan
coating, were compared using thermogravimetric
analysis (TGA). As depicted in Figure 7 and summarized
in Table 5, the results revealed that the composite
foams containing 2% corn husk sheets, both uncoated
and coated with 3% chitosan, exhibited a two-stage
thermal degradation process.

The initial stage of thermal degradation,
associated with the evaporation of absorbed moisture
and volatile components, was observed in the
temperature range of 36-117°C for the uncoated
composite, resulting in a 5.7% weight loss. This
initial stage occurred between 36-190°C for the
chitosan-coated composite, with a corresponding
weight loss of 6.81%. The second major degradation
stage, attributed to the decomposition of a 1-4
glycosidic linkages and chitosan, commenced at
247°C for the uncoated sample and a slightly lower
temperature of 238°C for the chitosan-coated sample.
This second stage resulted in substantial weight
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losses of 79.14% and 79.37% for the uncoated and
coated samples, respectively.
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Figure 7 Thermal degradation behavior crosslinked
starch laminate composite foams with 2
layers of corn husk sheet with and without
3% chitosan coating. (a) TGA thermogram
and (b) DTG thermogram.
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Table 5 Thermal degradation of two-layered corn
husk/crosslinked starch composite foams with
varying chitosan concentrations.

15t Degradation 2nd Degradation

Chitosan conc.

(%) T(CC) W(%) T(C)  W(%)
0 36-117 5.7 247 79.14
3 36-190 6.81 238 79.37

It was observed that the chitosan-coated corn
husk sheet reinforced crosslinked tapioca starch
composite foam exhibited slightly faster thermal
degradation compared to the uncoated counterpart.
This accelerated degradation is believed to be due to
the earlier decomposition of chitosan, which occurs
around 200°C, a temperature lower than that of corn
husk sheets and crosslinked tapioca starch. The earlier
decomposition of chitosan likely initiates the degradation
process at a lower temperature, leading to a slightly
faster overall degradation rate for the coated composite.

The flexural and impact properties of crosslinked
tapioca starch composite foams, reinforced with two
corn husk sheet layers and a chitosan biocoating, were
evaluated, and the results are detailed in Table 6. A
slight enhancement in both flexural strength and
elongation was observed with increasing chitosan
concentration. This improvement is attributed to
the chitosan coating, which reduced foam cell size and
increased density, leading to higher structural rigidity.
Furthermore, the crosslinked tapioca starch composite
foams upon chitosan coating noted a marginal increase
in impact resistance. This observation is believed to be
due to the influence of chitosan on the foam structure,
where smaller and denser foam cells are thought to
contribute to improved impact energy absorption.

Table 6 Flexural properties and impact strength of two-layered corn husk/crosslinked starch composite foams

with varying chitosan concentrations.

Flexural properties
Chitosan conc. (%) prop Impact st;'ength
Strength (MPa) Strain (%) Modulus (MPa) (J/m?)
0 10.3+01 46+0.8 796.0£0.2 139.0+£0.3
10.7 £ 01 39+£0.7 982.2+£0.2 160.8 £0.0
3 109+0.2 2700 989.8 £ 0.0 167.1 £ 0.2

The water absorption of composite laminate
foams over 10-30 minutes was investigated, with a
comparison made between crosslinked tapioca
starch/corn husk foams and chitosan-coated variants
(Figure 8). A reduction in water penetration was
observed following chitosan application onto the corn
husk sheets. This decrease is attributed to chitosan's
hydrophobic nature, effectively sealing the pores of
the exterior corn husk sheets and limiting water uptake.
Notably, the 3 wt% chitosan coating exhibited lower
water absorption than the 1 wt% coating, likely due to

the more substantial barrier hindering water molecule
diffusion.

Weight loss in crosslinked tapioca starch/corn
husk laminate composite foams, with and without
chitosan biocoating, is presented in Figure 8. A
reduction in weight loss was observed upon chitosan
application to the corn husk sheets. This phenomenon
is attributed to the hydrophobic nature of chitosan,
leading to diminished dissolution or leaching of
materials due to reduced water interaction. Furthermore,
a progressive decrease in weight loss was recorded
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with increasing chitosan concentrations on the corn
husk sheet surfaces, suggesting the formation of a
more substantial barrier against water interaction
with a denser chitosan layer.

200 | e=@== Non-coated foam
7= 1% Chitosan coated foam
O 3% Chitosan coated foam

Weight loss
40.6940.43 %

150 1

%34.5610.25 %
¢30.6310.18 %

Water absorption (%)

0 10 20 30
Time (min)

Figure 8 Water absorption and weight loss of
crosslinked starch laminate composite
foams with 2 layers of corn husk sheet
with varying chitosan concentrations.

CONCLUSIONS

This study investigated the morphology, density,
crystal structure, flexural and impact strength, thermal
stability, and water absorption of crosslinked tapioca
starch laminate composite foams, reinforced with
corn husk sheets, with and without chitosan coating.
Key findings are summarized:

Crosslinked tapioca starch composite foams
reinforced with corn husk sheets exhibited an open-
cell structure. Smaller, denser foam cells at the edges
resulted in a higher density than crosslinked tapioca
starch foam. Flexural and impact strength increased
with more corn husk layers, attributed to corn husk's
good elongation. However, thermal stability was lower
than that of crosslinked tapioca starch foam. Corn husk
sheets' top and bottom placement restricted foam
cell expansion, leading to smaller, denser cells and
improved flexural strength and water resistance.

Chitosan coating on corn husk sheets sealed
surface pores, impeding water vapor evaporation.
This resulted in smaller, denser foam cells, increased
flexural and impact strength, and improved water
resistance, which was further enhanced by increasing
chitosan concentration.

In summary, the structural and functional
properties of crosslinked tapioca starch composite
foams were significantly influenced by corn husk
sheet incorporation and chitosan biocoating. An
optimized formulation of two corn husk sheet layers
and a 3% chitosan coating demonstrated substantial
improvements This particular composition showed
a 57.32% reduction in water uptake and marked
enhancements in mechanical strength, with a 251.61%

\ AND TEGHNOLGY

increase in flexural strength and a 195.23% rise in
impact strength compared to the unmodified foam,
highlighting the strong potential of these sustainable
materials for various applications, especially sustainable
food packaging.
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ABSTRACT

Thailand's port logistics sector faces significant challenges in achieving secure and interoperable electronic
data exchange across stakeholders. Although a standardized Port Community System (PCS) has been
promoted, persistent issues-including fragmented digital platforms, security vulnerabilities, and
institutional mistrust-impede Electronic Data Interchange (EDI) effectiveness. This study investigates the
key barriers (BAR) to EDI implementation and examines how blockchain technology can be a foundational
solution to overcome (OVB) them. A structured survey of 350 PCS service users and providers was
administered. The data were examined using Confirmatory Factor Analysis (CFA) to check the different parts
of the study and Canonical Correlation Analysis (CCA) to look at the relationships between seven identified
barrier factors (like infrastructure, legal issues, and budget) and seven strategies to overcome them (such as
technology acceptance, organizational readiness, and management support). The first canonical function
showed a strong relationship, with a correlation coefficient of 0.652 (p < 0.01), meaning that certain
organizational actions are closely linked to reducing important barriers. This research is the first empirical
study in Thailand to apply multivariate statistical modeling to blockchain-enabled PCS adoption. It
contributes methodological rigor through validated measurement models, structural analysis, and practical
insight for policymakers, port administrators, and logistics managers. The findings suggest blockchain can
enhance transparency, trust, and secure data integration in national logistics infrastructures.

Keywords.: Canonical-Correlation Analysis, Maritime NSW, National Single Window (NSW), Port Community
System (PCS), Thailand

INTRODUCTION

Thailand's port logistics system is fundamental
to its trade competitiveness. While projects such as
the Port Community System (PCS) [1], Electronic
Data Interchange (EDI) [2, 3], and National Single
Window (NSW) have been implemented globally
for the better part of the past few decades [4] to
improve efficiency in cargo handling processes and
reduce paperwork, it is clear from the state of the
current port operations that Thailand has many
disparate digital platforms in use [5]. User complaints
include repetitive manual entry requirements, limited
system integration, and delays from multiple operations
among the various port authorities, government
agencies, and port service providers [6].

Thailand is not unique in this. Most countries
around the Asia-Pacific have attempted reforms along
these lines with varying degrees of success [7]. While
countries like Singapore have developed advanced
NSW systems that make it easier to do business [8], others
are wrestling with uneven implementation, regulatory
loopholes, and a lack of trust among stakeholders.

These problems are slowing Thailand's efforts to
create a smooth, paperless trade system, even though
the government is stressing the need to improve
PCS operations and connect with regional platforms
like the ASEAN Single Window.

One of the technologies frequently proposed
to address such challenges is blockchain. Its decentralized
and immutable structure offers promising solutions
to long-standing trust, duplication, and inefficiency
issues in PCS and NSW platforms [3, 12, 13]. Empirical
studies from Japan, Croatia, and the Asia-Pacific further
support blockchain's ability to enhance data integrity
and streamline cross-agency logistics operations |7,
14]. The distributed, tamper-proof nature of blockchain
is naturally well-suited to environments where multiple
organizations must share data [13] and simultaneously
access it without depending on a central reference
point of control [12]. In port logistics, blockchain
technology would enable the automatic execution of
transactions, reduce fraud, increase trust and transparency
[12, 15], and support real-time visibility throughout
the process. In Thailand, however, the practical use of
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blockchain in PCS environments has been marginally
explored, and its feasibility in practical use is still unclear.
While blockchain technical models have been
proposed in global contexts [3, 7, 12-16], there is little
empirical work about what conditions need to be in
place for the blockchain-enabled EDI to succeed-
especially in a country such as Thailand in which
organizational, legal, and infrastructure barriers
remain considerable. Much of the conversation
remains conceptual or technical, failing to consider
the barriers service users and providers face on the
ground. This diagnostic study aims to identify the socio-
organizational preconditions for blockchain adoption
in PCS rather than to design a technical solution.
Therefore, this study addresses that gap. Rather
than establishing a technical architecture, we identify
the organizational and system-level challenges of
EDI interoperability in Thailand's PCS (EDI-PCS) and
assess how blockchain could best help overcome those
challenges. Using a survey of 350 logistics and port
stakeholders, we identify key barriers-infrastructure
limitations, management resistance, legal uncertainty,
and lack of coordination and then rank which strategies
are most likely to overcome those barriers [17].
Utilizing Confirmatory Factor Analysis (CFA)
[18]. Additionally, using Canonical Correlation Analysis
(CCA) [19], we examine these obstacles and suggest
ways to overcome them, pointing out specific factors
(like support from top management, readiness of the
organization, and acceptance of technology) that are
statistically linked to better success in implementation.
This research contributes practical insights
for decision-makers in Thailand's logistics ecosystem
by clarifying the socio-organizational conditions
necessary for blockchain adoption. It also lays the
groundwork for future technical implementations,
offering a roadmap for what must be in place before
blockchain can improve port interoperability.

Literature review

As nations modernize their trade and logistics
systems, integrating digital technologies like Electronic
Data Interchange and Port Community Systems (EDI-
PCS) and blockchain has become essential. However,
despite global momentum, many countries-particularly
in developing regions-continue to face persistent
barriers to full system interoperability. This literature
review examines the evolution of PCS and EDI platforms,
identifies recurring obstacles to their adoption, explores
strategies for overcoming these barriers, and evaluates
the potential role of blockchain in enhancing transparency
and trust. By critically engaging with global and regional
studies, this section establishes the empirical and
conceptual foundation for the present research and
identifies the gaps it seeks to address.

Evolution of PCS, EDI, and NSW systems

\ AND TEGHNOLGY

Ever since the 1980s, EDI-PCS systems have been
at the heart of digital trade reform, with first-generation
PCS platforms designed to improve communication
and automate documentation between customs, ports,
shipping lines, and freight companies [1, 7, 20]. As a
result, port communities become more competitive
[21]. Thailand followed this global trend by launching
a management information system (MIS) in 1998 and
EDI-based customs clearance in 2000 [3, 4].

Introducing Thailand's National Single
Window (NSW) in 2005 was a significant step toward
integrating various government and private-sector
systems. Similar systems were deployed across the
Asia-Pacific to streamline data exchange and reduce
clearance times [10, 11], with Singapore's TradeNet
beginning in 1989, followed by Hong Kong's
TradeLink in 1997, Japan's Nippon Automated Cargo
and Port Consolidated System (NACCS) and South
Korea's u-Trade platform in 2003, Indonesia's NSW
in 2007, and Malaysia' NSW in 2009 [11].

At the same time, Thailand's National Single
Window (THAI NSW) has evolved but still faces
operational fragmentation. While paperless customs
have reduced processing costs, stakeholder systems
often remain disconnected, resulting in duplicated
inputs, delays, and inefficiencies.

The development of the Single Window
system has been categorized into five progressive
levels [11], as illustrated in Figure 1.

3
Business
value
chain

: EDI/VAN
Customs TradePoint :
System Portals Integration scope
L
Customs Start of Limited Nacional NZN
Automation Trade B2G Single Window

Emm Information  (BtoCustoms) B2G/ G20
. . Exchanges

lntegra:.i;::n scope
Figure 1 Level of development of integrated government
electronic services system (Single Window)
[11] (with author enhancements).

Globally, NSW platforms have multiplied. A
2022 UNECE report noted that 74% of Asia-Pacific
countries were developing or operating NSWs. The
Organization of Islamic Cooperation reported 40%
adoption across its members by 2016, attributing
progress to improved ICT infrastructure and falling
software costs [22].

Thailand's logistics costs reached an estimated
USD 70.2 billion in 2023 (14.1% of GDP), suggesting
that continued digital reform could yield significant
gains [5, 23]. Meanwhile, countries like Singapore
(TRADENET), Ghana, and Senegal have served as
early benchmarks, setting expectations for faster,
more coordinated digital customs ecosystems [8].
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Common barriers (BAR) to EDI integration in Port
Community Systems (EDI-PCS)

Despite digital infrastructure investments, many
nations-Thailand included-struggle to realize the full
potential of EDI-PCS platforms. Common challenges
include technological mismatches between systems,
lack of interoperability, and outdated infrastructure
[20, 24]. Organizational barriers, such as resistance
to change, low digital literacy, and weak interagency
coordination, further complicate integration [25].

