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Editorial Message

In an era where technology is evolving rapidly and new knowledge is constantly emerging, Journal
of Engineering and Digital Technology (JEDT) serves as an essential source for publishing quality academic
works to promote knowledge exchange among scholars, researchers and the general public.

On this occasion, the editorial board would like to extend heartfelt congratulations to all researchers
whose work has been selected and published in Journal of Engineering and Digital Technology, Volume 13,
Issue 1. Each manuscript has undergone a rigorous peer-review process by experts in the respective fields.
Detailed feedback and constructive recommendations have been provided to help enhance the content,
resulting in scholarly articles of high quality that reflect in-depth perspectives and significant academic
progress-contributing to future research and innovation.

JEDT operates under an open and inclusive policy, accepting research articles in both Thai and
English. This approach enables contributions from both domestic and international researchers and reflects
the journal’s strong commitment to becoming an internationally recognized academic platform that fosters
broad-based academic communication and collaboration.

The journal has been consistently ranked in Tier 1 of the Thai-Journal Citation Index Centre (TCl),
which confirms the quality of the articles and the efficient management of the journal. The editorial team
remains dedicated to maintaining and further strengthening this level of academic excellence.

We sincerely hope that the articles published in this issue will not only serve as reliable references
for academic study but also inspire future research endeavors. Furthermore, we believe they will contribute
meaningfully to the advancement of knowledge, technology development, and practical applications. We

warmly invite researchers to submit the work for future issues of our journal.

Assoc. Prof. Warakorn Srichavengsup, Ph.D.

For Editor-in-Chief
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Abstract

Foam is a versatile material due to its advantageous properties, such as being lightweight, impact-resistant, and
providing thermal insulation. However, improper disposal or management of foam waste can lead to environmental
issues. This research thus explores the possibility of disposing of foam waste by dissolving it in organic solvents,
transforming it into a binder. The binder is then mixed with sand at foam-to-sand ratios of 5, 7, 9, 11, 13, 15, and
17 percent foam by weight to create EPS mortar. Two types of organic solvents, acetone and dichloromethane,
were used in the study. The test results show that the EPS mortar had density values ranging from 1,200 to 1,600
kilograms per cubic meter, compressive strength ranging from 40 to 120 kilograms per square centimeter, and
flexural strength ranging from 10 to 65 kilograms per square centimeter. The mortar made with acetone as the
organic solvent, at a 13 percent foam ratio by weight, demonstrated the optimal balance of properties and
production cost. Therefore, the EPS mortar developed in this research has potential for use in various construction

applications.

Keywords: Acetone solution, Compressive strength, Dichloromethane solution, Flexural strength, Foam recycling
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Property Acetone Dichloromethane
Chemical formula C3HgO CH,Cl,
Boiling point (°C) 56 40
Melting point (°C) -94.7 -96.7
Density (ke/m?) 784 1326.6
Molar mass (g/mol) 58.08 84.93
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No. Foam (%) Sand | Foam | Acetone
Mixture (by weight) (9 () ()
1 5 1200 60 210
2 7 1200 84 294
3 9 1200 108 378
4 11 1200 132 462
5 13 1200 156 546
6 15 1200 180 630
7 17 1200 204 714
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No. Foam (%) | Sand | Foam Dichloro
Mixture | (by weight) (g) (g) methane (g)
1 5 1200 60 210
2 7 1200 84 294
3 9 1200 108 378
4 11 1200 132 462
5 13 1200 156 546
6 15 1200 180 630
7 17 1200 204 714
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Abstract

Developing a new bogie frame design requires a complete design process to ensure the safe operation of the
running vehicles. EN 13749 specifies the procedure from the initial design phase to the final verified on-track test.
Due to the current power of computational hardware and software, the process can be performed and crossed
over among phases seamlessly by integrating finite element analysis capability within multibody dynamic software.
If design engineers perform the analysis entirely on computers before manufacturing the prototype, they can
reduce product development time, which is the crucial benefit of optimizing their design. This paper presents the
discrepancy of resulting stress from the calculation by the code with those from simulated test rigs within ADAMS.
Furthermore, fatigue analysis software has demonstrated its effectiveness in evaluating fatigue life, particularly
when considering the mean stress effect. The results can assist test engineers in locating hot spot positions for
strain monitoring and further adjusting design procedures, especially for specific components such as side frames

or cross beams.

Keywords: ADAMS flex, Bogie frame, CAE fatigue, Durability, Multibody analysis
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. INTRODUCTION

National administrators financially support technology
transfer in various industries to promote local industrial
manufacturers. One of the major industries is the railway
system, which results in railway engineering curriculums
in many universities to produce working forces and
railway organizations in various government sectors to
administer and support activities to ensure continuous
developments in the field. The technologies include
fundamental research on railway vehicle dynamics [1]
rail/wheel contact failure mechanism [2], [3] and track
quality measurement and modification [4].

Manufacturing a new bogie frame design is challenging
to qualify safety standards at higher operating velocities.
Railway engineers must perform detailed calculations,
control manufacturing quality, and validate the results
at every step to conform to the standards. EN13749 and
EN14363 by European standard body (CEN) are recognized.
EN13749 specifies the complete design processes of a
bogie frame, while EN14363 states the acceptance criteria
of a railway vehicle via its running characteristics [5]-[7].

Previously, the design process for a new railway
bogie frame depended on manufacturing experiences
from on-bench static and fatigue tests according to UIC
515-1 for trailer bogies [8] UIC615-4 for motor bogies [9]
and UIC 510-3 for freight bogies [10]. EN13749 now
standardizes the acceptance process based on the
results of structural calculations from static assessment
and structural calculations from fatisue assessment.
Further verification and validation tests are on-bench
static, on-bench fatigue, and on-track tests.

The structural calculations for static and fatigue
assessment use a well-accepted numerical method, i.e.,
the finite element analysis (FEA), to calculate the resulting
stress. The force vectors and their applied location are
predetermined theoretically from operational load
cases (LCs). Typically, they deviate from on-bench and

on-track tests due to different boundary conditions at
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the connection of the bogie frame with attached parts
or equipment. Thus, the code requires verifying and
validating the calculated stress with stress derived from
attached strain gauges when the body frame is subjected
to on-bench and on-track tests. The significant advantage
of the on-bench and on-track tests is that we can
measure the forces at attached equipment and thus its
fatigue life.

Nevertheless, the suitable location to attach the
strain gauge is still undetermined. Designers usually
consult finite element analysis and multibody dynamics
(MBD) to locate the positions. The on-bench test is
necessary to assess the stress and force before
assembling the train for the on-track test.

The last step of the complete design program is the
on-track test. The test is formidable but inevitable if the
bogie frame is the new design. According to the standard,
manufacturers must perform twisted track tests and
curve track tests on each test zone. One of the EN13749’s
objectives is the strain measurement. During the test,
test engineers record, evaluate, and document the
complete verification program to verify that there is no
excessive plastic deformation during the test and no
fatigue damage within an extrapolation method. If the
bogie is an existing design bogie, reduced programs with
only calculation and on-bench test programs are adequate.

Due to the development of multibody dynamics
such as Automated Dynamic Analysis of Mechanical
Systems (ADAMS), a widely used tool in the field,
engineers simulate the dynamic behavior of mechanical
systems under various loading conditions. ADAMS has
proven effective in simulating bogie frame dynamics,
facilitating the optimization of strain gauge placement
during experimental tests [11]. Similarly, the integration
of MBD with FEA has been successfully applied to refine
bogie designs and predict structural durability under
varying load conditions [12]. Engineers can reduce the

product development time during the validation and



verification process. A virtual prototyping process using
the software makes time reduction possible by building
a model, testing the design, reviewing results, and finally
improving the model through parameterized or optimized
processes. When forces at each joint can be determined,
we predict more precise loads and more accurate
subsequent durability of the structure. In addition, the
multibody dynamic with a flexible body approach
suggests a high-stress location where the engineer should
attach the strain gauges when the real on-bench test
needs to be performed. In this paper, we compare
stress using three different approaches: 1) finite element
analysis using forces suggested in the code, 2) finite
element analysis using forces at connecting joints from
on-bench test simulated in ADAMS, and 3) finite element
analysis using flexible body analysis from on-bench test

simulated in ADAMS.