Legal and institutional gaps also persist. Trade
policies still lack alignment with digital practices,
creating uncertainty, particularly in cross-border
transactions. In Pakistan, stakeholders reported that
while interest in blockchain exists, issues like skills
shortages, immature infrastructure, and a lack of
government incentives hinder rollout [5]. Corruption
and a fear of losing control over opaque processes were
also noted as deterrents to full-scale system adoption.

In Montenegro, Peynirci [26] argued that
maritime systems favor technical over human-centered
design, limiting broader stakeholder buy-in. These
structural and cultural challenges are critical to
understanding why digital port systems underperform,
even when supported by national plans.

Strategies for overcoming (OVB) digital trade barriers

Recognizing these challenges, many governments
have issued national logistics development plans.
Thailand's Third Logistics Development Plan calls for
a unified NSW authority, improved PCS-to-airport
integration, and greater use of EDI between government-
to-government (G2G) and government-to-business
(G2B) actors [27-28].

Strategic interventions include:

¢ Enhancing top management support to drive

system reforms;

¢ Increasing organizational readiness via

training and process reengineering;

e Strengthening infrastructure and legal

frameworks for data security and privacy;
¢ Supporting cross-agency coordination and
inter-ministerial integration [9].

Croatia's PCS rollout, for instance, was tied
directly to national port competitiveness, while Turkey's
system emphasized harmonizing ship-clearance
procedures in compliance with IMO standards [24, 26].

Blockchain as a solution to EDI challenges

In response to trust and transparency issues-
especially in developing economies-blockchain has
emerged as a promising technology. First popularized
after the 2008 financial crisis, blockchain offers a
decentralized ledger system where transactions are
secure, transparent, and immutable [29-31] (Figure 2).

\ AND TEGHNOLGY

Blockchain's core features-distributed
architecture, smart contracts, peer-to-peer transactions,
consensus mechanisms, and encryption-make it attractive
for supply chains involving multiple stakeholders
[3, 32]. When integrated with PCS platforms, blockchain
could reduce manual duplication, automate document
sharing, and enhance accountability. However,
blockchain is not a plug-and-play solution. It requires
political will, technical expertise, and readiness at
multiple levels. Studies in Pakistan and Turkey
underscore that successful deployment hinges on
much more than just the technology itself-it depends
on governance structures, stakeholder trust, and
digital literacy [5, 33].

Figure 2 Centralized, decentralized, and distributed
systems [31].

Identified gap and study contribution

Although there are many case studies and
ideas about integrating PCS, NSW, and blockchain,
there are not many large-scale studies that look at the
specific challenges and strategies that influence how
ready organizations in Southeast Asia are for blockchain-
based EDI. Most studies are either theoretical or
narrowly scoped to technical implementation.

This study addresses that gap by:

e Surveying 350 stakeholders across Thailand's

PCS ecosystem,;

o Identifying seven major categories of barriers

and seven overcoming strategies;
e Applying CFA to validate these constructs
[18];

¢ Using Canonical Correlation Analysis (CCA)
to explore multivariate relationships between
barriers and strategies [19].

In doing so, this research provides a grounded,
stakeholder-driven perspective on the conditions that
must be in place for blockchain adoption in PCS settings
to succeed.

The researcher created a research framework,
shown in Figure 3, based on the literature review
about challenges in connecting electronic information
of freight community systems at ports with blockchain
technology (BAR) and addressing issues in PCS EDI
using blockchain technology (OVB).
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Management Barriers (MB)

Organizational Barriers
(OB)

Product Barriers (PB)

Barriers (BAR) to
using PCS EDI

Legal Barriers (LB) blockehain

technology.

Technological Barriers (TB)

Infrastructure Barriers (IB)

Budget Barriers (BB)

Figure 3 Research framework.

MATERIALS AND METHODS
Population and sample

The study's population is service users and
service providers who use EDI systems to transport
goods within Thailand's port community system (PCS).
The sample group is service users and providers using
EDI systems to transport goods within Thailand's
port community (PCS) have stated that there is no
shortage of recommendations regarding sample
sizes using factor analysis. However, various studies
have suggested that a ratio method can be used and
suggested 10 to 20 questionnaires for each observed
variable. Other studies have indicated that for CFA/SEM
research, a sample size of 200 or more is sufficient,
depending on the model complexity.

Therefore, the study identified 14 observed
variables. Using a multiple of 20 to ensure better statistical
validity, and when multiplied by 14, the researchers
obtained a requirement for 280 questionnaires. However,
an effort was made to achieve a higher number, which,
after the received questionnaires were audited for
usability, was 350.

Research tools

A three-part questionnaire was used as the
research tool, which contained items concerning the
barriers (BAR) and overcoming barriers (OVB) to EDI
within Thailand's PCS using blockchain technology.

Part 1 consisted of a checklist of general
information about the respondent's gender, age,
education level, and position.

Part 2 and Part 3 included questions about
each person's views on the obstacles to EDI (Electronic
Data Interoperability), called BAR, and ways to overcome
those obstacles, known as OVB, in Thailand's PCS
using blockchain technology.

\ AND TEGHNOLGY

Government Support
and Policy (GS)

Technology Characteristics
(TC)

Senior Management Support

(T™M)

Strategic elements
for overcoming
barriers (OVB) to . (OR)
PCS EDI using
blockchain
technology.

Organizational Readiness

Competitive Pressure (CP)

Technology adoption (TA)

Blockehain Technology Adoption
Intention (IN)

Part 2 and Part 3 consisted of items concerning
each individual's opinions about barriers (BAR) and
overcoming barriers (OVB) to EDI of Thailand's PCS
using blockchain technology, divided into 21 items
for BAR and 30 for OVB (51 total).

Opinion measurement

The questionnaire used a 5-level opinion
scale that used '5' to indicate the "highest level' of
agreement (4.51-5.00), '4' to indicate a 'high level’
of agreement (3.51-4.50), 3' to indicate a 'moderate
level' of agreement (2.51-3.50), '2' to indicate a 'low
level' of agreement (1.51-2.50), and '1' to indicate
the 'lowest level' of agreement (1.00-1.50).

Questionnaire content validity

Five experts participated in the questionnaire's
content validity process. [6] Commonly, the index
of item-objective congruency (I0C) is suggested for
this process [42], with studies suggesting that values
of < .50 should be revised or deleted. [36] After
completing this process, the authors determined that
the final questionnaire had IOC values of 0.60-1.00.

Questionnaire content reliability

After the experts' content validity check, the
revised questionnaire was used to try out 30 service
users and EDI service providers within Thailand's
PCS (Table 1) who did not participate in the final
survey. Content reliability is commonly assessed
using a Cronbach's alpha coefficient. After the
numbers were tallied, the tryout reliability was
assessed to have an average value of 0.90. According
to [28], a values > .9 are excellent.

Sample questionnaire items

Table 1 shows sample items from the final
questionnaire.
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Table 1 Sample items for questionnaire constructs.

Construct

Sample Item (English Translation)

Management Barriers (MB)
Organizational Barriers (OB)

Legal Barriers (LB)
Technological Barriers (TB)

Infrastructure Barriers (IB)
Budget Barriers (BB)
Technology Adoption (TA)
Technology Characteristics (TC)
Top Management Support (TM)
Organizational Readiness (OR)
Competitive Pressure (CP)
Government Support (GS)

Adoption Intention (IN)

Executives lack systematic planning for blockchain implementation.

Our organization lacks a suitable structure to support blockchain
technology.

There is no clear regulatory support for blockchain use.

There is a lack of adequate ICT infrastructure to support blockchain
applications.

The organization lacks sufficient facilities and systems to support
blockchain integration.

The implementation of blockchain faces budget constraints and
requires high investment.

Blockchain improves operational efficiency compared to existing
systems.

Blockchain increases data security and reliability for port logistics
systems.

Executives should participate in blockchain-related policy and
decision-making.

Our organization has sufficient resources and infrastructure to
implement blockchain.

International trade organizations are encouraging the use of
blockchain.

Government policy development encourages the adoption of
blockchain.

I plan to use blockchain to improve the transparency of information
sharing in our logistics system.

Analysis tools

Data analysis tools included descriptive statistics
(mean, standard deviation, skewness, and kurtosis)
and inferential statistics.

Moreover, a CFA was employed to assess and
confirm the construct validity of the hypothesized
barrier (BAR) and overcoming-barrier (OVB) constructs.
The reason for using CFA is that it can check how
accurately the observed variables reflect the hidden
constructs suggested in the theoretical framework
based on existing research. Since there are known
theoretical aspects of the challenges and solutions
in blockchain adoption, CFA checks if measuring
these fits with the data we have gathered.

A Canonical Correlation Analysis (CCA) was also
conducted to examine the multivariate relationships
between the two sets of variables-BAR and OVB. CCA
is particularly appropriate for this study because it
allows us to identify which barriers are most strongly
associated with overcoming strategies in blockchain-
based EDI systems. This insight is crucial for practical
implementation in port community systems, where
multiple interdependent factors interact across technical,
organizational, and policy domains.

RESULTS AND DISCUSSION
1. Results

1.1 Research framework

Table 2 presents the demographic characteristics
of the 350 respondents and their level of understanding
of blockchain technology. A notable finding is that
over 74% of respondents rated their knowledge of
blockchain as moderate to high, indicating a strong
foundational awareness that could support adoption
initiatives. Furthermore, the relatively balanced gender
participation (55% men, 45% women) reflects inclusive
engagement across organizational roles. Significantly,
59% of participants were 40 or younger, suggesting that
technology adoption efforts may benefit from a
workforce that is both adaptive and poised for long-
term integration. The high level of education (90%
holding a bachelor's degree or higher) reinforces the
capability of the target population to understand
and implement EDI systems using blockchain.

Table 3 reveals that BAR and strategies for
overcoming OVB were rated at a high level, with mean
scores ranging from 3.54 to 3.71. Among the barrier
categories, Organizational Barriers (OB) were the most
significant, likely reflecting internal challenges in
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adapting organizational culture and procedures.
Infrastructure and Management Barriers (MB) were
rated the lowest, perhaps due to ICT access or
institutional readiness improvements. On the other
hand, Technology Adoption (TA) and Organizational
Readiness (OR) received the highest OVB ratings,
suggesting that stakeholders perceive internal

\ AND TEGHNOLGY

is a shared variance (R2) of 0.425.

Table 2 Respondents' information (7= 350).

Item n %

Blockchain Technology
Knowledge Levels

preparedness and adaptability as critical levers for 5 = The most level 33 9.40
success. These insights highlight where targeted 4 = High level 123 35.20
interventions as leadership buy-in or infrastructure 3 = Moderate level 138 39.40
modernization-could yield the most significant returns. 2 = Low level 56 16.00
Table 4 shows the CFA results, which indicate 1 = Lowest level - -
strong and important factor loadings (all p < 0.01), Summation 350 100.00
confirming the strength of both BAR and OVB Gender
concepts. The R? values show that Competitive Men 191 54.60
Pressure (CP) (R2 = 0.83) and Organizational Women 159 45.40
Readiness (OR) (R2 = 0.70) are very strong indicators Summation 350 100.00
in the OVB construct. Similarly, Management Age
Barriers (MB) (R2 = 0.75) and Technology Barriers 25-30 years 51 14.60
(TB) (R2 = 0.56) contribute substantially to the BAR 31-35 years 70 20.00
construct. These findings support the structural 36-40 years 84 24.00
validity of the model and indicate where strategic 41-45 years 38 10.90
resources should be focused in implementation 46-50 years 66 18.80
planning. Over 51 41 11.70
Table 5 shows the results of the canonical Summation 350 100
correlation analysis (CCA) that looks at the relationships Education
between the barrier (BAR) and overcoming-barrier No university degree 34 9.70
(OVB) concepts. Out of the seven main functions Bachelor's degree 226 64.60
identified, only the first one was statistically significant Postgraduate 90 25.70
(Wilk's Lambda = 0.520, x2 = 88.186, p <.01), showing Summation 350 100
a canonical correlation of 0.652, which means there
Table 3 Descriptive statistics for BAR and OVB constructs.
Latent Variable Observable Variables Mean SD Skew. Kurt.
BAR MB-Management Barriers 3.54 0.78 -0.15 1.20
BAR OB-Organization Barriers 3.69 0.59 -0.52 1.38
BAR PB-Product Barriers 3.64 0.82 -2.07 1.07
BAR LB-Legal Barriers 3.60 0.89 -2.17 0.74
BAR TB-Technology Barriers 3.62 0.82 -1.46 0.92
BAR IB-Infrastructure Barriers 3.54 0.61 -2.45 0.02
BAR BB-Budget Barriers 3.58 0.70 -2.85 1.11
OVB TA-Technology Adoption 3.70 0.60 -0.05 1.24
OVB TC-Technology Characteristics 3.60 0.60 -0.46 0.60
OVB TM-Senior Management Support 3.56 0.52 -2.80 0.71
OVB OR-Organizational Readiness 3.71 0.68 -0.42 2.52
OVB CP-Competitive Pressure 3.61 0.66 -1.39 1.08
OVB GS-Government Support and Policies 3.62 0.71 -0.18 1.25
OVB IN-Intention 3.65 0.69 -0.11 0.98
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Table 4 CFA results for BAR and OVB constructs.

\ AND TEGHNOLGY

Observed Variables bsc SE. T R?
BAR Variables
MB 0.68** 0.08 8.89 0.75
OB 0.41** 0.04 11.34 0.48
PB 0.45** 0.05 9.11 0.30
LB 0.56** 0.05 11.19 0.39
TB 0.62** 0.05 12.85 0.56
IB 0.40** 0.03 11.77 043
BB 0.44** 0.05 8.21 0.39
OVB Variables
TC 0.31** 0.03 9.34 0.26
™ 0.33** 0.03 12.86 0.40
OR 0.57** 0.03 19.23 0.70
CP 0.60** 0.03 21.61 0.83
GS 0.59** 0.03 18.34 0.69
IN 0.54** 0.03 17.21 0.61
TA 0.32** 0.03 9.61 0.28

Note: ** p<0.01

Table 5 Canonical Correlation Analysis (CCA) results between BAR and OVB constructs.

CF CcC Canonical R>  Wilk's Lambda %2 p-value
1 0.652** 0.425 0.520 88.186 0.000

2 0.225 0.051 0.907 6.398 0.596

3 0.153 0.023 0.955 2.853 0.931

4 0.117 0.013 0.978 1.671 0.966

5 0.688 0.004 0.992 0.552 0.979

6 0.051 0.002 0.997 0.319 0.913

7 0.013 0.001 0.999 0.022 0.800

Note. **Statistically significant at 0.01 level, CF = canonical correlation, CC = Canonical Correlation.