Il. RESEARCH METHODOLOGY
A. Bogie Model Definition
According to EN13749, the bogie frame (figure 1a) is
considered as category B-l for mainline and inter-city

passenger carrying rolling stock application in Thailand.
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Table 2 demonstrates mass system parameters used
for numerical analysis. For subsequent finite element
analysis, the same meshed bogie frame is used with
tet10 element type having an average mesh size of 15

mm, as shown in figure 1b.

a) bogie frame geometry

b) meshed geometry

Figure 1: a) bogie frame geometry b) meshed geometry

Table 1: Materials’ mechanical properties

Properties Value Unit
It comprises an S355J2W welded plate for two side S
Poisson’s ratio 0.3
frames and an S355J2H plate for the two cylindrical Elastic Modulus 207 GPa
pipes joining the side frames. The mechanical properties 0.2% Yield strength 355 MPa
of the materials are provided in table 1. Ultimate tension strength 600 MPa
Table 2: System parameters used for numerical analysis
Mass parameters Symbol Value Unit
Vehicle mass My, 41490 kg
Exceptional design payload P; 10899 kg
Normal design payload P, 7930 kg
Bogie mass m 5000 kg
Bogie mass without any secondary spring mass m* 4856 kg
Bogie frame mass me 1485 kg
Moment of inertia of bogie frame in roll Iy 754 kg -m?
Moment of inertia of bogie frame in pitch Ity 683 kg -m?
Moment of inertia of bogie frame in yaw I, 1375 kg - m?
Wheelset mass m,, 932 kg

Moment of inertia of the wheelset - roll component

Ly 272
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Table 2: System parameters used for numerical analysis (Cont.)

Mass parameters Symbol Value Unit
Moment of inertia of the wheelset - pitch component Ly 73 kg - m?
Moment of inertia of the wheelset — yaw component - 272 kg - m?
Primary vertical spring mass per piece 30 kg
Primary vertical damper mass per piece 20 kg
Secondary spring and damper mass per piece 42 kg
Secondary lateral damper mass per piece 11 kg
Secondary yaw damper mass per piece 18 kg
Axle box and arm per set 85 kg
Air compressor 450 kg
Anti-roll torsion bar per set 116 kg
Traction rod 96 kg
Traction seat 163 kg
Adjust mass bogie 160 kg
Adjust mass car body 616 kg
Dimension parameters
Half of the track gauge a 0.5000 m
Bogie frame wheel base l 2.3000 m
Wheel radius [N 0.4255 m
Spring and damper parameters
Primary suspension - Vertical stiffness K, ., 9.95E05 N/m
Primary suspension — Vertical damping Cwy Figure 2a
Secondary suspension — Vertical stiffness K, 4.50E05 N/m
Secondary suspension - Vertical damping C, Figure 2b
Secondary suspension — Yaw damping Cix Figure 2c
Secondary suspension — Lateral damping Cty Figure 2d
10000 10000
a) b)
5000 5000
§ 5000 -5000
-10000 -10000
1.00 0.50 0.00 050 1.00 -1.00 0.50 0.00 0.50 100
100000 15000
Q) d)
= 50000 7500
5 50000 7500
-100000 15000
100 050 0.00 0.50 100 -1.00 -0.50 0.00 0.50 1.00
Velocity (rvs) Velocity (rvs)
Figure 2: Damping coefficient curve
B. Structural Stress Analysis analysis from normal service loads [5]. In addition, we

There are two major computational assessments in  add a normal static LC. The three load categories are
the initial phase of the designing procedure, i.e., static  as follows.

stress analysis from exceptional loads and fatigue stress

16



1) Normal Static LC: This case considers only normal
LC having two vertical forces (F,, ), in Eq. (1), applying
on each side frame (figure 1a) with appropriate

displacement constraints.

. _F, _ G(My+1.2P,—2m")
le - FZZ - ? - 4

2) Exceptional Static LCs: These loads are applied

(1)

for static stress analysis to ensure limited plastic
deformation in the frame and no exceeding critical
forces at any attached equipment. The code requires
four LCs combining vertical, transverse, longitudinal,
longitudinal shunt, and twisted track forces.

Vertical force (F,) derives from vehicle sprung mass,
including design exceptional payload (P,) with a vertical
acceleration of 1.4 G as expressed in Eq. (2). According
to EN 15663, P; is the summation of designed sitting

and standing passenger mass, including their luggage.

1.4G(My+P;—2m')

F — Famax —
Z2max 2 4

F, (2)

1max =

Transverse force (F,) is the summation of lateral
flange forces at wheel-rail contact patches when the
vehicle negotiates a curve track. Prud’homme limit

provides the formula for the contact force in Eq. (3).

(My+P1)G
12

— FYmax

F =10* + (3)

Ylmax

=F

Y2max
Other than the transverse force, when a vehicle

passes a curve, longitudinal lozenging force (F) exist as

in Eq. (4) to yaw the oppositely the bogie frame at each

wheel.

(4)

Fe,.. =01(F, _+m*G)

1max

Additionally, the damping coefficient curve
illustrated in figure 2 corresponds to the data presented
in table 2, which represents the relationship between
velocity and damping force. The primary suspension's
vertical damping is shown in figure 2(a), while the
secondary suspension's vertical damping, yaw damping,
and lateral damping are depicted in figures 2(b), 2(c), and
2(d), respectively.

Longitudinal shunt forces in the analysis equal the

bogie inertia force under an acceleration of 3G. Finally,
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forces induced by a twisted track are considered in two
cases, i.e., a track twisted 1% and a wheel completely
unloaded. table 3 concludes the combination of the
forces in each LC that the frame must pass the
following regulation limit. The ratio of the 0.2% yield
stress to the Von Mises stress in the whole structure is
hisher than 1 for the complete acceptance program

and 1.5 for the reduced program.

Table 3: Force combination in each verified LC

Force type LCO1 | LCO2 |LCO3 | LCO4
Vertical force, F, v v v |V
Transverse force, F, v
Longitudinal lozenging force, v
Fxlmax
Longitudinal shut load v
Twisted loading v
Wheel unloading v

"Empty Passenger Car

3) Normal Fatigue LCs. The applied forces are the
same as in exceptional loads but less severe. The vertical
forces in Eq. (1) are sprung masses. Transverse forces
on each axle are stated in Eqg. (5), and longitudinal
forces on each wheel are shown in Eq. (6). The twisted
track to be assessed is at 0.5%.

+
_F _ BmiG

(5)
(6)

The static test corresponding to the combinations

Fyl = Fyz 2 3
Fyy = 0.05(E, + m*G)

of vertical and transverse forces is defined by the 9
cases in table 4. Roll and bouncing, which induce quasi-
static and dynamic variations of vertical forces, are
represented by the coefficients a and B, respectively.
Typically, the values of these coefficients are 0.1 and
0.2 for @ and B, respectively.

Faticue LCs corresponding to vertical, transversal,
and twisted track forces are combined into different
load cases in table 2, and the additional combined

vertical and longitudinal load sequence in table 5.
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Table 4: Vertical and transverse force combination

LCs F,1 F,, F, Twisted
1 E/2 E/2 0 X
2 | Q+a-pE/]2 | (A-a-pE/2 0 x
3 | Q+a-PE/Z| (A-a-PE/2 | F v
4 | Q+a+PE/2 | (A-a+PBE/2 0 X
5 | Q+atPER | (A-atBE/S2 A v
6 | A—a—PE/2 | (A+a-pFE/2 0 x
7 |A-a-PE/2 | (A+a-pE/2 | -F v
8 | W—a+pPFE/2 (A +a+p)E/2 0 X
9 | @—a+PE/2Z | (A+a+pE/2 -F v

Table 5: Vertical and longitudinal force combination

LCs Fpy Fp F,
1 F/2 E/2 0
2 £/2 £/2 Fry
3 F/2 E/2 —Fr

C. Boundary Condlitions

The location of displacement boundary conditions
in the calculation is expressed in table 6. The displacement
boundary conditions in x-, y-, and z-directions in
exceptional LCs are shown in table 6, in which the
blank means no displacement constraint. There are no
rotation constraints. For normal LCs, the displacement
boundary condition is the same as LC03 in table 6. In
all cases, the self-weight of the bogie frame is considered

with gravitational acceleration (G) of 9806.65 mm/s”

D. Test Rig Model

The complete approached program performs the
strength verification on the bogie test rig to verify the
static and fatigue calculation from the strain measurement
at determined spots that experience high-stress values.
The loading resembles static and fatigue calculation
cases but includes forces at attached equipment joints.
A simulated test rig is a model with attached equipment
such as an anti-roll bar, secondary suspension, and
passenger loads on top of a pivot plate. The frame is

connected to four axle boxes via primary suspension
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systems and to a passenger car via secondary suspension

systems. Suspension parameters are provided in table

2. As a result, a complete assembly of the bogie with

an entire mass of 5000 kg is shown in figure 3.