This result suggests a moderately strong
multivariate association between the perceived
barriers and mitigation strategies. The first function's
strength and importance show that one main factor
explains how organizations match their views on
challenges with their strategic responses.

The non-significance of subsequent functions
(p > 0.05) indicates that additional canonical dimensions
do not contribute meaningful explanatory power.
This highlights the key role of the main canonical
relationship, where factors like technological readiness
(TA), leadership support (TM), and organizational
preparedness (OR) are important in overcoming
challenges related to technology, infrastructure, and
management.

These findings support the idea that a company's
internal skills and flexible leadership are closely
connected to how people see both outside and inside
challenges, giving a solid basis for focused strategic
planning.

Table 6 shows the main weights, loadings,
cross-loadings, and shared variance (R2) for Function
1, which is the only important canonical dimension
found in earlier analysis. This breakdown reveals
how each variable contributes to the multivariate
relationship between barriers (BAR) and overcoming
barriers (OVB) constructs.

On the independent side (BAR), the most
influential contributors are Management Barriers
(MB), with a canonical loading of -0.908 (R2 =
33.46%) and Infrastructure Barriers (IB) (-0.876, R2 =
32.38%). These high loadings suggest that internal
organizational and technical challenges are perceived
as dominant constraints to EDI-PCS implementation.

On the dependent side (OVB), Technology
Adoption (TA) exhibited an exceptionally high
canonical weight (0.867), with a canonical loading
of 0.991 and R? = 56.54%. This underscores its role
as the central success lever, mediating the relationship
between internal barriers and strategic outcomes.
Other key contributors include Senior Management
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Support (TM) and Organizational Readiness (OR),
which exceed R2 thresholds of 40%.

The cross-loadings show that there is a
significant overlap between the two ideas, especially
for TA and MB, indicating that trying to address
internal challenges with adaptive technologies and
active leadership matches well with the obstacles
people see. These results strongly support prioritizing
technology-oriented interventions and internal
capacity building in policy design and implementation
roadmaps.

Table 6 Canonical weights (CW), canonical loadings
(CL), canonical cross-loading (CCL), and shared variance
(R2) for Function 1 between BAR and OVB variables.

cw CL CCL R?

Independent Variables (BAR)

MB -0.417 -0.908 -0.570 33.46
OB -0.228 -0.903 -0.568 31.25
PB -0.170 -0.863 -0.544 30.39
LB -0.096 -0.844 -0.529 27.98
TB -0.148 -0.710 -0.446 19.85
IB -0.349 -0.876 -0.552 32.38
BB -0.021 -0.822 -0.518 26.79
Dependent Variables (OVB)
TA 0.867 0991 0.623 56.54
TC 0.189 0545 0312 29.25
™ 0542 0.741 0.464 46.78
OR 0521 0.736 0398 44.22
cp 0312 0.622 0344 37.21
GS 0.224 0597 0300 29.97
IN 0.147 0494 0.290 28.74

MB

OB

PB

LB

B

1B

BB
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Figure 4 shows the standard correlation
model that represents the complex relationship
between BAR and OVB variables in using a blockchain-
based Electronic Data Interchange Port Community
System (EDI-PCS).

The model visually confirms the statistically
significant inverse relationship between the two
variable sets identified in the CCA (canonical function
1, R?=0.425, p <.01). Barrier variables, such as
Management Barriers (MB) and Infrastructure Barriers
(IB), are shown on the left side of the model and are
negatively correlated with OVB factors, such as Technology
Adoption (TA), Organizational Readiness (OR), and
Leadership Support (TM), displayed on the right.

The moderate-to-strong negative canonical
loadings indicate that when people feel there are
more barriers-especially those related to internal
structure and technical infrastructure tend to think
that strategies for overcoming these barriers are
less effective, and the opposite is also true.
Technology Adoption (TA) emerges as the most critical
OVB dimension, given its substantial canonical weight
and loading observed in Table 5.

This figure is important because it visually
confirms the structural alignment and compensatory
dynamics between organizational challenges and
strategic enablers. Investment in internal capabilities
(like digital readiness, leadership engagement, and
infrastructure modernization) is reactive and potentially
predictive of success in overcoming adoption hurdles.

The CCA model shown here is a useful tool
that helps in planning by allowing stakeholders to
see which barriers need the most attention and
which supports can provide the best benefits for
using EDI-PCS with blockchain.

TA
0.62
TC
/ =
7 on
‘\O-\]‘K
CcP
07
GS
290
IN

Figure 4 Canonical Correlation Model depicting the relationship between Barrier (BAR) and Overcoming-
Barrier (OVB) constructs in implementing a blockchain-based EDI PCS.

2. Discussion

2.1 Barriers (BAR)

The model that explains the obstacles (BAR)
to using a blockchain-based Electronic Data Interchange
Port Community System (EDI PCS) includes seven
main types of barriers;: Management Barriers (MB),

Organizational Barriers (OB), Product Barriers (PB),
Legal Barriers (LB), Technological Barriers (TB),
Infrastructure Barriers (IB), and Budget Barriers
(BB). These categories highlight challenges like
leaders' resistance, inflexible structures, complicated
regulations, and technical issues that make using
new technologies in port systems hard.

©2025 Institute of Research and Development, RMUTT, Thailand

J Appl Res Sci Tech 2025;24(3):261588

%

DOI: 10.60101/jarst.2024.261588



https://ird.rmutt.ac.th/
https://doi.org/10.60101/jarst.2024.261588

JOURNAL OF

APPLIED RESEARGH ON SCIENCE

2.2 Overcoming barriers (OVB)

The OVB model points out seven key factors
that help with strategy: Technology Adoption (TA),
Technology Characteristics (TC), Senior Management
Support (TM), Organizational Readiness (OR),
Competitive Pressure (CP), Government Support and
Policies (GS), and Blockchain Adoption Intention
(IN). These factors are a mix of what a company can
do internally and outside influences that affect how
well blockchain is adopted in PCS [8, 35].

Results from the CCA revealed significant
pairings between specific barriers and overcoming
variables:

1. Management Barriers (MB) and Technology
Adoption (TA) - Canonical loadings of 0.570 for MB
and 0.623 for TA suggest that strong technological
competencies significantly mitigate managerial
resistance. This reinforces the importance of promoting
technical literacy and digital confidence among
organizational leaders [36].

2. Organizational Barriers (OB) and Government
Support (GS) - The combination of OB (0.568) and
GS (0.593) shows that having supportive policies
and clear rules can significantly lower pushback
against change, particularly in organizations with
strict structures.

3. Product Barriers (PB) and Blockchain Adoption
Intention (IN) - With scores of 0.544 and 0.548, this
relationship indicates that a strong intention to use
blockchain helps reduce worries about product
issues like how well the system works with other
systems and its reliability.

4. Technology Barriers (TB) and Senior
Management Support (TM) - Canonical loadings of
0.552 for TB and 0.471 for TM highlight the role of
engaged leadership in addressing technical complexity.
Leaders who actively champion innovation help
foster a culture of openness to new technologies [37].

2.3 Canonical correlation analysis (CCA)

The first main function showed a strong
statistical link between the barrier and overcoming
factors, with a canonical correlation of 0.652 (p<.01)
and a shared variance of 42.5% (R2 = 0.425). This suggests
that nearly half the variation in the barrier set can be
explained by the strategic enablers in the OVB set.

These results back up the main idea, showing
that certain internal challenges (like resistance from
managers or old systems) can be successfully tackled
with specific support measures such as leadership
backing, alignment with government policies, and
focused investments in technology infrastructure. As
noted by Tian et al. [37], factors like perceived benefits,
external pressure, and senior management trust are vital
for successful digital transformation in SMEs [32, 38],
an insight that translates well to the port logistics
context.

3. Synthesis of findings and implications for practice

\ AND TEGHNOLGY

This study evaluated the strategic elements
for OVB to EDI-PCS using blockchain technology. Through
empirical data analysis from 350 stakeholders, we
identified seven core barriers and seven corresponding
overcoming strategies. Confirmatory Factor Analysis
(CFA) validated the construct structure. At the same
time, CCA revealed that technology adoption,
organizational readiness, and senior management
support are statistically and practically linked to key
barrier domains such as infrastructure, management,
and legal complexity. The findings underscore that
blockchain adoption in PCS is not merely a technical
undertaking but highly contingent upon socio-
organizational readiness. This includes trust in
interagency systems [32, 38], legal alignment, and
institutional leadership. Our validated analytical
framework can be a diagnostic tool for policymakers
and logistics authorities to assess blockchain
implementation feasibility. These insights are
particularly relevant for developing economies where
systemic barriers and institutional inertia often
impede technological modernization. Addressing these
preconditions is vital to unlocking the transformative
potential of blockchain for secure, transparent, and
interoperable logistics systems.

CONCLUSION

This study empirically analyzed the relationships
between key organizational barriers and strategic
enablers for Blockchain-based EDI adoption in Thailand's
PCS. Using CFA and CCA, the findings highlight how
management, infrastructure, and organizational issues
are perceived as the most important organizational
barriers to achieving sustainable Blockchain-based EDI
adoption. In contrast, Technology Adoption, Organizational
Readiness, and Leadership Support are strategic enablers
of Blockchain-based EDI-PCS adoption.

These findings suggest that blockchain in
logistics adoption is as much a socio-organizational
issue as a technological one. By synchronizing internal
capacity with enabling rules and leadership, Thailand
will be in a stronger position to improve the efficacy
and trustworthiness of its national logistical platforms.

Future research should concentrate on
conducting longitudinal impact assessments, performing
cost-benefit analyses, and implementing pilot programs
to clarify how blockchain can impact this domain. This
study presents a theoretical framework and practical
roadmap for stakeholders interested in constructing
interoperable and transparent port systems.

Limitations and challenges

This study provides valuable insights into the
strategic enablers of blockchain technology adoption
within Thailand's Port Community System (PCS)
based on empirical research; however, there are a few
limitations to this study. Firstly, this study is cross-
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sectional, collecting perceptions simultaneously.
Hence, we could not consider changes in respondents’
organizational readiness or attitudes over time.

Second, the notable sample size (7= 350) is
statistically sound but limited to Thailand stakeholders
in the PCS ecosystem. Therefore, the findings may not
generalize to other national contexts or port systems.

Third, since the data in the present study were
gathered from self-report surveys, response bias may
have emerged because the participants themselves
evaluated their organizations' capabilities and awareness
of blockchain.

Finally, although Canonical Correlation Analysis
(CCA) offers valuable multivariate insights, it does
not imply causal relationships. Future longitudinal or
experimental studies should be conducted to validate
these associations and causality.

Implications and future research

This study has both theoretical and practical
implications. These include:

e Organizational Strategy: Blockchain
implementation in port logistics is not solely a technical
challenge-it requires strategic alignment, institutional
agility, and stakeholder buy-in.

e Policy Recommendations: Government
support is crucial. In developing economies, institutional
inertia and corruption may severely hinder adoption.
Policies promoting transparency, interoperability
standards, and fiscal incentives can improve adoption
rates.

e Managerial Action: Leaders must foster a
culture of innovation, provide resources for digital
upskilling, and support cross-functional integration.

¢ Conduct cost-benefit analyses of blockchain
deployment in related systems (e.g., NSW, MNSW,
secure EDI).

e Investigate the role of anti-corruption
initiatives and public-private partnerships in blockchain
adoption.

¢ Undertake longitudinal studies to monitor
post-adoption performance and institutional learning
trajectories.

This research provides a validated analytical
framework and empirical foundation for policymakers,
technology leaders, and logistics stakeholders seeking
to implement blockchain in national supply chain
infrastructure.
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ABSTRACT

This study aimed to examine the effect of different plowing patterns on land preparation efficiency. Three
plowing patterns were tested: left-handed plowing, right-handed plowing, and headland plowing. A 90-
horsepower tractor fitted with a 7-disc harrow was utilized for the experiments. The analysis of soil properties
across all nine plots revealed no significant differences. The average soil moisture content ranged from 15% to
18% (dry basis), while the bulk density of the soil was measured between 1.18 and 1.23 g/cm3. Puncture resistance
increased with greater depth. After plowing, the physical properties of the soil, including the average width
of the plow furrow and soil depth, were approximately equal, with the width measuring around 127 cm. The
depth varied slightly, but both the left-handed and right-handed plowing patterns achieved similar and
greater depths compared to the headland plowing pattern. Due to the nature of skip-row plowing, it was
necessary to lift and lower the plowshare when beginning a new row. The efficiency of the three methods of
land preparation was assessed, with the left-handed plowing pattern demonstrating the highest efficiency,
followed by the right-handed pattern, and then the skip-row pattern. The actual work capacities were measured
at 2.57, 2.44, and 2.23 rai/hr respectively, while the spatial work efficiencies were 43.34%, 41.60%, and 38.20%.
Furthermore, the fuel consumption rates for the three tillage methods did not show significant statistical
differences (p > 0.05). The left-handed plowing method exhibited the lowest fuel consumption rate, while the
skip-row plowing method provided the most consistent working pattern across the field.

Keywords: Tillage patterns, Tractor, Disk plow, Plough furrow, Fuel consumption

INTRODUCTION step in crop cultivation, plowing improves soil
conditions, enhances crop yields, and contributes to
the sustainability of agricultural systems and the
livelihoods of farmers.

Tilling is the process of altering the condition
of the soil to create an environment conducive to
plant growth. The three factors related to soil tilling
are the energy source (tractor), the soil, and the
equipment (disk plow). Choosing the right tractor
and equipment for each area requires data on their
field performance of the tractor and equipment.
Tractors and equipment must be tested in real-world
conditions under different working scenarios to
prevent severe damage, which will allow for the
selection of tractors and equipment that are suitable
for specific needs [8]. General field operations include
primary tasks such as plowing the main part of the
area where crops are to be planted, as well as additional
tasks such as headland plowing and the interval for
changing rows [9,10]. When the tractor turns into
the work area, the downtime depends on the distance
traveled during the turn and the average speed of
movement [11-13]. Movement in the work area affects

Land preparation plays a critical role in crop
production, serving as the foundation for optimal
plant growth and productivity. Various methods of
soil transformation are employed depending on the
specific requirements of each cropping system. The
selection of an appropriate land preparation method
must consider factors such as soil and climatic
conditions, the biological characteristics of the crops,
the timing of operations, and the costs associated with
inputs, machinery, and technology [1,2]. For proper
soil preparation, farmers need to plow to an appropriate
depth, ensuring that plant residues fall into zones
with microbial activity where they can decompose
quickly [2-4]. The soil should be plowed to a depth
of approximately 150 to 300 millimeters. Therefore,
soil plowing is a preliminary tillage operation
conducted to break and invert the soil, affecting the
structure of the upper soil layer and impacting the
soil's ability to perform essential functions and
services, such as root growth, gas and water transport,
and organic matter turnover [5-7]. As a fundamental
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fuel consumption, exhaust gas pollution, and
production efficiency. Longer and more complex
movements require more fuel, produce more pollution,
and reduce production efficiency [14, 15]. For those
who are new to plowing, they often encounter difficulties
in starting the task, such as not being sure where to
begin on the plot and facing problems when having
to reverse the plow to collect the remaining parts
around the plot because they cannot turn the tractor
to plow. Therefore, to ensure that plowing is done
smoothly, the entire field must be plowed without
gaps and without wasting much time turning around,
so it is necessary to have a method of dividing the work.
By dividing the area into sections to reduce redundant
practices, past practices have shown that fuel use
during tillage not only depends on soil conditions,
technology and cultivation equipment, and plot size,
but also on the shape of the plot [16].