Table 6: x-,y-,z-displacement constraint, <x, y, z>,

for each exceptional LC

Force LC00 LCo1 LC02 LCO03 | LCO4
type

Front left <0, -

<0, ,0> <0,,0>]<,,0>0| <,,>
spring 1.15>
Front right

<0,0,0> | <0,0,0> | <0,0,0> | <, ,0> | <0,0,0>
spring
Rear left

<,,0>0 | <, 115> | <,,0> | <,,0>| <,,0>
spring
Rear right <, 0,

<,0,0> <,0,0> <,,0> | <,0,0>
spring 0>
Second <0,0,

<,, > <,, > <,, > <,, >
spring left >
Second <0,0,

<,, > <,, > <,, > <,, >
spring right >

Figure 3: The bogie assembly.

E. Fatigue Strength Properties of the Materials

S-N curves can be approximately established on
ultimate tension strength and elastic constant using a
power relationship

S = 10¢NP (7)

In which S is stress, N is number of cycles, and C
and b are material constants. Given the mechanical
properties in table 1 with the derived parameter in

table 7, the S-N curve of S355J2W is shown in figure 4.



Table 7: Fatigue strength properties of S355J2W

Parameter Description Value

SR1 Stress range at 1 cycles (MPa) 2726

SR1E6 Stress range at 1E6 cycles (MPa) 428

b1 First strength exponent -0.1339

€ | N

2 AN

§103 A

S

: AN

= AN

) \\

10° 10° 10" 10"

Life (cycles)

Figure 4: S-N curve

IV. RESULTS AND DISCUSSION
A. Normal Static LC
1) Finite Element Analysis Using Code Forces: From
Eq. (1), the calculated normal force (F,) is 202478 N

using normal payload (P,) of 7930.19 kg. After we applied
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boundary conditions (LCO0 as shown in table 6), the
maximum Von Mises stress is 97.9 MPa occurring at the
connection of the spring pocket with the frame, as
shown in table 8.

2) Finite Element Analysis Using ADAMS-Derived Forces:
The advantage of using multibody dynamics in the static
LCs is the force determination at each joint (figure 3).
The information allows us to calculate the resulting
stress in the structure more precisely. To create a model
resembling the above static analysis, we perform mass
balance for an equivalent system to get the forces and
moments at the following 21 locations (table 9). Their
specific locations are demonstrated in figure 5. In this
case, fixed x-, y-, and z-displacement boundary conditions
are applied to the secondary suspension location on
the side frames.

When the force from ADAMS on the FEA model is
applied, the maximum Von Mises stress is 97.9 MPa at
the same location as the above case, i.e., the connection

of the spring pocket with the frame (table 8).

Table 8: Resulting Von Mises stress from LCO0 using three different approaches

Description FEA - code forces FEA — ADAMS derived forces FEA - Flex body analysis
Von Mises 94.9 MPa 100.0 MPa 89.8 MPa
Stress
Location Outer left of rear primary spring Outer left of rear primary spring Outer upper plate of the left side
pocket pocket frame
Fringe plot
Table 9: Force location on the bogie frame
Position Description
1,2 Primary spring front left/right
3,4 Primary spring rear left/right
5,6 Primary vertical damper front left/right
7,8 Primary vertical damper rear left/right

19
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Table 9: Force location on the bogie frame (Cont.)

Position Description
9,10 Axle box front left/right
11, 12 Axle box rear left/right
13, 14 Anti roll bar left/right
15, 16 Secondary lateral damper left/right
17,18 Secondary yaw damper left/right
19, 20 Secondary spring left/right
21 Traction rod to bogie frame

b)

Figure 5: Applied force locations a) bottom view and b) top view.

3) Finite Element Analysis Using Flexible Body
Analysis: ADAMS flex is based on modal theory to solve
displacement problems in eq. (8) the result is valid if
the linear superposition assumption is satisfied.

u=%L 09 ®
in which u is the structural displacement, g; is the
linearized matrix, @; is the mode shape function, M is
the number of modes in consideration. A flexible body
frame in modal neutral file format was first generated

in MSC.PATRAN using Craig Bampton method, the
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summation of constraint modes and fixed boundary
normal modes. The flexible body replaces the rigid one
on the simulated test rig in figure 3. We obtained the
maximum Yon mises stress at 89.8 MPa on the outer
back of SS seat (table 8). The location is identified as
the second maximum rank in the former two cases.
Note that the initial modeling in ADAMS is a partial
coupling that disables initial components 3, 4, 5, and 9

by default.

B. Exceptional Static LC

1) Finite Element Analysis Using Code Forces: From
Eg. (2) to (4) and table 6, the force can be calculated
(table 10) and applied at specific locations to obtain
resulting stresses in table 11 using an exceptional payload
(P,) of 10899 ke. The result identifies a critical spot at
the weld joint between connecting bar with side frames.
The ratio of the 0.2% yield stress to the Von Mises
resulting stress is 1.18. According to the code, the bogie
frame is acceptable in the full program but in the

reduced program.

Table 10: Calculated forces and loads

Parameter Value Unit
ot = Fr2max 146481 N
leempty = Fzzempty 109073 N
Fyi e = Fy2man 52813 N
Fetar = Fx2max 34058 N
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Table 11: Results of Von Mises stress for each exceptional LCs

Description LC11 LC12
FEA - code forces
Max. Von Mises stress 206 MPa 156 MPa

Location

Inner back of right SS seat

Outer left of rear primary spring pocket

Fringe plot

206 MPa
!

156 MPa

FEA — ADAMS derived forces

Max. Von Mises stress

168 MPa

140 MPa

Location

Inner back of left SS seat

Outer left of rear primary spring pocket

Fringe plot

168 MPa

FEA - Flex body analysis

Max. Von Mises stress

137 MPa

130 MPa

Location Inner upper plate of the left side frame Outer back of left SS seat
137 MPa
Fringe plot
Description LC13 LC14
FEA - code forces
Max. Von Mises stress 140 MPa 301 MPa

Location

Inner back of right SS seat

Inner right of connecting bar

Fringe plot

140 MFa
I

301 MFa
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Table 11: Results of Von Mises stress for each exceptional LCs (Cont.)

Description LC13 LC14
FEA — ADAMS derived forces
Max. Von Mises stress 145 MPa 159 MPa

Location

Outer right of front primary spring pocket

Outer left of rear primary spring pocket

Fringe plot

159 MPa

FEA - Flex body analysis

Max. Von Mises stress 125 MPa

174 MPa

Location

Outer upper plate of the left side frame

anti-roll bars connecting plate

Fringe plot

174 MPa

2) Finite Element Analysis Based on Resulting Forces
Obtained from ADAMS: As in the previous case of static
normal load case, resulting forces at each connection
from the rigid multibody calculation are applied to the
meshed bogie frame at which dead weight is attached
to using 0D mass element. We used 50% sprung mass
and 50% unsprung mass for components in the primary
suspension system figure 3. The resulting stress and hot
spot locations in each case are shown in table 11. When
using this type of analysis, the maximum stress occurs
in LC11 instead of LC14.

3) Finite Element Analysis Using Flexible Bodly: The
maximum stresses in this type of analysis occur in LC14
but at different locations, i.e., the anti-roll bar support
connection to the bogie frame. The behavior could not
be captured in other analyses. The flexible frame body

reacts with a rigid bar and induces a moment at the
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support. This makes the shift of the hot spot location
in the case.

It is obvious from the above results that inconsistent
stress is associated with hot spot locations. Nevertheless,
actual strain measurement must be conducted to verify
the critical location from the results. In all cases, using
the code forces is the most conservative analysis

compared with other methods.