Many studies have proposed methods to
optimize tillage paths in rice fields of various shapes.
The direction of travel during the tillage is usually
determined by the longest edge of the rice field and
then continues in a rectangular pattern [17]. For the
plowing methods, there are several ways to start
depending on the condition of the area and the desired
neatness of the work. They can be divided as follows:
1. Circuitous pattern, 2. Headland pattern [18]. The
study by Sarkar et al. [19] examined appropriate
tillage patterns by considering fuel savings and
tillage costs. The patterns studied included circular,
straight, and overlapping or traditional tillage. It
was found that the circular tillage pattern had the
highest fuel consumption rate at a tillage depth of 8
cm. No significant difference was found between
the rotational and straight tilling methods. While the
rotational tilling method requires the most tilling
time, the traditional tilling method is found to be the
most fuel-efficient for sandy loam soil. Bekele ZM and
Ayanie CG [20] evaluated five tillage patterns based
on time taken, plot efficiency, and plot capacity. The
experiment was conducted using a completely
randomized block design with three replications,
considering physical, machine, and time parameters.
The experimental results found that the plowing
pattern from the rear furrow of the working head
was recommended first, as it took less time, had higher
efficiency and field capability, and reduced overall
operating costs. Next is the mixed plowing method
for using multiple machines at once. Kuncoro et al.,
[21] studied the impact of 5 different plowing patterns
on fuel consumption rates. The results showed that
different plowing patterns lead to varying times and
energy consumption rates. The number of turns is a
significant factor affecting these differences. Similar
to the findings of Ranjbarian et al. [22], an increase
in speed has been reported to enhance the capabilities
of plowing equipment. It has been said that increasing
the operational speed improves the performance of
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the equipment. Fuel consumption decreases when the
speed increases from 1.5 km/h to 3 km/h but increases
when the speed increases from 3 km/h to 4 km/h.
Additionally, it was found that in order to save energy,
the size of the tractor and the operating parameters
must be matched appropriately with the equipment.
When considering research that studies tillage
patterns, the important factors are the appropriate
tillage method for the field conditions and the operator's
expertise. Therefore, the main objective of this study
is to test which tillage method is suitable for the
horsepower of the tractor in the test field conditions.
The variables considered include the type of tractor,
horsepower, and number of plow discs, as well as
measuring soil properties to improve the process
and increase plowing efficiency, the performance
indicators used include work capacity, performance,
efficiency, and fuel consumption of the tractor.

MATERIALS AND METHODS

Study of tillage patterns affecting fuel
consumption There is a concept of studying and testing
work efficiency in three steps, which are: Step 1: Study
the plowing patterns for soil preparation in rice fields
and examine the soil properties. Step 2: Prepare the
plot area for testing the plowing with a 7-disc plow
attached to the tractor. Step 3: Record the test results
and calculate efficiency. The study process has steps
and concepts as shown in Figure 1.

MEW HOLLAMD ATGG10

Properties of soil in field experiment
- Soil cone index

- Bulk density

- Morsture content

F Disk plough

Tillage pattern

- Circuitous left (T1)
- Circuitous right (T2)
- Headland (T3)

Figld test performance parameter
- Theoretical field capacity, TFC

- Effective field capacity, EFC

- Field efficiency, FE

- Fuel consumption

Figure 1 Schematic for study of tillage pattern.
Preparing the testing area

The experimental field was situated at the
Agricultural Engineering Department, Faculty of
Agriculture and Technology, Rajamangala University
of Technology Isan, Surin Campus, Thailand (14.90°
N, 103.50° E). The soil at the experimental site was
characterized as sandy loam, with a flat terrain
predominantly covered by grass and rice stubble.
Prior to the initiation of the main field experiment,
initial soil samples were systematically collected for
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testing from nine points per plot, distributed across
the front, middle, and rear sections of each plot, to
determine baseline soil moisture content. Concurrently,
soil penetration resistance was measured at three
depths: 5 cm, 10 cm, and 15 cm, to assess other baseline
soil conditions.

Experimental design

The study employed a Randomized Complete
Block Design (RCBD). This design was selected to
mitigate the impact of potential soil heterogeneity or
other environmental gradients across the experimental
field, thereby enhancing the precision of treatment
comparisons. The experiment was structured into
three blocks, with each of the three plowing methods
(T1: left-handed plowing, T2: right-handed plowing,
and T3: headland plowing) randomly assigned to
one plot within each block. This arrangement yielded
a total of 9 experimental plots (F1-F9), ensuring three
replications for each plowing method. Each individual
plot measured 1 rai (1,600 m?) in area. The spatial
layout of the experimental plots and the distribution
of treatments are schematically represented in Figure
2. Data collected from these plots were subjected to
statistical analysis to evaluate the effects of tillage
patterns on fuel consumption.

Block 1 Block 2 Block 3
F1 F4 F7
T1 T3 T2
F2 F5 F8
T3 T2 T1
F3 F6 F9
T2 T1 T3

Figure 2 Field layout of the experimental area.

The initial weight of all samples was measured
using a digital scale, and the samples were subsequently
dried in a hot air oven at 105°C for 24 hours. After drying,
the samples were removed from the oven and their
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final weights were recorded. The dry basis moisture
content of soil (Sqp) was calculated according to Eq.
(1) [23, 24]. And the bulk density as Eq. (2), showing
the average moisture content and bulk density as
shown in Table 1 for the cone index indicating soil
hardness, expressed as force per square centimeter
for the conical penetrometer head penetrating the soil.
The cone penetration resistance was measured with
a dial static cone penetrometer [25, 18]. According to
ASAE standards as shown in Figure 3. Then, record
the values at different depths, measuring the cone
index at 9 different points within the depth range of
0 - 15 cm. Table 2 shows the soil cone index results in
the experimental area.

M;-M;

M

Sap= x100 (1)

Where S, is the dry basis moisture content
of sail (%), M, is the weight of the soil before drying (g),
and M,is the weight of the soil after drying (g) [23].

pv= (2)

Where pis the bulk density of the soil (g/cm?),
M;is mass or weight of the soil after drying (g), and
V, is total volume of soil (cm?) [18, 24, 25].

— Handle
Force reading =

Dial gauge
Proving ring
i - - =4
Y e S
Sail

cone
Figure 3 Cone penetrometer test.

Table 1 shows the average moisture content (%db) and bulk density determined for the field used in the experiment.

Field experiment Moisture content (%db) Bulk density (g/cm?)
T1 15.13+£0.96 1.23+0.09
T2 17.30£0.34 1.20£0.05
T3 18.07+0.83 1.18+0.06

Table 2 shows the average soil cone index over the 0—15 cm depth range, taken at 9 different spots.

Soil cone index (MPa)

Depth (cm)
T1 T2 T3
5 2.87 2.82 3.03
10 3.48 3.57 3.77
15 410 416 4.26
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From the soil moisture within the test plots for
the three types of tillage, the moisture content is in the
range of 15-18 %db, and the bulk density values are
consistent with [20]. It is stated that the acceptable
bulk density of soil should be less than 1.3 g/cm3,
and the average bulk density of the soil in each plot
falls within the recommended range as specified in
Table 1. When considering the penetration resistance
values in Table 2, it was found that in dry soil conditions
and at greater depths, the penetration resistance values
were higher [25].

Tractors and soil preparation tools

- Tractors

The tractor used as the power source was a
NEW HOLLAND AT6610 with a capacity of 90 horsepower,
a 4WD drive system, a 4-cylinder diesel engine with
direct injection, a cylinder volume of 5,000 cc, an 8-
speed forward and 2-speed reverse transmission, a
PTO speed of 540 RPM, and a fuel tank capacity of
90 liters, as shown in Figure 4.

Figure 4 Tractor NEW HOLLAND AT6610.

- Soil preparation tools

Tilling is the management of soil using
machinery to create conditions favorable for plant
production. It involves breaking up the compacted
surface soil to a specified depth and loosening the
soil mass so that plant roots can penetrate and spread
through the soil. Tillage can be divided into primary
tillage to reduce soil compaction, cover plant residues,
and rearrange soil mass. The tools used are called
primary tillage implements, which are pulled by
tractors and include moldboard plow, disk plow,
subsoilers, and chisel plow. As shown in Figure 5,
the second tillage is carried out to improve the soil
suitable for sowing seeds and planting crops. It is a
lighter and more detailed operation. The equipment
used includes various types of rakes, tillers, soil
levelers, and soil grinders [26-29].

Tillage is the mechanical manipulation of
soil to improve conditions for crop growth, typically
categorized into primary and secondary tillage. Disk
plows, a type of primary tillage implement, are used
to break up compacted soil, incorporate residues, and
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invert the soil layer. As shown in Figure 5b, the vertical
disk plow features concave steel disks (60-80 cm in
diameter, and 5-10 mm in thickness). An important
characteristic of the vertical disk plow is that all disks
are mounted on a single rotating shaft. This type of
plow allows adjustment only to the disk angle, while
the working depth is generally shallower compared
to that of a standard disk plow. The working depth can
reach up to 30 cm [30]. In the soil tillage test conducted
in this study, the specific characteristics of the disk
plow used are presented in Table 3.

a. Moldboard plow

R

b. Disk plow

c. Chisel plow d. Subsoiler

Figure 5 The tillage implements.

Table 3 Specifications of selected tillage implements
used for experiment.

Particulars Disk plow
No. of bottom(s)/tines 7
Operating width 160 cm.
Depth of cut 15-20 cm.
Weight 660 kg.
Power requirement >70 hp.

Plowing operation procedures

- Method of dividing the work

To ensure that plowing is done smoothly, the
entire area must be plowed without gaps and without
wasting time turning around. Therefore, it is necessary
to have a method of dividing the work by splitting the
area into sections, each section should not exceed 40 m
in width. As for the length, it can be as long as desired,
and the longer it is, the better, as it saves time on turning
around. After dividing the plot into sections according
to the desired width, there should be markers or
reference points for dividing the plot into sections and
then estimate the area to be used as the headland for
turning around [31]. The head cutting will be done
after dividing the plot into sections, leaving a space
at the head of the plot on both sides, approximately
the length of two vehicles. Then, plow in a shallow line,
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ensuring that the rear plow touches the ground slightly
along the entire length of the plot head on both sides.
This serves as a reference point for setting the plow
when starting work and lifting the plow when finishing
work. If this is not done, it will cause the plow to be
misaligned, resulting in uneven furrows and making
it difficult to finish the work neatly.

c¢. Headland

a. Circuitous (left) b. Circuitous (right)
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Figure 6 Tillage pattern and plough furrow.

- Method for testing plowing patterns

Agriculture in Thailand, especially rice cultivation,
mostly involves small-sized rice fields. This leads to
significant fuel loss during plowing. It is necessary
to apply expertise and methods that can reduce such
losses. There are several plowing methods that farmers
commonly use. In this test, three methods were
evaluated as follows: 1. The circular plowing method
includes left-hand circular plowing (Figure 6a). This
type of plowing, when repeated annually, will cause
water to accumulate in the center of the plot., 2.
Right-hand plowing (Figure 6b) is a method where
farmers start plowing from the center of the plot and
move outward to the edges. This method will cause
the center of the plot to become a mound if plowed in
the same way every year., 3. The headland plowing
method (Figure 6¢) begins by dividing the area in
half along the length of the plot, leaving equal
headland distances on both sides to allow for easy
turning on both sides. Mark or aim the stakes to be
clearly visible throughout the plowing process. Adjust
the plow for the first time by rotating the middle arm
so that the last plowshare digs a depth of about 10 cm,
marking the first line. Drive the vehicle in low gear.
When the vehicle reaches the designated end, lift the
plow, turn around, and place the plow so that the left
wheel of the vehicle is on the first line of the plowed
soil. Adjust the arm to let the plow dig deeper into
the soil. Drive the vehicle faster until the end of the
field. Lift the plow and turn the vehicle around to
plow the third line by placing the right wheel in the
second line of the plowed soil. Adjust the middle arm
of the plow and loosen the right arm to let the plow
dig deeper into the soil. Plow at a slightly higher speed
to ensure the plowed soil is smooth and not ridged.
Follow the same steps for the fourth and fifth lines

\ AND TEGHNOLGY

until the area is fully plowed, then finish the task
neatly [32].

Field test performance parameter

The performance indicators in this study are
the working efficiency of the 7-disc rotary tiller
attached to the tractor and the fuel consumption
rate, using the following equations.

- Finding the working speed of a tractor

The method for determining the appropriate
speed for tractor operation involves placing markers
at the midpoint of the field, spaced 20 m apart. The
speed is calculated by dividing the time taken for the
tractor to travel the 20 m distance by the time taken
to pass the 20 m markers [33,34]. The starting position
was set at least 2 - 5 m away from the first marker to
maintain a constant speed before the measurement
and data recording.

- Efficiency

Theoretical field capacity ( 7FC) is defined as
the maximum area that a machine can cover per unit
of time under ideal conditions, without any operational
losses. It is calculated using the following Eq. (3).

TFC=WxV (3)

Where TFCis the theoretical field capacity
(m2/hr or rai/hr), Wis the working width of the
implement (m), Vis the forward speed of operation
(km/h), to convert 7FCfrom square meters per hour
to rai per hour, the result is divided by 1,600 (since
1 rai = 1,600 m2) [35].