C. Normal Fatigue LC

1) Finite element analysis using code force: In this
approach, we proposed fatigue-life analysis of the load
cases stated in table 4 and table 5 simultaneously under
static vertical loading, bouncing, and curve negotiate
loading. Eight cases are identified as shown in table 12

with a loading sequence in figure 6 and figure 7.
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Table 12: Quasi-static loading and result stress case are presented in table 12, and the fatigue life from
Number of cycles |Stress amplitude| : : ;
LCs|  Description CAE fatigue 2024.1.1 is shown in figure 8.
in a block load (MPa)
1 |Normal static load Static case 94.6 (mean) o00er1s
2 [Rolling 1 9.07 EERIeElE
.000e+18
3 |Bouncing 30 18.2 -000e+18
.000e+18
4 |Fx 1 5.84 .000e+18
.000e+18
5 |Twist track on left .000e+18
0.5 2.45 e
turn ] .000e+18
6 |Twist track on
0.5 2.36
Right turn
7 |Lateral load on
0.5 68.0
Left turn
8 |Lateral load on 05 6.0 Figure 8: Fatigue life cycles, a quasi-static fatigue test.
Right turn
The critical locations are identified at the anti-roll
1.2
10 | l l * | 1 1 T T —Roll bar connection to the frame and the primary spring
08 —bounce
s LLLLL] H ‘\ \‘ ‘”‘ ‘”‘ ‘” ‘”‘ ‘”‘ ““ ‘\‘ ‘”‘ ‘\“ ‘”‘ ‘”‘ ‘”‘ “\‘ ‘\‘ —fx housing to the frame (figure 11). Nevertheless, the
P I | L
g o “\‘HH‘HH‘\ ‘\“‘““\‘\\H\‘H\f \‘\\H“H\\H\H\W\“\“‘““”” stress variation is in the range of 124-128 MPa which
g wwmmm‘u T AU THATHATARTN
g o0 ‘\‘mu\mw ‘\“H‘H‘H‘HHHA\\‘\m\\H\\H\\H\\H\\H\\WW”H“7 results in infinite life in accordance with the results
o -0.2 | | | |
< HHAEHHT i HHHHT
g 04 \‘\ 1‘\ | \‘\ | | “\ “\ ‘\‘ H H H H H ‘\ “ ‘\‘ ‘\‘ H H H H ‘\‘ “i 1‘\ 1‘\ I | I from CAE fatigue 2024.1.1 under Goodman criteria.
06 “H‘\‘H I Y
oot MMMW“”””” ‘“H””””“M”‘H\H
-1.0 ' ! ' ’ ' y Y V ( Y Y * f ( ( l l l a) Force applied to right sideframe
1.2 = 20 :
0 10 20 30 40 50 60 70 =
Load sequence § o]
S a0l
0 .;: 1‘0 15
Figure 6: Loading sequence for LC 2, 3, and 4. b) Force applied to left side frame
= 20
10 = a20f |
fy turn left 0 ; 1‘0 15
’E 08 —fy turn right ¢) Transverse force
Y —bwist turn Left = 20
S 06 2
b=l 8 0
% Ezf
g oa “ . : ]
0 5 10 15
0.2 T d) Twist track displacement
E osf T
B
0.0 £ o
o) 10 20 30 40 50 60 70 § I
Load sequence "a_’_. L | ‘
. . ] 05o 5 10 15
Figure 7: Loading sequence for LC 5, 6, 7, and 8 time (second)
The accumulated damage due to combined stress Figure 9: Applied fatigue loading profiles.

at different time steps results in an infinite fatigue life
when we consider the mean stress effect according to

Goodman equation. The stress results from each load
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Figure 10: Fatigue loading sequences.

Hot spot #2

Figure 11: Critical stress locations.

V. CONCLUSION

A complete assessment of a passenger bogie is
demonstrated by comparing the direct finite element
approach and the multibody dynamic approach. The
latter approach provides profound identification of
critical locations.

In the normal static load case, a multi-body dynamic
approach with a flex body results in the lowest stress
level. On the contrary, the location of critical stress is
different from the results of the others. The conclusions

are the same in exceptional load cases. This indicates
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that further validation of strain measurement might be
necessary to certain results.

Fatigue analysis software has proven usefulness in
evaluating fatigue life assessments when considering
mean stress effect. Stress in each loading scenario
resulting from finite element analysis is suitable for
simple loading conditions, as in the case of static fatigue
test rigs. For more complicated real loading, we should
resort to CAE fatigue. Both approaches provide infinite

fatigue life in our cases.
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Abstract

The cosmetics industry, including deodorant sprays, is experiencing rapid growth, with increasing competition
driving manufacturers to adapt and enhance the efficiency of their production processes. The gas filling process is
particularly crucial, as it impacts both product quality and production costs. This research aims to determine
parameters that are robust against temperature variations, ensuring that the gas filling mass stays within the target
range, even in the presence of external disturbances. The experimental process employs the Taguchi technique,
with the following parameters controlled: 1) gas filling pressure, 2) gas filling speed, and 3) cylinder volume, each
as control variables with three levels. Additionally, 4) environmental temperature is considered a noise factor with
three levels. The experiment utilized an orthogonal array to design the layout, with internal arrays for controlled
factors and external arrays for noise factors, combined in a cross arrangement. After designing the crossed array,
the gas filling experiment was conducted, and Minitab software was used to analyze the results. The signal-to-
noise ratio was selected for a "target is best" response type to maintain the gas mass within the target range of 72
grams per can. The optimal parameters identified were 1) gas filling pressure of 2.0 MPa, 2) gas filling speed of 65
cans per minute, and 3) cylinder volume of 128 mL. After adjustments, the results achieved a target mass range
of 70.97-72.54 grams per can, with a 30.22% reduction in standard deviation, leading to a 52.20% reduction in

waste and costs.

Keywords: Deodorant spray products, Gas filling process, Robust parameter determination, Taguchi technique
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Uszinnmanevaueafifiiiassmuiiivang aunaiiussg
fin 14lndA1nana (nominal the best) 1nfian

deldamsdmesainnsiinseidelsunsy udnh
Adilsluimmeasddtlunssuiunaileniouiisunadns
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5197 5 : gULuUmMsINISudeyanIsnnas

Run Control Factors Noise Factors

Pressure Speed Volume | 21 | Z2 | 23
(MPa) (can/min) (mL) O | O | O

1 1.6 60 128 Yi | Yo | Yis
2 1.6 65 130 Yo | Yoo | Yo
3 1.6 70 132 Yo, | Yo | Yas
4 1.8 60 130 Yar | Ya2 | Yas
5 1.8 65 132 Ysi | Yso | Ys3
6 1.8 70 128 Ye1 | Yoo | Ye3
7 2.0 60 132 Yoo | Yoo | Yos
8 2.0 65 128 Yer | Yeo | Yes
9 2.0 70 130 Yor | Yoo | Y3

4) HaN15IVY

4.1) AnidunisnaaeuilonmIndsIdmesinum Iy

a

Surhnisvaaeswaziiuteyaluniazdiavesgungd

Y

v

Insuvsnisiiufeyaseniliu 3 Zone anntiuihnistuiinde
yaA1MafigwsiagiiuTsy Alauimaiade wetilua
Toyalun1199 6 LiioazdAnla luinTIesEinien

38(5]U°U@Q‘1N’]3’T:IL(§]@§‘1W‘1/]‘LWH‘H

15199 6 : Teyananisneaesgluuvesisdlyd

Control Factors Noise Factors (°C)
Run MPa | Can/min mL Z. 1 Z.2 Z.3
1 1.60 60.00 128.00 | 71.43 | 70.74 | 70.24
2 1.60 65.00 130.00 | 73.00 | 71.16 | 70.59
3 1.60 70.00 132.00 | 73.63 | 73.00 | 72.23
a 1.80 60.00 130.00 | 73.12 | 71.21 | 70.62
5 1.80 65.00 132.00 | 73.64 | 73.45 | 71.97
6 1.80 70.00 128.00 | 71.18 | 70.62 | 69.70
7 2.00 60.00 132.00 | 74.02 | 72.98 | 72.23
8 2.00 65.00 128.00 | 71.63 | 71.31 | 71.14
9 2.00 70.00 130.00 | 72.96 | 71.24 | 70.97




4.2) UnTIzviuanITnasn 1lusiunsa Minitab
Yredilaanaisned 6 luvnishasizsinariionian
Hadefinunu 13uduainnismuaeuteyavesnsmitld
AINNITUINWALUUUNALABALATIZIINS N Residual
Plots for Zone wud1 Yayainisnszangfuuududansn
Versus Oder Lagiin15uanuasuuuunfaensan Normal
Probability Plot way Histogram Tudiuauiuwusntelu

gouiinliunnaeiuaInngIn Versus Fits aguladn

£

Jayaynlamnsadiluldinseiseld nsminmuaLanssa
aq

ngu
Y

Y
Ul

Ca

Residual Plots for Zone (g)

Normal Probability Plot Versus Fits

Residual
o o o0 o0
°

s 720
Fitted Value

725

0
Residual

Histogram Versus Order

B
I
=

4 6 8 10 12 14 16 18 20 22 24 26
Observation Order

12 06 00 06 12 2
Residual
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dusuanvesunazdadelaalaa S/N Tun1saium

o w o

HoFuaa1auaudIAgyLal (rank) wuindade Volume

o—

aa

dviswaasan 19389u1A9 Uady Pressure wazilady Speed

Y 9

Y =

AUAIRU AIR5NT 7 Uag JUT 5 Aty Tagnannisuan

Wialildan1ennumuseanimwinaeunauauliladadon
1gAn1 S/N NA1genINHaTIAT 1Y WAt A A1 Volume
128 mL, Pressure 2.0 MPa wag Speed 65 can/minute

HANILATIEALAAINANTIN 8 UaEFUN 6 WUTABNSHA

P '

983 Volume H8vEWagegaNisAu 2 58991 Av A1 Pressure

v
o w U o

752AU 3 uaz A1 Speed NTAU 2 MUAIAU AIUUAIUDY

I a

Volume HA18TNagINgA 5898911 AB A1 Pressure

o

526U 3 way A1 Speed TisEdv 2 auddu éfdgﬂﬁ 7 uay
U7 8 Feflnnuaenndeatuauiduaie mamguiuazain
Uszaunisalvinnulasdiundieuiieulaainaisianiny
aonAdesiUINaUTIYRNY Famns1eil 9
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Toudl 1, 2, 3 A1 Volume 128, 130 uag 132 mL A1 Pressure
2.0, 2.0 waz 1.8 MPa A1 Speed 65, 70 k@ 65 can/minute

MINEIAU AI3UN 9, 10 UAzll MmUY

15197 7 : AAdnsnasu S/N Yaaumaztlady

Level | Pressure (Mpa) | Speed (can/min) | Volume (mL)
1 38.94 38.13 43.40
2 37.43 40.79 35.45
3 41.31 38.76 38.84

Delta 3.88 2.66 7.95

Rank 2 3 1

Main Effects Plot for SN ratios
Data Means

» Prezzure [Mpa) Speed (can/min] Welume [ml}

43

42
g
B
z w0
T
£

7

3%

35

16 148 24 & 65 70 128 130 132

Sgnd-to-noise: Nominal is best (10x L og 10YBar 24 2)

JUT 5 nemikansdndvinanu S/N veudaylady

719197 8 : HanBUANBIE NS UA LAY

Level | Pressure (Mpa) | Speed (can/min) | Volume (mL)

1 71.78 71.84 70.89

2 71.72 71.99 71.65

3 72.05 71.72 73.02
Delta 0.33 0.26 2.13
Rank 2 3 1

Main Effects Plot for Means
Data Means

Pressure (Mpa) Speed (can/min) Volume (mL)

73.0

725

Mean of Means

7.5

128 130 132

JUN 6 : nsmluansrndvsnasiuAadey
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AN 9 : HAIAT VA ARG DA EMeS T UAIAUTTY 1Y

1 a I3 o 1 ﬁquqa o d'
ATNTFAMD3 | N1SUTUAN o ansinsilagunlag
ey
AU (+) | L (+) | wlsiunssiuaana
Pressure o
anag (-) anag (-) 1Y
1NTUY (+) anas () WUSHARUAUAILIEA
Speed o o
anad (-) ALY (+) N
1NTY (+) | ARTY (+) WUSHUASINUANLIA
Volume .
anad (-) anas (-) Ny

Response Table for Standard Deviations
Pressure Speed  Volume
Level (Mpa) (can/min) (mL)
1 0.8547 0.8364 0.5309
2 0.9907 08072 1.2146
3 0.7403 0.8421 0.8401
Delta 0.2505 0.1292 0.6837
Rank 2 3 1

JUN 7 : wameuauesdmiuAde LAl

Main Effects Plot for StDevs
Data Means

Pressure (Mpa) Speed (can/min) Volume (mL)

Mean of StDevs

* \/‘
08

128 130 132

JUN 8 : n3mluansnBnsnanuATe L UUINATIIY

Interaction Plot for Zone 1 (g)
Data Means

60 65 70 128 130 132

Pressure

Pressure (Mpa)

Speed
(can/min)
60
65
70

!

Speed (can/min)

Volume (mL)

JUN 9 : nemifduiusvesusdasUadelaun 1
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Interaction Plot for Zone 2 (g)
Data Means

Pressure

e 16

Pressure (Mpa) e : ;:g
n

Speed

B (car/min)

—— 60

Speed (can/min) L P %

Volume (mL)

JUT 10 : nemiufduiusveusiazdadelaun 2

Interaction Plot for Zone 3 (g)
Data Means

60 65 70 128 130 132
Pressure

—— 16
Pressure (Mpa) " 7—":" ;g
70
]
» Speed
(can/min)
—— 60
Speed (can/min) " tr:" ‘6/8

Volume (mL)

JUT 11 : nemiufdusiusveusiazdadoloun 3

4.3) Yn1snmaeuaziiUNaToyanouLas NAIUSUUSI
& =S 2 v i o YT
TUABUUITVIINITNVTIYANBUUSUUTILAE NaIUTUU

PHINUIATNISITMBIN A IINATIATITY A A1 Volume

S o

526U 128 mL A1 Pressure N5z6U 2.0 MPa liazA1 Speed
fsgavu 65 can/minute Yrlulglunsguiunisiienianis

UFUUTaianns1en 10 uae 11 Muaeiu

15199 10 : Teyaneuuiulse

Fuit | vean1wdn | wga 1380 voudy | wlafine

(n3zdag) layl vga | (nszdeq) | 1afe

¥ | (i) (nfu)

1 33,200 2 22 93 71.49
2 32,150 3 34 151 7191
3 32,000 3 32 133 71.70
4 32,500 3 34 115 72.06
5 32,480 2 23 74 71.76
6 31,880 4 42 123 71.76
7 32,150 1 10 18 71.51
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WUIMEIUTUUTIA09 Cp way Cpk TANMILLTUGAITUAN
YDIANUANNTOVINTLUIUNITATY Aam157 13 Uaggud

12 LLazg‘Uﬁ 13

15199 12 : TeyalUSeuiiunsuwasnanisuTuUs

Tui | sean1swdn | viga a1 | veude | wiafinw
(n3zda9) ladd vgn | (nszle) | 1ade
(a3 | (i) (3w
8 33,150 4 a4 125 71.69
9 33,150 2 22 53 71.51
10 32,300 3 40 123 71.93
11 32,400 4 42 155 72.79
12 32,500 3 33 113 72.06
13 32,140 3 32 133 72.01
37 422,000 37 410 1,409 71.78

M3l 11 : Joyandaiuus

Fuit | saanns nEn a0 voude | wiafinw
e land vga | (nszley) | e
(szded) | (afy) | (unib) (nf)
1 32,800 2 20 58 71.58
2 32,500 2 20 59 71.59
3 31,500 2 20 60 71.63
4 32,800 1 12 18 71.43
5 31,250 1 13 18 71.45
6 32,450 2 30 61 71.54
7 33,800 2 30 67 71.60
8 33,500 2 22 62 71.63
9 32,600 2 24 64 71.65
10 32,200 2 27 70 71.64
11 32,200 1 12 18 71.41
12 32,400 2 23 50 71.69
13 32,000 2 24 71 71.65
3 422,000 23 277 676 71.58

snensseuiiisu fou hae Wiguiieu
(n3w) UFuuse Usuuse (%)
. . 70.87- 70.97-
AR ANAR-EEn 30.22
73.12 72.54
Aide 2.25¢ 157 ¢ 30.22
ﬁhl,ﬁmwummgm 0.67 0.39 41.79