Effective field capacity (£FC) is the actual
working capacity of agricultural machinery or
equipment in the field, accounting for various factors
that reduce ideal performance. These include reduced
operating speed due to field obstacles, environmental
conditions, headland turns, or machine downtime. It
can be calculated using Eq. (4).

. (4)

Tp—T;

EFC=

Where EFCis the effective field capacity
(m2/hr or rai/hr), Ais total area worked (m2), 7, is
time of equipment operation in the field (hr), 77is the
total lost time during field operation (hr).

Field efficiency (FE) is the ratio between
actual working capacity and theoretical working
capacity of the machine, expressed as a percentage,
as shown in Eq. (5).

FE =22 x 100 (5)

- Fuel consumption rate

The amount of fuel that a machine needs to
operate over a certain period or to cover a specific
area, which can be calculated in units such as liters
per hour or liters per rai. The procedure for measuring
fuel consumption involves using a measuring cylinder
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to refill the tractor's fuel tank when the work is
completed. This can be determined as follows Eq. (6).

Fuel consumption (L.hr")= l; (6)

Where Vis the amount of fuel (L), Tis time
of working (hr) [36].

RESULTS AND DISCUSSION
Effects of soil width and depth from plowing

The width of the plow marks and the depth of
the soil are shown in Table 4. The experimental results
indicate that the width of the plow marks and the soil
depth from the three plowing methods did not differ
significantly, with an average plow mark width of
approximately 127 cm and soil depth ranging from
13.07 to 14.26 cm, which is consistent with previous
studies by Janulevicius et al. [14] and Damanauskas and
Janulevicius [17], who concluded that tool dimensions
and soil engagement depth are influenced more by
implement design and soil conditions than by plowing
direction; this consistency in plow width and depth
suggests good tool calibration and performance,
although differences in soil turning direction among
the methods may affect post-tillage soil uniformity
and potentially influence subsequent field operations
such as planting or fertilization.

Table 4 Results of plowing width and soil depth.

Tillage pattern  Width (cm.) Depth (cm.)
T1 127.4312.39 14.24+1.58
T2 127.16+2.31 14.26+£1.95
T3 127.18+2.55 13.07+1.51
- Tillage efficiency

From the testing of the three tillage preparation
methods, the efficiency of the work was calculated.

Table 5 Results of average fuel consumption.

\ AND TEGHNOLGY

The test results are shown in Figure 7, which summarizes
the average of TFC, EFC, and FE.

mm TFC =sm EFC —o=FE

-

it 41.60 45

o\—c\:’z.zo 40
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Field capacity (rai/hr.)
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Tillage pattern

Figure 7 The work efficiency from the three types
of land preparation.

Figure 7 shows the field capacity of the three
tillage methods: the left-hand tilling method, the
right-hand tilling method, and the skip-till method.
The actual field capacities were 2.57, 2.44, and 2.23
rai/hr, respectively. When the test results were used
to calculate the efficiency of spatial work, it was
found that the left-turning plowing pattern had the
highest efficiency, as it minimized turning time and
maximized continuous tillage. This was followed by
the right-turning plowing pattern and the skip-head
plowing pattern, with values of 43.34%, 41.60%, and
38.20%, respectively. If a complete plow mark is desired,
the entire plot must be plowed. In this case, the headland
plowing method provides the most uniform working
characteristics across the plot, as shown in the research
by Janulevicius et al. [ 14], who reported that continuous
plowing patterns reduce idle turning time at headlands,
thus enhancing effective field capacity; the strength
of this finding lies in the improved productivity and
time savings offered by circuitous patterns, while the
limitation remains in the potential for reduced plow
uniformity in irregular fields.

Fuel consumption (L/hr)

Treatment Total Mean
P1 P2 P3

Circuitous (left) 3.90 3.70 3.50 11.10 3.70

Circuitous (right) 3.50 3.90 4.00 11.40 3.80

Headland 4.50 3.95 3.80 12.25 4.08

Block total 11.90 11.55 11.30

Block mean 3.97 3.85 3.77

Total 34.75

Grand mean 3.86

CV.(%)=8.59
The eftect of fuel consumption rates

The analysis of variance of fuel consumption
rates in Table 5 and Table 6 found that the fuel
consumption rates of the three plowing methods were

not statistically different (p>0.05). When comparing
the experimental results, it was shown that the left-
turn plowing method had the lowest fuel consumption
rate, with an average of 3.70 L/rai. The right-turn plowing
method followed, with an average of 3.80 L/rai, and

©2025 Institute of Research and Development, RMUTT, Thailand

J Appl Res Sci Tech 2025;24(3):261902

%

DOI: 10.60101/jarst.2024.261902



https://ird.rmutt.ac.th/
https://doi.org/10.60101/jarst.2024.261902

JOURNAL OF

APPLIED RESEARGH ON SCIENCE

the headland plowing method had the highest fuel
consumption rate, with an average of 4.08 L/hr,
respectively. This corresponds with the findings of
Janulevicius et al. [14], who reported that headland
turns requiring frequent lifting and repositioning of
the implement significantly increase fuel consumption.

\ AND TEGHNOLGY

A notable advantage of the left-hand turning method
is its lower energy usage, as it reduces idle motion.
In contrast, the headland turning method presents
limitations due to increased operational complexity
and fuel demand caused by frequent turning and
tool repositioning at field boundaries.

Table 6 Results of the variance analysis of fuel consumption rates.

Source of Variation df SS MS F p-value
Tillage pattern 2 0.24 0.12 1.10 0.420s
Fuel consumption 2 0.06 0.03 0.28 0.77ns
Error 4 0.43 0.11

Total 8 0.73

Remark: ns- not significant

CONCLUSIONS

The study of soil properties in the test plots,
including soil moisture, bulk density, and penetration
resistance, found that the soil properties in each
plot studied were not significantly different. The
average soil moisture test results ranged from 15-18
%db. The bulk density of the soil is 1.18-1.23 g/cm3,
and the average penetration resistance is consistent
with the moisture content. Which indicates dry soil
conditions and increased depth, resulting in higher
penetration resistance values. If the penetration
resistance values are very high, it may affect work
efficiency and increase energy consumption. Physical
characteristics of the soil in the test plot after plowing
were measured for the average width of the plow
marks and the soil depth. In all three plowing methods,
the width of the plow marks did not differ, which
corresponds to the size of the tool, specifically a 7-
disc plow, with a measured width of approximately
127 cm. However, the measured soil depths varied
slightly. The left and right circular plowing methods
had similar depths, which were greater than the
depth of the headland plowing method. This difference
may be due to the lifting of the plow when starting
to plow at the headland of a new row. The efficiency
test of the three tillage preparation methods showed
that when the test results were calculated for spatial
work efficiency, the left-hand tilling method had
the highest efficiency, followed by the right-hand
tilling method and the tilling method with headland
skipping, with values of 43.34%, 41.60%, and 38.20%,
respectively. The fuel consumption rates for the
three tillage methods do not differ statistically.
However, the method of tilling with headlands has
the highest fuel consumption rate but provides the
most consistent working conditions across the field.
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ABSTRACT

This research supports that renewable energy sources were used to power the drying process for
design in a solar dryer, leading to the preservation of agricultural products and suitable preservation systems.
The drying system involves complex physical atmospheric mechanisms, with relations between the dry air
and the moisture content of each product, which affect the performance of solar drying systems. Steady
laminar natural convection heat transfer formulas that are accurate based on a boundary-layer have been
used to evaluate the flow caused by nonuniform density in an air flow based on dimensionless equations,
and natural flow (buoyancy) inside the indirect solar dryer. Results show the heat transfer coefficient for
natural convection 5 — 6 W/m?°C, heat energy 25 - 65 ]/s, collector efficiencies 29 - 40.6 % and drying rate
0.18 - 0.98 kg/hr. The heat and mass increased according to dry-air flow through the dryer under trends of
solar radiation 312 - 513 W/m? and temperatures inside the indirect solar dryer 39.7 - 53.7°C, respectively,
as ambient temperature 30.5 - 42.5°C, relative humidity 36 - 52% schedule 08:00 a.m. - 04:00 p.m. (daylight
clear sky recorded). Experimentation, a test with a similar climate condition, with an initial moisture
content of 85% to the final moisture content of 15% on a wet basis, showed a drying rate of 0.08 - 0.19 kg/hr.

Keywords.: Renewable energy, Solar dryer, Laminar natural convection, Boundary-layer, Buoyancy

INTRODUCTION

The sun is an abundant energy source widely
utilized, especially for preserving agricultural products,
one of the oldest and traditional techniques. As the
global world transitions towards green energy sources,
solar drying has become an essential technology for
sustainable agricultural production, offering a clean
energy, more efficient alternative to conventional
drying methods, and advantages over traditional
methods, including faster drying rates and reduced
energy costs. Solar drying is one of the renewable
energy sources, desirable as compared to other fossil
fuels that pollute the environment (greenhouse
effect), not only contributes to a better environment
but also gives a strong and sustainable boost to the
economy through work opportunities, as well as
encourages the safety of agricultural products through
preservation systems. Moreover, it is a or rural societies
living far from the electric grid. Traditionally solar
drying techniques is one of oldest make use of an
open space (open sun drying or direct sunlight) is
the simplest and cheapest method of drying, However,
open sun drying has a various limitation on the long
drying time periods, (un control temperature and
time), dependence on weather conditions, requires

a large space area and physical changes in product
such as shrinkage, deterioration of quality by
overheating, hostile ambient may lead the products
to burn instead of drying affects the color, texture,
flavor, loss of nutrient and volatiles components,
Furthermore contamination of products from the
foreign materials and infestation by insects, birds,
rodents and other animals. To overcome the limitation
of open sun drying, the improvement and utilization
of solar dryers is essential, which involves moisture
content in the product, heat and mass transfer
phenomenon that removes moisture from a product
by passing hot-air flows around it to carry away the
released vapor, continues until the vapor pressure of
the product and ambient environment are
equalized. The designs of solar drying systems
include various solar collector configurations, dryer
geometries, and air flow mechanisms, which are
crucial for efficient drying. Heat transfer equations
and dimensionless quantities are required to obtain
the air flow rate, especially the heat transfer
coefficient. Nevertheless, one of the issues in solar
dryer designs is the lack of modeling and
dimensionless heat transfer data for optimal process
design [1-5].
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The objective of this research is carried out
calculate under the assumption of steady the
boundary and incompressible constant fluid laminar
flow conditions to evaluate the performance of the
indirect solar dryer, using dimensionless quantities
[6] as Nusselt Number, Rayleigh Number, Grashof
Number, Graetz Number, Reynolds Number, Prandtl
Number, Peclet Number, Pohlhausen and heat transfer
equations to analyze heat collector on the vertical and
horizontal solar dryer's surface (caused by air
buoyancy with different temperatures) and compare
the result with the experimental drying with the
banana (represent agriculture products).

MATERIALS AND METHODS
Description of solar dryer

The cross-sectional view of the solar dryer
uses materials easily obtainable from the local market.
Figure 1 shows a diagram of the workflow analysis
of the solar dryer vertical cylinder shape, the prototype
of the solar dryer cylinder vertical shape, consisting
of main parts, material Polycarbonate-bright white
color plate 6 mm thick, diameter 0.80 m, and height
0.60 m. Contracture body cover and bottom plate made
by SUS304 stainless steel (Food grade material), the
cover plate is designed for protecting against overheating,
preventing the food from burning instead of drying [5],
and it can support the fan, blower, or heater utilized
for drying continuously until the finished process. The
tray made of SUS304 stainless steel had dimensions
of 30 cm width, 30 cm depth, and 32.5 cm height. It
has the capacity to accommodate 10 kg of material
per batch. The door has been provided at the top,
and hot air flows into the dryer through the inlet at
the bottom, and leaves through the upper side. The
solar radiation is absorbed by the surface and covers
approximately 1.25 m? of the solar dryer approximately
1.25 m2.
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Figure 1 Diagram work flow analysis solar dryer
vertical cylinder shape.
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FEquations and mathematics analysis

Mathematical equations governing natural
convection flow and the heat transfer in a solar dryer
(cylinder shape) are the dimensionless quantities
(boundary conditions) and energy equations. A major
problem in heat transfer is the estimation of heat
transfer coefficients to be used for design purposes.
These hc values must be determined from the fluid's
properties and the system's geometry. Equations
that describe systems with similar characteristics
can be superimposed on each other to form a single
expression suitable for all systems. The following
dimensionless quantities have been identified and
used in correlations involving the heat transfer
coefficient equations (1)-(9). The quantity of air
needed for drying: Using a psychrometric chart, it is
a study of the physical and thermodynamic properties
of moist air, i.e., a mixture of dry air and water vapor,
and shows the humidity ratio to be kg water/kg dry
air, corresponding from the gas laws [7-9].

Experimental set-up

s

§

e “F

Figure 2 Experimental setup test with a banana fruit.

The temperature profile of the dryer was
determined by measuring the hourly temperature.
Testing under no load conditions was carried out,
measuring the hourly temperature, humidity, solar
radiation, and air velocity by Solar power meter
model SM206-SOLA, Anemometer model
CBzSGHJ001, Temperature & Humidity model L563A,
Temperature model TM 1803, Weighting scale
model VIGO, and Moisture meter model OHAUS
MB23. Experimental studies under no load
conditions were conducted in Tambon Khlong Ha,
Amphoe Khong Luang, Pathum Tani, Thailand, at a
latitude of 14°0'48.46" North and a longitude of
100°31'49.76" East. The temperature profile of the
dryer was determined by measuring the hourly
temperatures collected between 08:00 a.m. and
04:00 p.m. Experimental studies set-up test with
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banana fruit 5 kg (average diameter 3 cm. and length
8 cm.) was reduced from an average 85% to 15% wet
basis (Figure 2), specific heat ranged from 1574.0-
2506.8 J/kg°C. [10].

FEquation of dimensionless
Nusselt Number (Nu) vertical analysis [5,11].
( 0.67 R )

419 (])
(1+(04927Pr)™)

N, =0.68+

Nusselt Number (Nu) horizontal analysis [12].

1/5
I{lu _ 0.544Ra _ 2)
(1+(0.4777Pr)™)
The Pohlhausen Equation [13].
N, = 0.664 Re"? Pr'”® (3)
Rayleigh Number (Ra).
R, =P xG, (4)
Grashof Number (Gr).
3 2 3 2
Gr:Lg,B/Z AT ,d gﬂp; AT (5)
H H
Graetz Number (Gz).
T d m
G, =—| Rex Prx(—j = xC (6)
4 L k,xL P
Reynolds Number (Re).
Re = =YX (1)
7
Prandtl Number (Pr).
C xu
P== 8)
Peclet Number (Pe).
P,=R.xP. (9)

Heat transfer coefficient (hc).

0
_Nu (10)

hC \

The quantity of air needed for drying: Using
a psychrometric chart and taking input air temperature
and relative humidity, it describes the physical and
thermodynamic properties of moist air and the hot
air drying process, i.e., Parameters for dry-air analysis
Table 2. Most common dehydration processes use
hot air as the drying medium, as the air delivers heat

\ AND TEGHNOLGY

to the product to evaporate moisture. The property
data are usually provided in charts and tables. The
assumption is that there is no heat loss between the
collector and the drying. The physical properties of
humid air can be determined using the following
equation (11-14) [13-15].

C, =999.2+0.1434T, +1.101x10 T~ 6.7581x10°T° (1)

4, =1.718x107° + 4.620x10°°T, (12)
K, =0.0244 +0.6773x107*T, (13)
353.44 (14)

P =T +273.15)

The total collected solar energy, efficiency,
and mass flow; the energy input of the solar thermal
collector area can be determined from equations
(15-17) [16]. Solar collector received maximum
solar radiation during test, equation (15), energy
output of the solar thermal collector can be
determined by equation (16), and efficiency of the
solar thermal collector can be defined as the ratio
between the useful outputs of energy to the input
energy using equation (17). The evaluation of water
to be removed from the product using equations
(18-20).

E, =1xA (15)
g= hc X AX AT ; The rate of energy collection ~ (16)

e =%x100 (17)
PAVA =m, RA (T + 27315) : Gas Laws of air (18)
PV, =m,R, (T +273.15) ; Gas Laws of vapors (19)

m 0.622P, 0.622P . .
—w w — W+ Specific humidity (20)
m P, P-P,

a

A major part of energy utilization during
drying is for liquid water's evaporation into its
vapors (2258 kJ/kg at 101325 Pa), and the average
specific heat capacities of drying processes are
given as 1970 J/kg°K. A phenomenon of removing
liquid by evaporation from a solid, mechanical
methods for separating a liquid from a solid are not
generally considered drying. The water may be
contained in the solid in various forms, like free
moisture or bound form, which directly affects the
drying rate. These principles are applied, in general,
to conventional mechanical drying and are
concerned mainly with solar drying. However, it
must be noted that conventional drying principles
and phenomena are generally independent of the
type of energy used [17, 18].
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Table 1 Solar radiation, temperature and %RH.

Time 8am 9am 10am 1lam 12am 1pm 2Z2pm 3pm 4pm
Solar radiation (W/m?) 312 371 419 465 497 513 494 456 416
Average ambient temp. (°C) 285 320 347 36.6 392 403 396 380 357
Average temp. (°C) inside dryer  36.7 422  46.8 50.3 54.7 56.8 545 496 438
%R.H. ambient outside dryer 522 46.7 441 40.0 399 362 38.0 395 426
%R.H. in dryer no load test 326 28.7 268 24.3 235 205 219 231 254
Table 2 Parameters for dry-air analysis.
Item Average Units Equation
G 1006.4 J/kg°C 1
My 0.0000194 kg/m.s 12
Ky 0.0277 W/m°C 13
Pv 1.103 kg/m? 14
B 0.00311 1/°K -
P 101325 Pa standard
Pa 89365 Pa 20
g 9.81 m/s? standard
Ra 2871 J/kg°K standard
A 1.25 m? -
Nu (vertical) 95.7 dimensionless 1
Nu (horizontal) 212.6 dimensionless 2
Ra (vertical) 0.18x10"? dimensionless 4
Ra (horizontal) 24x101? dimensionless 4
Gr (vertical) 0.26x10° dimensionless 5
Gr (horizontal) 0.61x10° dimensionless 5
Gz 65 dimensionless 6
Re 0.26x10° dimensionless 7
Pr 0.706 dimensionless 8
Pe 18539 dimensionless 9
Mw/M, 0.084 kg/kg 20
a 87.6 J/s 16
RESULTS AND DISCUSSION solar radiation and temperatures obtained shows

No load test (dry air analysis)

The first results described previously of the
prototype solar dryer cylinder vertical shape
utilized a natural, renewable energy source of heat
energy that continuously changed from hour to hour,
depending upon the time and sky cover of the day,
making it difficult to control. Preliminary evaluation,
the air is a gas, as if a medium that can absorb
moisture from food products during the drying
process by using a solar dryer (heats the air within
the collector, raising its temperature and increasing
vapor pressure, thus reducing its relative humidity).
The information used to evaluate the system is
presented in Table 1. The general trend in the profiles of

increases from 09:00 a.m. to between 01:00 p.m. and
03:00 p.m. followed by a decrease. On the other
hand, relative humidity decreases from 09:00 a.m.
to between 01:00 p.m. and 03:00 p.m., then increases,
tested without trays and with no load. The hourly
variation of the incident solar radiation is shown in
Figure 3. During the test period, the test ranged from
312 to 513 W/m?. It is clearly seen that the dryer is
hottest around midday when the sun is usually
overhead. The maximum solar radiation is observed
at around 01:00 p.m., 497 to 513 W/m?, and the
average is 438 W/m?, respectively (the dryer is
hottest about midday when the sun is overhead). While
ambient and inside dryer temperatures varied from
30.5 to 42.5°C and 39.7 to 56.6°C, respectively. Figure
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4, the temperature information inside the dryer is
within the safe range limit of the drying agricultural
processes. (Prakash and Kumer, 2014) [4].

:.1 Solar Energy 600

A\ — =
——
— = 500

100

solar radiation intensity (W/m2)

Local time (hr.)

Figure 3 Solar energy radiation.
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Figure 5 Variation of moisture flow rate.
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The hourly variation of the mass flow rate (dry-
air and water) is shown in Figure 5. It was observed that
products in the dryer can be dried faster at around
01:00 p.m. because the moisture flow rate strongly
depends on the solar radiation effect and the
temperature. The effect of the moisture rate increases
as solar radiation and temperature increase, and the
moisture flow rate is between 0.1 and 0.5 kg/hr, with
an average of approximately 0.55 kg/hr, respectively.

The rate of energy collection

~
o

D
o

[
o

N
o

w
o

)
o

energy of dry air (J/s)

e c1ergy Of horizontal plate

—_
o

e o energy of vertical plate

o

8am 9am 10am 11am 12 am 1pm 2 pm 3 pm 4 pm

Time (hr.)

Figure 7 Rate of energy collection (horizontal and
vertical plate).

The hourly variation of the heat transfer
coefficient of drying is shown in Figure 6. The very
heat transfer coefficient values for natural convection
are 5.2 and 5.9, with an average of approximately
5.6 W/m? °C, respectively. It can be indicated that
the high or low drying system depends on the solar
radiation and the temperature effect. The high heat
transfer coefficient can achieve high energy, as shown
in Figure 7. The rate of energy collection is approximately
25 and 65 ]/s, respectively, which can achieve more
dry-air volume, leading to dehumidification (moisture
removed from the dryer), as shown in Figure 5. This is
clearly seen that the maximum heat transfer coefficient
similar solar radiation and temperature at around
01:00 p.m.

The hourly variation of thermal (collector)
efficiencies on the drying system. It increases as the
solar radiation increases Figure 8. This clearly
reveals the dependence of the dryer's performance
on solar radiation and temperature throughout the
system. The efficiency through the solar dryer during
the test period was between 29 and 40.6 %. Similar to
the previously shown figure at 01:00 p.m., the highest
efficiency.

Test with load (banana fruit)

Compering the evaluation of mass flow rate
between no load and with load in order to verify
performance all information, Experiments banana
fruits were dried and the results obtained in drying
a banana sample, are shown in Figure 9, It was observed
that products in dryer can be dried faster at around
01:00 p.m., testing were carried out drying of banana
fruits 5 kg, similar condition no load items. The test
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banana slices spent drying time about 27 hours, with
an average testing four times per week based on the
solar radiation effect on the dryer (08:00 a.m.-04:00
p.m.), beginning 85% was reduced to 15% the basis
conditions.

Thermal Efficiency

60

solar radiation (W/m?2)

w
o
efficiency (%) and temeratur (°C)

8am 9am 10am 1lam 12am 1pm 2pm

Time (hr.)

3pm 4pm

. Q(\W/m2) solar radiation
== = thermal efficiency
— overage temperature inside dryer

Figure 8 Thermal efficiency.

Test with load
4.0

3.5

y = -7E-06x3 + 0.0007x? - 0.1448x + 3.579

3.0
R*=0.998

2.5
2.0
15
1.0

moisture removed (kg/hr)

0.5

0.0

1234567 8 9101112131415161718192021222324252627

Time (hr.)

Figure 9 Experiment test with load (banana fruit).

CONCLUSIONS

This research demonstrates a practical way
of cheaply and sanitarily preserving agricultural
products by utilizing a solar dryer. The solar dryer
does not require high technology, and the maintenance
cost is minimal once installed. The evaluation of the
solar dryer on natural convection heat transfer based
on boundary-layer laminar air-flow has been to evaluate
the flow caused by the dimensionless heat transfer
correlating equation, which was applied to evaluate
the heat transfer along with the cylindrical shape of
the indirect solar dryer. Heat transfer equations were
also used in this study to evaluate heat and mass transfer
across the dryer. All equations and experiments show
higher solar dryer and air-flow values were obtained
with higher solar radiation values. However, solar
dryers have a natural disadvantage; they require too
long to dry agricultural products due to the buoyancy
and insufficient dehumidification to dehumidify the
dryer rapidly. An alternate energy source was used
to power the drying process during cloudy days and
at night. Improvement in efficiency more than this

\ AND TEGHNOLGY

design can add a solar collector or other renewable
heat source utilized for drying continuously during
off-sunshine and at night or on rainy.
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Nu dimensionless | Nusselt Number (mean Ky W/m’C Thermal conductivity
value) Ei \\ Solar energy
Nujam | dimensionless | Nusselt Number t s Time
(laminar flow) I W/m? Incident insolation
Ra dimensionless | Rayleigh Number A m> Total collector area
Pr dimensionless | Prandtl Numder ne % Thermal efficiency
Gr dimensionless | Grashof Numder My g mass of water to be dried
Re dimensionless | Reynolds Number hfg kJ/kg Latent heat of water
Pe dimensionless | Peclet Number vaporization
g m/s? Acceleration due to Va m’ Volume of dry air
gravity Vw m? Volume of vapors
B 1/°K Coefficient of thermal ma kg Mass of air
expansion My kg Mass of vapour
pv kg/m? Density P Pa Atmospheric Pressure
AT °C Temperature difference ; (101.325 kPa)
(Ti- Tam) Ps Pa Pressure of steam
Tam | °C Ambient temperature Ra J/kg"K Gas constant t = 287.1
T; °C Temperature inside Rw J/kg°K Moisture constant = 461.5
dryer . J/s Energy, rate of heat flow
T °C Film temperature .
\% m/s Velocity of air m kg/s air flow rate
Hv kg/m.s Dynamic viscosity he W/m?°C Convective heat transfer
L m Length coefficient
C KkJ/kg"C Specific heat of dry air,
at constant pressure

©2025 Institute of Research and Development, RMUTT, Thailand

5

J Appl Res Sci Tech 2025;24(3):258030

DOI: 10.60101/jarst.2024.258030



https://ird.rmutt.ac.th/
https://doi.org/10.60101/jarst.2024.258030

Received: September 3, 2025 | Revise: October 9, 2025 | Accepted: October 10, 2025

JOURNAL OF

APPLIED RESEARGH

ON SCIENCE
AND [EGHNOIOGY

INSTITUTE OF RESEARCH AND DEVELOPMENT

ISSN ONLINE: 2773-9473

https://phOl.tci-thaijo.org/index.php/

rmutt-journal

A unified adaptive pure pursuit speed controller with EKF Sensor Fusion for real-world

ackermann mobile robots

Nattapong Promkaew!, Pasan kulvanit? and Somboon Sukpancharoen”

IDepartment of Agricultural Engineering, Faculty of Engineering, Khon Kaen University, Khon Kaen 40002, THAILAND
2Department of Science Service, Ministry of Higher Education, Science, Research, and Innovation, Bangkok 10400, THAILAND
“Corresponding author: sombsuk@kku.ac.th

ABSTRACT

Accurate trajectory tracking is critical for autonomous mobile robots navigating in outdoor environments.
This research presents an enhanced version of the Pure Pursuit algorithm, referred to as Pure Pursuit with
Dynamic Steering Control (PP-DSC), which modulates the robot's velocity according to the magnitude of the
steering angle while maintaining a fixed lookahead distance. The algorithm was implemented on a four-
wheeled robot with Ackermann steering, and localization was achieved by fusing data from the Global Navigation
Satellite System Real Time Kinematic (GNSS-RTK), Inertial Measurement Unit (IMU), and encoder data using
an Extended Kalman Filter (EKF). Field experiments were carried out on three representative paths: straight
line, S-curve, and loop at operational speeds ranging from 1.0 to 3.0 m/s. The results demonstrated that PP-
DSC consistently reduced lateral deviation compared to fixed-speed Pure Pursuit. Root Mean Square Error
(RMSE) was reduced to 0.9 cm on the straight-line path, and on the S-curve path, RMSE was reduced to 2.1 cm.
The RMSE decreased to 1.9 cm for the loop path with PP-DSC, while the 1 m loo kahead configuration exhibited
a higher RMSE of 2.7 cm. These findings confirm that steering-based velocity modulation effectively

improves path-tracking precision under real-world outdoor conditions.

Keywords: Pure pursuit, Adaptive speed control, ROS 2 Jazzy, GNSS-RTK, Sensor fusion

INTRODUCTION

Getting robots to navigate outdoors reliably
has proven harder than expected. Global Navigation
Satellite System Real Time Kinematic (GNSS-RTK)
should give us the centim-level accuracy achieving
approximately +10 cm precision when conditions are
ideal [1, 2]. Unfortunately, real-world deployment
rarely offers such luxury. Buildings create shadow
zones where signals simply don't reach. Tree canopies
scatter Global Positioning System (GPS) signals
unpredictably, while atmospheric disturbances add
their own errors [3, 4]. Weather conditions also matter;
heavy rain or dense fog can significantly degrade
signal quality. These problems compound quickly. A
robot might lose position fix entirely at the worst
possible moment, or see errors balloon far beyond
that £10 cm specification [5].