= = = '
M151997 13 WUSHUNEUAAMNEINITOVBINTEUIUNIS

A1AUFINITA flay wa wWisuieu
NS¥UIUNTS Yiudse | Juuss (%)
Cp 0.79 1.91 141.77
Cpk 0.60 1.11 85

4.4) 3ATILRaNaINITUSUUTI

n¥IviinsUTUUss desaliiannatnisususarmng-
fimesuazdnuvesdvanas Wewhdoyaluiouiivuneu
warnaasulse Wneiudeyadiuau 13 Jukazeeanisudn
422,000 n3zdes ity Tdadsil 1) ArAuagega-san
(nFusonszdeq) 2) Arfide (n3a) 3) Andosuusnggu
(n3w) wudanas puaEdurilinssuiunswandusednsam
ity uiludiuresaiadsmnavssyieiianas azdosh
msUfudgaitelimudnlndmnanadl 72 n3u famsnedl 12

WleLunsnTI9aoUAININAIINTIYBINTEUIUNS I
N19ILATIZ9AY Process Capability 16iAn Cp, Cpk vadan

WausInne 72«1 niurenszUesnaunasndeliuse

Process Capability Report for Before improvement
(using 95.0% confidence)

LsL Target usL

Process Data Overall
st 7 Within
Target 72
usL

73 Overall Capability
Sample Mean 717606 Pp 0.50
sample N 153 CiforPp  (044,055)
StDev(Overall) 0670554 PPL 038
StDev(Within)  0.419311 PPU 062
Ppk 038
CiforPpk  (031,045)
Cpm 047
BforCpm 042
Potential (Within) Capability

p 079
Cl for Cp (0.71,0.88)
CPL 0.60

cPy 099

Cpk 060
ClforCpk  (0.52,0.69)

4

704 708 712 716 720 724 728 732

Performance
Observed  Expected Overall ~ Expected Within
PPM < LSL 98039.22 128337.45 34844.46
PPM > USL  45751.63 32277.69 1559.27
PPM Total  143790.85 160615.15 3640372

UM 12 : ManuansanszuIunsneudiulse

Process Capability Report for After improvement
(using 95.0% confidence)

LsL Target usL

Process Data Overall
Lst 71 2 Within
Target 72
st 73 Overall Capability
Sample Mean 71,5795
sample N 149
StDev(Overall) 039088
StDev(Within) 017448

Pp 085
CiforPp (076,095
PPL 049
PPU 121
CiforPpk  (0.42,057)
Cpm 058

LB for Cpm 053
Potential (Within) Capability

Cp
Cl for Cp (1.69,2.13)
CPL 1m

cPy 271

Cpk 1
ClforCpk  (0.97,1.24)

708 711 714 717 720 723 726 72.97

Performance

Observed ~ Expected Overall  Expected Within
PPM < LSL 4026846 86.66 44771
PPM > USL 000 13952 000
PPM Total  40268.46 69226.17 447.71

JUT 13 1 AnAuENUsaNsEUIUNIUEIUTUUT
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PInduihnsnagevaLNATIUIIN LN oA
n¥aUFuUgsRtunielsl fiseduiduddny 0.05 Tagldins
VAAOUAT z-value waA1 pvalue Wuin Afilddounas
visuussfiadesninasesutivddn uaiild Ao Ufuas
auufigiuvdn H, uazsensuanuigiumaden H, e
wafildialivihfuanssuiifivuede 72 viliufas
auuﬁgmmﬁﬂﬂgﬂﬁjLwimé'w%wquudwﬁmLﬁmwummgm
anas fegUil 14 wae JUT 15 vidlsidenihusulsnssuiuns

AaselviliANeeusuaNLAgIuMaN H,

One-Sample Z: Before Weight

Descriptive Statistics

N Mean StDev  SE Mean 95% Cl for p
153 717606 06706 0.0808 (716021, 71.9191)
4 mean of Bef
Known standa =

Test
MNull hypothesis Hep=72
Alternative hypothesis Hap =72

Z-Value P-Value
-2.96 0.003

JUN 14 : HansveadeUaNLRgIUiouUTUUT

One-Sample Z: After Weight

Descriptive Statistics

N Mean  StDev SE Mean 95% Cl for p
149 715795 03909  0.0819 (71.4190, 71.7401)
g mean of After Weight
Known standard deviation = 1

Test
MNull hypothesis Hap =72
Alternative hypothesis Hop= 72

Z-Value P-Value
-5.13 0.000

JUN 15 : HaNIVAARUANNAgIUVAIUTUUT

5) afUseNauazaUNa
NATeNlAANINTEUILMTUTIIINgemATN TS
InumudmnsunszuIunsussaing Mmemailani)d lagd
aa 9 & o A o V]
gaungiidawindenidutadesuniu Milildladunsgiu
muifvuanag [9mallanng 0ankuun1TIINITNARS
Orthogonal Array L9 Lagilas1zvnnAens1diudayyin

Y Ada a '

AedygyIsunIundBvsnaseladesielusinsu Minitab

waanleane 3 Yade fie 1) YadeuSunnsussainenseau
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128 mL 2) Yadoussfuussaine Asedu 2.0 MPa uay 3)

o 13

Jaduarnusilunisussyfing fiszau 65 can/min Fudu

'
1A

a7l illdlunszusumsndn wevilvian eglutiadmane

fifals fe 71.00-73.00 g/can
\defiansanneuuiulsmun fgaumgiivssana 29.4
psAadea TAvninAnTsIL Falanununiudes
niwdaUFuuaguil 16 vdsnlsirdmnsdiwesiuldly
nsEUUMIUTIYENUIIAUTTY oeflutisesaiveng
Tuvasgaumgidanandendl 26.5-35.6 ssawaidos us
nFsnguyiiiugetunnnii 35.6 oseisaidea vilvien

AIAINIANNAMUARIIUN 17

Scatterplot of Weight Average (g) vs Temp. Env.('C)
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Scatterplot of Weight Average (g) vs Temp. Env.('C)
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U 9

nden15UTUUTllaAIIaUTIIMLAININANINTTIU

NINUUITYNPLINITUTUAIMITITINeS A1USHINS

P o

NIPUBNUTTANY NT8AU 130 mL NLANATEAY 128 mL

ilvAuaussyinglamuamnsgiumuiinmun Tugia

@

vasgaungiiniinisildsundadlundazTuninisuda 210



Tayandin15uTuUse nudA1ves waiedariigauas

Agaaneglutig 70.97-72.54 ¢/can MnLANRoUUTUYT

'
=

H929A1u3a7n 319031 Ao Y29 70.87-73.12 ¢/can siagu

18 way gﬂﬁ 19

Xbar-R Chart of W1, ..., W6 by Stages

Before Improvement After Improvement

2 Nidh g AN
B L VDV ANAS

740
735
£ 730

g =
£ 725 | | UCL=71486

X=71469

LCL=71451

1 6 il 16 21 2 3 36 M 46 51
Run

Before Improvement After Improvement

UCL=007348

R=003667

Sample Range

SN VS e

1 3 i 16 21 26 3 36 il 46 51

LcL=0

U7 18 : Annamaneuliuliuasasiuusp

Histogram of W.1, W.2, W.3, W.4, W.5, W.6
Normal

Robust Design

Original Design

Ay p®

&

Weight (g/can)
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aumivilsinszuiumsussefnediafiliniidogumnd
dawndeniinisiasuuias Fsdenavinlionmgfivesfined
ogflusmanuazluviodnefine fgamgiiudsuntamiluse
viliUTinmswagauvLiuresi e AansUdsunlas
Fesonndosiu nQuesmia (Charles’s Law) nanai1 Usuns
yoafneisiaavianis lunnudunsiiezuusiunsady
gl Medudogangiaelu Usuasifiuduagyinlsia
ANuTNLanAsE salANLafwanawe wazilogamgd
anasUinesanasiliaumuuiuresfeiutudsaly
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Anuvuntuiiainslusefuiidssalinisussgfiedlu
Psandmnele uiannuaildnuindsliamsanuniusie
Avesguvndfiinnd 35.6 ssrnisaidea lduansgung
rouuarndaUiul Tnevdsuuussdiaaumuniuanniy

G‘fﬁgﬂﬁ 20

nmuRsuiieuaiugumgii

25 26 27 28 29 30 31 32 33 34 35 36

Temperature (°C)

(aulfuilss) + oo (aaliinlsa)

JUN 20 : nswlSeuliiguinaiugnmgineuwasnasuiulss

dmsulsrlondlunided aunsatmdnmauagisng
Tl #lumhenuiifinszuumsnaniindendsiunszuiums
usseAm WeteUiuuinssumstiamaeglusitimang
Smidsaunsnuszgndadrlaaaaunisannes (Regression
Equation of Model) wuushaasaunsvnangdinenans iield
fuAnausTyiuiaskdn Sasivdieiuandety ouide
il 1¥a¥resuuvuresaunsluusasloy duansluaunisd
(1), (2), uag (3)
Toudl 1: gauuindl 25 fa 30 srivaiToa
W =-2.83+ 0.499P - 0.2715 + 0.5886V (1)
Touil 2: grumgdl 31 fe 35 esmwaLdea
W= -2.10 + 0.520P - 0.00195 + 0.5620V 2)
Twuil 3: gaungdl 36 fis 40 e wALTea
W =11.60 + 1.080P - 0.0062S + 0.4460V
Taoil w
ID
S

%

(3)

fg 11AUTIYNY

A9 uIIUUTIINY

Ao AT

fe USumsnszuenussying
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15199 14 : AwdnesinuuLiazY gl

Temperature | Mass (g) Parameter Setting
of Zone (°0) Pressure Speed Volume
(MPa) | (can/minute) | (mL)
Zone 1 72.00 2.00 65.00 128.60
Zone 2 72.00 2.00 65.00 130.22
Zone 3 72.00 2.00 65.00 131.50

Weldruwaiandurinisasivaeuinaintatdaula
vsollvinisnagaeu wudiAwanussgeglugeiivua

AIMN51991 15

MINTN 15 : HANITNAFOUANIAUTIYINY

Zone Gas Filling Mass (g/can)
No.1 | No.2 | No.3 | No.4 | No.5 | No.6 | Aver.
1 72.05| 72.06 | 72.02 | 72.04 | 72.03 | 72.06 | 72.04
2 72.12| 72.08 | 72.09 | 72.06 | 72.10 | 72.07 | 72.09
3 72.04) 72.05 | 72.01 | 72.06 | 72.09 | 72.06 | 72.05

Foilvmtinauluiesussafing ihaunsiluldususae
Wielinsidsundadluwsazdgumnill vinlidisannisaes
Hnaoagn dawalviszeziiainisAuanIn (recovery time)

a o edl o - A vy
wandnduninldlunismegevanasiannied 16 uagiilold
WhAfevavanamdsulllilieuiisuiveennisuan
luefinfiriuan lagAnann 1) seadnuiuvesds 2) aiusu
AR Uay 3) YariAnademey deheliaunsausendaag

19 433,612 v m ﬁﬂLLaﬂﬂugﬂﬁ 21

M3 16 : SrEnAINITANAN el nAIUTUUT

naseuAss | szezamudnin (uifl) |wBadusivagey (nszias)
i fiow  |wasliuuse|  neu né
Uiuusge USuuge USuusge

1 11.83 5.50 14 6

2 12.43 6.43 14 7

3 12.33 570 16 6

4 11.80 5.76 18 8

5 11.60 542 16 6
Aade 12.00 5.76 15.60 6.60
Souaz 52.00 nasUTuUTe 57.69 vaeUiuuse
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7,999
sl

4,638 7,999

anat 1,604 w anad 8,672 nesilaq

833,550

1,000,000
800,000
600,000
400,000
200,000

399,938
winfinly

399,938

yarANaAEmEaRas

ARAY 433,612 UM raudiudg
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Abstract

This research investigates an elastic stability, in a form of buckling load, of a square plate with an eccentric
square cutout by considering the effects of eccentricity and size of a cutout and loadings. Three size of square
cutouts, three eccentric positions along x- and y-axes, and three type of loadings are considered. For boundary
conditions, a simple support on all edges of the plates is prescribed. The problems are modeled and simulated
by finite element program, Ansys. In most cases, the results show that larger holes decrease the stability of the
plates, while loading the plate in compression along both axes causes the plate to be the most vulnerable.
However, loading the plate in one axis and pulling it in the other results in the best stability or buckling capacity.
It also shows that the eccentricity of the cutout in relation to the load affects the stability of the plate. In the case
of uniaxial and biaxial compressive loads, the eccentric hole along the main compressive load increases plate
stability. In contrast, the stability of the plates are decreased in the case of biaxial tension-compression load no
matter direction of eccentricity along the loads. For the buckling mode, as expected, a higher mode, a higher

buckling capacity can be achieved.

Keywords: Biaxial loading; Buckling; Eccentric cutout; Finite element method; Square plate
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l. INTRODUCTION

Many structures in various areas of civil, marine,
aerospace, mechanical, and automotive engineering
have used plates in their design and construction. Many
of those designs usually made an opening in the plate
to reduce weight, pipe and wire passage, inspection, and
maintenance purposes. Because of this perforation, the
distribution of the membrane stress near the hole will
be changed and a reduction in load-carrying capacity can
then be expected. For practical design in which high
safety and lowest cost are primary considerations, it is
important to understand the behavior of perforated
plates subjected to in-plane compressive forces. This kind
of problem is buckling in which the plate loses stability
of its equilibrium after the in-plane load reaches the
critical value.

Numerous investigations into plate stability have
been conducted and documented [1]-[3]. Stability criteria
are usually associated with the load-carrying capacity
of the structures. In the case of plate-type structures,

this means the ability of a plate to withstand the

compressive or shear loads that act parallel to its plane.

Geometry of the plates are mainly influence to their
stability or buckling loads. With a presence of a cutout
or an opening, the problems are much more difficult to
analyze in theoretical approach compared to experimental
and numerical investigations. To author’s knowledge,
research on the buckling behavior of square or rectangular
plates with cutouts dates back to 1947 [4]. Nemeth [5]
and Shanmugam [6] have offered in-depth insights into
the stability of perforated plates. Meanwhile, Narayanan
and Chow [7], [8] and Paik [9], [10] have conducted

significant studies on this topic, extending their research

to the ultimate strength of square and rectangular plates.

Analyzing the buckling of perforated plates typically
entails placing the holes at the plate's center and
subjecting it to uniaxial, biaxial, or shear loads.

Numerous experimental investigations and theoretical
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formulations have been employed for this purpose.
However, handling biaxial loading conditions poses
challenges in experimentation, and devising precise
formulas or theoretical models becomes intricate.
The accuracy of results often diminishes as the size of
cutouts increases or when holes are misaligned.
Consequently, researchers have increasingly relied on
the computational methods such as finite element
method to analyze this issue due to its widely
acknowledged accuracy and precision.

Previous research has mainly focused on the effects
of hole shapes, positions, and load characteristics [7]-
[16]. Only a few have focused on eccentricity of a hole
[17], [18]. However, the specific impact of hole eccentricity
on the buckling load of plates under biaxial compression
or biaxial tension-compression, especially with square
holes, has not been clearly addressed. This research
aims to assess how cutout eccentricity influences the
buckling load of square plates with square cutouts
under both uniaxial and biaxial in-plane loads, using the

finite element analysis.

Il. RESEARCH METHODOLOGY

A. Modeling of Perforated Square Plates

This study used the finite element software Ansys
to compute the buckling loads of square plates with
eccentric cutout under three uniform in-plane loads:
uniaxial compressive load along the x-axis, biaxial
compressive loads in both x- and y-axes, and biaxial
compression and tension in the x- and y-axes, respectively.
As shown in Figure 1, this research evaluated a square
plate of 300x300 mm’ with a modulus of elasticity of
211 GPa and a Poisson's ratio of 0.3. A square cutout
with dimensions expressed as a ratio (d/b) of 0.1, 0.2,
and 0.3 relative to the panel size were introduced.
Regarding the eccentricity (e, or e,), they were defined
as 15, 45, and 75 mm along x- and y-axes and were

considered relative to the plate size (e/a or e/a).
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Additionally, the boundary conditions were defined as

simply supported on all edges.

Enine
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Figure 1: Plate and cutout geometries with load characteristic

B. Loading Conditions

The applied load consists of a uniformly distributed
force acting along the edge of the plate, measured in
kN/m and directed perpendicular to the edge. As shown
in Figure 1, the buckling load is determined by the
calculated force in the x-direction, which is always a
compressive force. Meanwhile, the force in the y-
direction will be zero, compression, or tension
representing the uniaxial, compression-compression,
and tension-compression cases, respectively. Note that
the magnitude of the force on the y-axis will be equal

to the one on the x-axis at the buckling state.