The obvious solution involves using multiple
sensors together [6]. Extended Kalman Filters have
become the standard tool for this job, and for good
reason. Under normal GPS conditions, the Extended
Kalman filter (EKF) provides marginal benefits,
perhaps 3% improvement at best. But watch what
happens when GPS degrades: suddenly, that same
EKF system outperforms GPS-only navigation by 50%

[7]. The filter merges whatever Real Time Kinematic
(RTK) data it can get with Inertial Measurement Unit
(IMU) measurements (accelerations, rotation rates)
and wheel encoder counts. Even if satellites vanish
completely, the robot navigates [8, 9]. The mathematics
behind EKF involves recursive Bayesian estimation,
predicting states based on motion models, then
correcting with sensor observations. Granted, the
system still faces that fundamental +10 cm RTK limit,
not to mention delays from mechanical steering
linkages and control loops. Still, the multi-sensor
approach plays to each technology's strengths. GPS
anchors the global position, IMUs track rapid
movements, and encoders measure distance traveled
regardless of satellite availability.

Beyond sensor fusion lies another problem
entirely: path planning computation. Dijkstra's
algorithm and A* guarantee optimal paths, which
sounds great until you realize their computation
time explodes with environmental complexity. Add
moving obstacles or multiple optimization criteria,
and these classical methods become computationally
prohibitive for real-time control. Graph-based methods
work well for structured environments, but outdoor
navigation often involves continuous spaces with
irregular obstacles.
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This limitation has pushed researchers toward
metaheuristic algorithms - optimization methods
that mimic biological and physical processes [10,11].
Ant colonies, bird flocks, evolutionary selection - nature
solved these problems long ago. These algorithms
do not promise perfect solutions like A* does, but
they find reasonable solutions much faster and rarely
get trapped in local minima [12]. The exploration-
exploitation balance proves crucial here; too much
exploration wastes time, while excessive exploitation
misses better solutions.

Promkaew's recent work makes a compelling
case. Their Artificial Bee Colony algorithm found
paths 7% shorter than A* while using just 10% of the
computation time in indoor navigation tests [13].
The algorithm divides its artificial bees into scouts,
workers, and onlookers, each playing different roles
in the optimization process. For robots making split-
second decisions, efficiency gain matters more than
theoretical optimality.

When it comes to following paths, Pure Pursuit
dominates the field - primarily because it's so
straightforward [14, 15]. Point the robot at a spot
ahead on the path, drive toward it, pick a new spot,
repeat. Simple enough that basic microcontrollers
can run it without breaking a sweat [16]. The geometric
interpretation is elegant: the robot follows a circular
arc connecting its current position to the lookahead
point. The trade-offs become apparent quickly,
however, Standard Pure Pursuit reacts sluggishly to
sudden path changes and struggles when speeds
vary [17, 18]. Various fixes exist: some researchers
adjust lookahead distance dynamically [19, 20],
others borrow ideas from animal locomotion [21].
Recent work has explored machine learning approaches
to tune params automatically. Yet most still run at
fixed speeds, which worsens tracking through curves
and amplifies any positioning errors [22].

Physics tells us the solution: slow down for
tight turns, speed up on straights. The relationship
between curvature and safe speed isn't complicated,;
it follows from basic centripetal force considerations,
but implementations rarely exploit it properly [23].
Consider that lateral acceleration equals velocity
squared divided by turning radius; exceeding tire
friction limits means losing control.

Ackermann-steered robots face extra
complications. Unlike differential drive robots that
pivot on the spot, Ackermann platforms have minimum
turning radii dictated by their geometry [24]. The
front wheels must turn at different angles to avoid
tire scrubbing - the inner wheel turns sharper than
the outer. Handle these constraints correctly and
lateral tracking errors drop to 2.5 cm with 60% less
computation - impressive gains, though still limited
by positioning accuracy [25]. The kinematic model
gets more complex too, involving wheelbase length,
steering angle limits, and slip considerations. Speed
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control deserves more credit than it gets. Yes, faster
operation improves productivity, but strategic speed
reduction through curves maintains both accuracy
and stability [26, 27]. Field tests show that agricultural
robots operating at variable speeds complete tasks
with fewer path deviations than constant-speed
systems. The steering angle directly indicates how
much to slow down, making adaptive speed control
straightforward to implement [28].

Modern navigation systems work best when
sensor fusion, path planning, and control all support
each other. Each layer solves specific problems: fusion
handles sensor noise and failures, planning finds
efficient routes through complex spaces, and adaptive
control executes those plans smoothly. The integration
challenges shouldn't be underestimated, though -
getting these subsystems to communicate effectively
requires careful software architecture.

Our contribution is straightforward: the
modified Pure Pursuit to slow down based on steering
angle while keeping the lookahead distance fixed.
An EKF combines GNSS-RTK, IMU, and encoder data
to squeeze the best possible performance from that
+10 cm RTK limitation. All experiments were conducted
on an Ackermann-steered robot running ROS 2 Jazzy,
chosen for its improved real-time capabilities and
better hardware abstraction than ROS 1. Three main
outcomes emerged from this work. First, the EKF-based
navigation system improves raw RTK positioning by
fusing complementary sensors. Second, scaling speed
with steering demand (while maintaining constant
lookahead) enhances Pure Pursuit (PP) tracking, which
is particularly noticeable in S-curves and sharp corners.
Third, tests across different paths at 1-3 m/s confirm
better accuracy and smoother motion than fixed-
speed methods. The improvement becomes more
pronounced at higher baseline speeds, where the
adaptive system prevents the overshooting common
with constant-velocity controllers. Section 2 explains
our system design, Section 3 details the experiments,
Section 4 analyzes results, and Section 5 discusses
implications and next steps.

MATERIALS AND METHODS
Hardware architecture and localization sensors

The mobile robot consists of a four-wheel
platform with rear-wheel drive and front-wheel
Ackermann steering, and its chassis measures 600 mm
wide by 1000 mm long. DC motors provide traction,
while a servo motor is responsible for steering. An
industrial computer manages the robot's control
system. Electrical power comes from a 24 V lithium
battery (Figure 1).

A router makes wireless communication
and system monitoring possible. For localization,
the robot uses two GNSS antennas, with an approximate
baseline of 1.2 m, antenna A integrated with a 9-axis
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IMU (3-axis gyroscope, 3-axis accelerom, and 3-axis
magnetom) to enhance positioning accuracy (Figure
2). The wheel encoders attached to both rear motors
provide 1024 pulses per revolution, supplying velocity
feedback to EKF.

Figure 1 Autonomous Vehicle Component Layout.

(Servo motor\ fDuaI Antenn; (" Router )
\_ VRN VAN : J
(IMU sensor Computer (" Motor )

. | J/

Figure 2 Hardware components of the autonomous
vehicle.

Battery [ PC P

GNSS IMU

Servo

Station 1_Remote |

)
Motor controller
| ' ' i

Figure 3 Robot system wiring diagram.

The internal wiring layout of the robot is
shown in the robot system wiring diagram (Figure 3).
A 24 VDC 25 Ah lithium battery supplies power to
the entire system, with a DC-DC converter stepping
down the voltage to 12 VDC for components that
require it. The motor controller connects to two DC
motors equipped with encoders for feedback and a
servo motor used for steering, which can be operated
both automatically and through remote RC signals.
Communication between the main computer, motor
controller, IMU, and GNSS modules is established

\ AND TEGHNOLGY

through Controller Area Network (CAN) connections.
The industrial computer processes sensor data,
issues control commands, and is linked to the RTK
receiver. The system communicates with a laptop and
a base station via Ethernet and wireless networks.
In addition, a 2.4 GHz wireless module is included
to support remote operation and monitoring.

Robot development and integration

The robot development process diagram
illustrates the steps involved in developing the
autonomous robot (Figure 4). Development begins
with system design, where the hardware is selected,
the power system is planned, and wireless communication
is set up. Once these foundations are established, focus
shifts to integrating sensors and creating the software.
At this stage, data from the GNSS-RTK, IMU, and encoders
are combined using an EKF to give the robot an accurate
estimate of its position. For navigation purposes,
latitude and longitude data are converted into Universal
Transverse Mercator (UTM) coordinates. All of these
tasks are handled within the ROS 2 Jazzy environment.
In the next phase, the robot's path-tracking algorithms
are implemented, combining the Pure Pursuit
approach with speed adjustment based on steering
angle. The process concludes with field testing and
a thorough evaluation to confirm that the robot
performs as intended (Figure 4).

System Design

Sensor & Soft\prare
S+ e+9>

Algorithm Development
PP + STC

Navigation

Implementation & Ev.aluation
TTEES b

Figure 4 Robot Development Process.
Path tracking and velocity control algorithms

Path tracking for autonomous ground vehicles,
most engineers tend to use a mix of geometric and
kinematic models to figure out how the robot should
steer and control its speed. The kinematic model, for
example, is pretty straightforward, but it's proven
to be a reliable foundation for many different control
methods. One of the techniques that is often used is
the Pure Pursuit algorithm. It's gained popularity
mostly because it's simple to set up and tends to work
well in real-time situations. But as just making the
robot steer along the path usually isn't enough. There
are plenty of times when the vehicle also needs to
adjust its speed, especially if it's about to take a curve.
Slowing down in tight turns can make a big difference
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in terms of stability and overall safety, while on
straight sections, you can generally get away with
going a bit faster. That's why, in many cases, speed
is tied to either how much the path is curving or what
the steering angle is at a given moment. Putting these
strategies together helps make the navigation system
more flexible and robust so that the robot can handle
all sorts of path shapes and situations it might
encounter.

J/“------------\Y*--(

P
1
1

A
1
I
|
1
1
1
1

X
Figure 5 Kinematic bicycle model geometry.

Target point

la

Figure 6 Pure pursuit tracking geometry.

The kinematic bicycle model provides the
foundational framework for describing the motion
of a car-like robot in the plane (Figure 5). The model
is governed by the following continuous-time state-
space equations (Eq. 1-4):

x vcos (6) (1)
i(y) _[| wvsin(8) (2)
at\ 6 vtan (§)/L (3)

v a (4)

where x and y denote the global position of the rear
axle, 6 is the heading angle of the vehicle, v is the
linear velocity, L represents the wheelbase, § is the
front wheel steering angle, and a is the longitudinal
acceleration input. The relationship between the
turning radius R and steering angle § is given by

(Eq.5): .
R= tan (6) (5)

\ AND TEGHNOLGY

This relationship ensures that changes in the
steering angle directly affect the curvature of the
vehicle's trajectory.

The Pure Pursuit algorithm is widely
adopted for lateral control due to its simplicity and
effectiveness (Figure 6).

The algorithm first defines the lookahead
distance I, as a function of the robot's linear velocity
(Eq. 6):

la = Kgqv (6)

where K, is a proportional gain param. To ensure
stable tracking, the lookahead distance is
constrained within minimum and maximum
bounds (Eq. 7):

ld,‘min < ld < ld,max (7)

Given a reference path, a target point at lookahead
distance is identified in the vehicle frame, and the
heading error « is calculated according to (Eq. 8):

a = arctan2(y,p, Xep) (8)

where (x,,y,,) are the coordinates of the target
point relative to the rear axle. The required turning
radius to the target is then determined by the
geometric relationship in (Eq. 9):

La 9)

2sina

Consequently, the steering angle command for the
front wheel is obtained from the Pure Pursuit
geometry, as given in (Eq. 10):

2Lsi
sin (a))

la

& = arctan ( (10)
where L is the wheelbase of the vehicle (m), L, is
the look-ahead distance (m), and « is the geometric
heading-error angle between the vehicle's current
heading and the target point (rad).This equation
determines the curvature of the circular arc that the
robot must follow to reach the lookahead point. In
practical navigation, stability and safety are further
enhanced by dynamically adjusting the robot
velocity according to the steering demand. The yaw
rate w is calculated as a function of the current
velocity and steering angle (Eq. 3).

The normalized steering demand S is then
defined as (Eq. 11):

w

s=]

where w,,,, represents the maximum allowable yaw
rate (rad/s) determined by the vehicle's kinematic
limits. This normalization maps the instantaneous
turning rate into the range [0,1], where S=0
corresponds to straight-line motion and S = 1 indicates
the sharpest turn achievable by the vehicle. The
value of S is subsequently used in Eqgs. (12) - (14) to
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interpolate the commanded velocity between v,,;,,
and v,,,4, .

- Slower

n= (12)

Supper - Slower

when S lies between Soyer and Sypper , the interpolated
velocity is given by Eq. 13:

Vinterp = Vmin + (Vmax - vmin) n (13)

Finally, the commanded velocity is expressed as the
following piecewise function (Eq.14):

Vmin S > Supper
v =14 Vnax S< Siower (14)
Vinterp otherwise

where vy, and v, are the minimum and maximum
speeds, respectively, and Soer and Sypper are threshold
values for speed adaptation. By sequentially applying
Eqgs. 6-14 at each control step, the robot dynamically
determines the lookahead distance, computes the
target heading and steering commands, calculates
the yaw rate and normalized steering demand, and
finally sets the appropriate speed for the current path
curvature, A rate limiter was applied to the commanded
speed to prevent abrupt velocity transitions and ensure
smooth motion. The maximum acceleration and
deceleration rates were limited to a,cc max = 0.8 m/s?
and agec max = 1.2 m/s?, respectively, based on empirical
tuning from field experiments to prevent wheel slip
and maintain stability during sharp turns. This integrated
control strategy, summarized in Eq. 15 below,
enables smooth and robust trajectory tracking:

" l; = clip (Kcld v, ld,min: ld,max)

a= arctanZ(ytp,xtp)

2Lsin (a)
6§ = arctan (l—)
d

< _v 5
w—ztan (15)
w

S =

wmax

Vmin S > S‘u,pper
v =
-

Vmax S< Slowe‘r
Vinterp otherwise

In this formulation, the lookahead distance
I, is dynamically adapted to the robot's velocity
(Egs. 6, 7), while the target heading angle « and
steering command § guide the robot towards the
reference path (Eqgs. 8-10). The yaw rate w and
normalized steering demand S (Egs. 3, 11) are used
to interpolate the commanded speed, with  and
vinerp defined in Egs. 12 and 13, respectively. The
resulting velocity command (Eq. 14) ensures that
the robot decelerates smoothly in sharp curves and
accelerates on straight or gentle paths, resulting in
a comprehensive and unified control law for smooth,
adaptive, and reliable path tracking in diverse
environments.
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Experimental Params and Controller Settings

The key experimental params and control
settings used in all tests are summarized in Table 1.
These values were kept constant across all experiments
to ensure fair comparison and reproducibility.

Table 1 Experimental params and controller settings.

Parameter Value
PurePursuit gain (K,4) 0.8s
Lower steering threshold (S;,,e-) 0.3
Upper steering threshold (S,,,e-) 0.9
Minimum speed (V,,;,) 1.0 m/s
Maximum speed (V,,,4,) 3.0m/s
EKF process noise (Q) diag (0.05,

0.05,0.01)

EKF measurement noise (R) diag (0.2, 0.2,

0.1)

These params were empirically tuned based on
preliminary field tests and remained fixed for all
subsequent trials.

RESULTS AND DISCUSSION

This section evaluates the performance of
the proposed Pure Pursuit with Dynamic Steering
Control (PP-DSC) algorithm against the conventional
PP method. Experiments were conducted on various
trajectories at 1 to 3 m/s using a four-wheeled
Ackermann-steered robot (Table 2). Results show
that PP-DSC significantly reduces lateral tracking
errors and improves velocity stability, especially on
curved paths. Compared to the standard PP, PP-DSC
provides smoother speed transitions and more
accurate path following, demonstrating its effectiveness
for real-time autonomous navigation in outdoor
environments (Table 3).

In the straight-line tracking experiment, the
robot stayed well aligned with the target path. The
controller achieved an average lateral error of about
0.7 cm and a maximum deviation below 1 cm during
the test (Figure 7, Table 3). This outcome shows that
the control system, supported by sensor fusion, can
effectively counter minor disturbances and hardware
inaccuracies, allowing the robot to navigate smoothly
in simple field conditions.

Table 2 Experimental conditions.

Param Value

UTM

Cartesian (x,y)
line path, s-curve path,

Coordinate System
Control Format
Test Scenarios

loop path
Environment Real-world conditions
Positioning Method GNSS-RTK
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Table 3 Comparison of tracking errors for different algorithms and paths.

Path Algorithm Mean (m) RMSE (m) STD
Line PP + DSC 0.007 0.008 0.004
PPL;=1m 0.001 0.011 0.011
PPL;=5m 0.01 0.008 0.008
S-curve PP + DSC 0.006 0.015 0.014
PPL;,=1m -0.004 0.021 0.021
PPL,=5m 0.01 0.023 0.021
Loop PP + DSC -0.001 0.019 0.019
PPL,=1m -0.002 0.027 0.027
PPL,=5m -0.001 0.019 0.019
Adjusting the lookahead distance in the Pure S-curve path with hybrid equation
Pursuit algorithm noticeably influenced the robot's ol
ability to follow the path accurately. Whena 1 m
lookahead was used, the robot reacted quickly to — ¢
directional changes and stayed close to the reference £
trajectory, with a root mean square error (RMSE) of _§ 1
approximately 1.1 cm. In contrast, a 5 m lookahead Q.
resulted in slightly smoother motion but slower >C_L —— Desired path
response, with an RMSE of about 0.8 cm and a maximum i — PP-DSC

lateral error within 2 cm. These results, illustrated in
the tracking comparison (Figure 8), highlight that both
lookahead settings provided accurate performance,
though the shorter distance yielded more responsive
control.

Line path

-
=

o

)

—— Desired path
— PP-DSC

Y position (m)

S0 25 0.0 75 100 125

X position (m)
Figure 7 Tracking result on straight-line path.
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c 6 ;."
S Y
'@ 4 f— Desired path
> | / — PP-DSC
/ PPI;=1m
ol == PPl;,=6m

=50 -25 10.0 125

MX poé?tion (Srmn)
Figure 8 Line path tracking comparison with different
lookahead distances.

or E
50 X

25 5.0 75 10.0 125

OOX position (m)
Figure 9 S-curve trajectory tracking using hybrid
equation.

S-curve path comparing PP vs PP+DSC

10 X
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. — PP-DSC ‘
PPIl,=1m /
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~

a

H

o

-5.0 -2.5 15 10.0 125

"X position (m)
Figure 10 S-curve tracking comparison between PP
and PP + DSC.

On the S-shaped trajectory, the robot managed
to follow the desired path with steady performance.
Despite the continuous change in curvature, the
actual path stayed fairly close to the planned one, with
lateral deviations mostly within 6-11 cm (Figure 9).
These results show that the baseline control approach
handles smooth curves reasonably well, though minor
overshoot was observed during turning transitions.

To see whether adjusting speed based on
steering demand could improve tracking, a comparison
was made between standard Pure.

The pursuit and the version were enhanced
with speed regulation (Figure 10). When the robot
was allowed to slow down in curves, the tracking
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line became more stable and stayed closer to the
desired path especially in areas with tighter turns.
The maximum lateral error was reduced by about
20% compared to the fixed-speed case, and the
robot's motion appeared smoother overall.

S-curve path comparing PP vs PP+DSC
—— Desired path o

— PP-DSC
PP, =1m /

- = PPl,=5m
i'

0 : S;L‘

=75 =5.0 =25

Iy o @ 5]
——E

Y position (m)

n

0& pOSEI?tlon (Sr;] 1.5 10.0 125
Figure 11 S-curve tracking: PP vs PP + DSC.

As the evaluation continued, both 1 mand 5 m
lookahead distances were tested with the speed-
adjusted controller (Figure 11). The robot successfully
followed the S-curve in both cases. However, the
shorter lookahead allowed it to stay slightly closer
to the reference trajectory. The average tracking error
with 1 m was approximately 2.1 cm, while the longer
distance produced a comparable error of 2.3 cm. In
addition, the 5 m setting resulted in smoother motion
but slightly delayed responses near the curve transitions
where quick steering corrections were required. These
observations indicate that a shorter lookahead, combined
with speed adaptation, provides marginally better
responsiveness without sacrificing overall path
smoothness.

As the evaluation continued, both 1 mand 5 m
lookahead distances were tested with the speed-
adjusted controller (Figure 11). The robot successfully
followed the S-curve in both cases. However, the
shorter lookahead allowed it to stay slightly closer
to the reference trajectory. The average tracking error
with 1 m was approximately 2.1 cm, while the longer
distance produced a comparable error of 2.3 cm. In
addition, the 5 m setting resulted in smoother motion
but slightly delayed responses near the curve transitions
where quick steering corrections were required. These
observations indicate that a shorter lookahead, combined
with speed adaptation, provides marginally better
responsiveness without sacrificing overall path
smoothness.

The robot was tested on a loop path to evaluate
how well it could maintain accuracy through continuous
curvature. As shown in the first plot (Figure 12), the
actual path closely followed the planned one. Most
of the lateral error remained within a 5-8 cm range,
and there were no sharp oscillations or drift, even
after multiple turns. The controller handled smooth
transitions well without overcorrection or instability.
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Figure 12 Loop path tracking using 1 m lookahead.
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Figure 13 Loop path tracking with different lookahead
distances.
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Figure 14 Steering angle distribution on line path.

To understand how the lookahead parameter
influenced this behavior, both 1 m and 5 m settings
were compared under the same conditions (Figure
13). Although both settings allowed the robot to
complete the loop, the shorter lookahead kept the
trajectory slightly tighter in curved segments. With
the 1 m configuration, the RMSE was approximately
2.7 cm, while with the 5 m configuration it was 1.9 cm.
The longer lookahead produced smoother steering
and less oscillation, particularly near the top and
bottom of the loop where heading corrections were
more pronounced. Overall, the shorter lookahead
yielded quicker response, whereas the longer distance
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provided greater smoothness and stability through
the curves.

In the straight-line test, steering angles remained
close to zero throughout the trajectory, consistent
with expectations for a path with no curvature (Figure
14). The actual robot data and both simulated cases
using 1 m and 5 m lookahead distances showed similar
results. Most values clustered tightly between -5 and
+5 degrees, with minimal spread. Since the path did
not require significant turning, all methods produced
nearly identical steering behavior.

The loop path, which includes continuous
curved segments, resulted in a wider range of steering
angles (Figure 15). The actual steering values were
concentrated mostly between +20 degrees. When
comparing the two lookahead settings, the 1 m
configuration showed a narrower distribution,
while the 5 m version introduced more variance and
occasional steering commands that extended beyond
+30 degrees. This suggests that the longer lookahead
led to less responsive adjustments, especially in
curve entry and exit zones.

Histogram of steering angle (loop path)

300
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]
o
o
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&

-80 —-60 -40 —-20 0 20

40 60 80

Steering angle (deg)
Figure 15 Steering angle histogram during loop tracking.
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Figure 16 Steering angle error on the S-curve path.

For the S-curve path, steering angle error was
analyzed over the entire trajectory to capture how
the controller handled varying curvature (Figure 16).
The robot's actual steering tracked the reference line
steadily, with deviations staying mostly within +3
degrees. The 1 m lookahead followed the same trend
with only minor fluctuations.
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On the other hand, the 5 m case produced
larger swings, with peaks reaching up to +6 degrees
at curve transitions. This indicates that shorter
lookahead distances tend to produce more stable and
accurate steering, especially when the path includes
frequent changes in direction.

After running the different tests, there are
some differences in how well each method worked.
It seems that the path-following got more accurate
overall when the robot could change its speed and
lookahead distance, like with the PP-DSC method.
This was true whether the robot was moving along a
straight line, weaving through an S-curve, or circling
around a loop in Table 3.

Take the straight-line case first. Here, PP-DSC
mean tracking error was 0.007 m, and the RMSE was
0.008 m. That's pretty tight tracking. Pure Pursuit,
with a fixed lookahead of 1 m, was fairly close in
terms of mean error, though its RMSE was a bit higher
at 0.011 m. When the lookahead jumped to 5 m, the
mean error increased to 0.010 m. Although the RMSE
for that setting matched PP-DSC, the higher mean error
might point to some drift or bias over time.

Things changed a bit when the robot followed
a curvier path, like the S-curve. PP-DSC still gave better
results: a mean error of 0.006 m and RMSE of 0.015 m.
With a 1 m lookahead, Pure Pursuit had a negative
mean error and the highest RMSE, at 0.021 m. It's
interesting because a negative mean doesn't always
mean better performance it can just mean errors
are in the opposite direction. For the 5 m lookahead,
The mean error was back up to 0.010 m, and the RMSE
went even higher.

On the loop, PP-DSC mean error was close to
zero, at -0.001 m, and RMSE was 0.019 m. Both fixed
lookahead options did not quite match up, with either
higher mean errors or higher RMSE, or sometimes
both. These little gaps can matter, especially when you
want the robot to follow a path as closely as possible.

One thing that stands out is that adjusting both
speed and lookahead makes a real difference, especially
on more complicated paths. When the robot's path
curves or changes direction suddenly, it helps if the
control algorithm can respond right away, instead
of sticking to a single rule for all situations. The fixed
lookahead strategies sometimes let errors build up,
which is clear when you look at the bigger standard
deviations or RMSE values.

Looking beyond the mean, you can see that
RMSE and standard deviation tell more of the story.
Alow mean error could just result from errors canceling
each other out, but a high RMSE suggests that big
deviations are still happening. In these trials, PP-DSC
generally kept both numbers lower, so the path-
following was not only more centered, but also less
erratic.

These results make a good case for using
adaptive algorithms like PP-DSC for robots, especially
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outdoors or in places where the route is unpredictable.
This method seems to help the robot handle changes
more smoothly and keep the tracking tight, which
could be really valuable in real-world applications.
There's still room to try these methods under even
tougher conditions, but from what's here, the
benefits of a flexible approach are already pretty clear.

CONCLUSIONS

In this work, the study set out to solve some
persistent issues with path tracking for field robots,
especially when GPS readings are not always stable.
The approach used, called PP-DSC, is pretty
straightforward. The main idea is to have the robot
slow down when it needs to turn more sharply, rather
than using the same speed everywhere. The study
wanted to see if this would help, especially when GNSS-
RTK alone isn't enough to keep the robot perfectly
on track The proposed method was experimentally
evaluated on three types of paths using a four-
wheeled robot platform. The tracking error was very
low for straight lines, with an RMSE of about 0.9 cm.
On the S-curve, the error was higher at 2.1 cm, while on
the loop path, RMSE reached 1.9 cm. For comparison,
the regular Pure Pursuit algorithm with a 1 m fixed
lookahead produced an RMSE of about 2.7 cm,
highlighting the improvement achieved by the
proposed method. PP-DSC worked because it
automatically reduced speed as the steering angle
increased. This allowed the control system more time
to respond when the robot needed to turn sharply.

One thing that helped a lot was sensor fusion
using an EKF. By combining GNSS-RTK, IMU, and wheel
encoder data, the robot was able to keep a steady
estimate of its position, even when the satellite signal
wasn't great. This reliability is beneficial in real farming,
where losing GPS for a few seconds can easily happen.

The significance of this precision is not merely
theoretical; precision matters greatly for farming jobs.
You don't want to overlap or miss spots if you're
spraying. For planting, you need accurate spacing.
When harvesting, the machine has to move carefully
between rows or trees to avoid damaging the crops.
An additional advantage of the proposed solution is
that it works on regular computers and does not require
expensive hardware. This means smaller farms could
afford to use robots like this, not just large industrial
farms.

Some challenges were encountered during
the experiments. The optimal speed thresholds were
determined through iterative testing and may require
further tuning when applied to rougher terrain or
muddy field conditions. The experiments were
primarily conducted on flat terrain, and weather
effects were not explicitly considered in this study.
Also, the robot was not loaded with extra equipment.
Adding tools for spraying, planting, or harvesting
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will change how it moves, so future tests should
include that.

Several aspects remain for future work. Testing
on real farms with different soil types and crops is
important because corn fields and orchards present
very different challenges. Soil itself can make a big
difference, too, as loose sand is not the same as sticky
clay. In the future, it might be possible to use machine
learning to adjust parameters automatically or to
use cameras to help the robot see and follow crop rows
more precisely. Future research will also extend the
comparison to other path-tracking controllers such
as Stanley and MPC to benchmark the proposed method
further and validate its advantages under more diverse
control frameworks. Ultimately, it will be important
to get feedback from farmers to see if the system is
safe and practical to use at normal working speeds.

To sum up, making farm robots practical is
more important than perfecting them. Farmers need
reliable, affordable automation that supports routine
agricultural operations. The results show that with
some simple changes to a well-known algorithm, path-
tracking performance can be significantly improved,
even without top-level GPS or high-speed computers.
As farm work gets more complex and labor shortages
increase, this solution will become more valuable.
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