C. Numerical Analysis

In present work, a finite element program, Ansys,
was employed for analysis. An element size of 0.01 m
was specified at the distance from the hole and decreased
to 0.002 m at the edge of the hole. The computations
based on linear buckling assumption was performed
using eigenvalue buckling analysis. A simply supported

condition on all four edges was assigned.
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The convergence of the solutions were tested by
increasing the number of elements until the change in
the calculated value is less than 1%. In each case, it
was varied between 1369 and 2721, depending on the
cutout size and the eccentricity. In addition, some case
of plates without holes were examined by comparing
with the experimental results to verify the accuracy of

the program as shown in [15].

ll. RESULTS AND DISCUSSION

At first, we consider the effects of size and eccentricity
of the cutout under three loading conditions to the
buckling loads. It is obviously, as shown in Figure 2 to
6, that the buckling loads were less as the hole size
increased at any type of loads and eccentricity of the
hole. Form Figure 2 and 3, when considering the effect
of hole eccentricity in the case of uniaxial compression
loading, it was found that the buckling load decreased
slishtly when the hole was sligshtly eccentric. However,
when the hole was more eccentric and approached the
edge of the plate, the buckling load increased in the
case of hole eccentricity in the x-direction. While the
eccentricity in the y-direction the buckling load did not
increase significantly at hole sizes of d/b = 0.1 and d/b
= 0.2, the buckling load decreased significantly at hole
size of d/b = 0.3. This means that if the plate is necessary
to make a perforation, especially in a square shape, a
cutout position should be placed near the loading edge
to remain buckling resistant. From this calculation result,
further analysis should be conducted by increasing the
hole size.

In Figure 4, in the case of a square plate subjected
to biaxially compressive loads, the hole eccentricity in
the x-direction and y-direction is the same. A larger hole
eccentricity will result in a slightly larger buckling load

of the plate.



In the case of biaxial tension-compression, as shown
in Figure 5 and 6, the effect of hole eccentricity in either
the x-direction or the y-direction has a similar trend,
that is, the greater the eccentricity, the lower the
buckling load, and the greater the decrease as the hole
size increases. It can be said that in the case of biaxial
tension-compression, the holes should not be offset
from the center of the plate to provide the greatest
resistance to buckling.

Apart from that, when considering the results of the
three types of loading (see Figures 2-6), it can be seen

that in the case of uniaxial loading, the buckling load

65
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Z 4 d/b=0.2
50 d/b=03
45
0 005 01 015 02 025 03
ex/a

Figure 2: Buckling loads of plates with eccentric cutouts in x-

direction subject to uniaxial loading
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Figure 3: Buckling loads of plates with eccentric cutouts in y-

direction subject to uniaxial loading
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will be in the range of 50-65 kN/m, in the case of biaxial
compression-compression loading, the buckling load
will be in the range of 25-35 kN/m, and in the case of
biaxial tension-compression loading, the buckling load
will be in the range of 70-140 kN/m. It can be said that
if you want the perforated plate to resist buckling well,
it should be designed to withstand tensile force in the
direction perpendicular to the compression load. And
if the structure of the perforated plate needs to withstand
biaxial compression loads, special care should be taken
when using it or a reinforcement may be added to

make the panel stronger.
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Figure 4: Buckling loads of plates with eccentric cutouts in x- or

y-directions subject to biaxial compression-compression loading
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Figure 5: Buckling loads of plates with eccentric cutouts in x-

directions subject to biaxial tension-compression loading
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Figure 11: Buckling mode of plates with eccentric cutouts in y-

direction at d/b = 0.2 subject to three loadings
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Figure 12: Buckling mode of plates with eccentric cutouts in y-

direction at d/b = 0.3 subject to three loadings

Table 1: Buckling Modes of a Square Plate with an Eccentric Square Hole Subject to Uniaxial Load

Mode Number

Load
d/b ex ey

Type 1
) O .
i O .
75 0

=

3 0.1

[

)
o ) -
o i .
o i .

In addition, an out of plane deformations of 5
buckling modes of square plates with eccentricity at
d/b = 0.1 subject to uniaxial load, biaxial compressive
loads, and biaxial tension-compression loads are
illustrated, just for example, in Table 1-3, respectively.
In the case of biaxial tensile and compressive loads, the

mode shapes in any cases look different from the other

2

45

q

two load types. Due to the characteristics of deflection
in each mode, which in some cases may be similar but
in some cases are different, if a sensor is to be installed
to detect the deflection of the perforated plate, the
engineers should consider the appropriate location in
order to be able to predict the value and mode of

buckling correctly.
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Table 2: Buckling Modes of a Square Plate with an Eccentric Square Hole Subject to Biaxial Compressive Load

Load Mode Number
d/b ex ey
Type 1 2 3 4 5
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Table 3: Buckling Modes of a Square Plate with an Eccentric Square Hole Subject to Tensile-Compressive Load
Load Mode Number
d/b ex ey
Type 1 2 3 4 5
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IV. CONCLUSION

This work examines the buckling load of a square
plate with an eccentric square cutout. By considering
the effect of the eccentricity of the cutout in x- and y-
axes, the size of the hole, and three different types of
load, it can be concluded that the larger the hole size,
the lower the buckling resistance of the plate. The load
that compresses the plate on both axes will make the
plate weakest. While applying one axis of tension and
one axis of compression, the plate can resist buckling
the best. In terms of eccentricity, it relates to the type
of loading, that is, when the load is acting in a uniaxial
direction and biaxial compression, eccentricity of the
hole in a direction parallel to the load will increase the
value of the buckling load. In other words, the plate
has a higher buckling resistance. But when the plate is
subjected to tensile and compressive loads perpendicular
to each other the eccentricity of the hole in the
direction parallel to the compression results in a
reduction in the buckling resistance no matter which
direction the eccentricity goes. In this work, the cutout
size were limited to the d/b ratio of 0.3 which will be
studied further. However, under this limitation, the
cutout eccentricity should be placed in the direction of
a main compressive load (x-axis), which will increase
the buckling resistance in the case of uniaxial or
compressive-compressive  loads  otherwise,  the
eccentricity is not recommended. In addition, buckling
loads of the mode shapes up to the fifth mode are
demonstrated, which show that a higher mode will be
achieved with a higher buckling load. The mode shapes
in the case of d/b = 0.1 are shown as examples for an
opportunity to use plate’s buckling mode shape as a

sensor or an actuator in MEMs, mechatronics, and

related works.

a7

Journal of Engineering and Digital Technology (JEDT)
Vol.13 No.1 January - June 2025

ACKNOWLEDGEMENT
This work was supported by the Faculty of Engineering,
Burapha University, Thailand through research grant no.

29/2548 which is gratefully acknowledged.

REFERENCES
P. S. Bulson, The Stability of Flat Plates. London, UK: Chatto
& Windus, 1970.
F. Bloom and D. Coffin, Handbook of Thin Plate Buckling
and Postbuckling. New York, NY, USA: Chapman & Hall/CRC,
2001.
R. M. Jones, Buckling of Bars, Plates, and Shells. Blacksburg,
VA, USA: Bull Ridge Publishing, 2006.
S. Levy, R. M. Woolley, and W. D. Kroll, “Instability of simply
supported square plate with reinforced circular hole in
edge compression,” J. Res. Nat. Bureau of Standards, vol. 39,
pp. 571-577, Dec. 1947.
M. P. Nemeth, “Buckling and postbuckling behavior of
laminated composite plates with a cutout,” National
Aeronautics and Space Administration, Washington, DC,
USA, NASA Tech. Rep. 3587, 1996.
N. E. Shanmugam, “Thin-walled structural elements containing
openings,” in Proc. 3rd Int. Conf. Thin-Walled Struct., Cracow,
Poland, Jun. 2001, pp. 37-51.
R. Narayanan and F. Y. Chow, “Ultimate capacity of uniaxially
compressed perforated plates,” Thin-Walled Struct., vol. 2,
no. 3, pp. 241-264, 1984.
F.-Y. Chow and R. Narayanan, “Buckling of plates containing
openings,” in Proc. 7th Int. Specialty Conf. Cold-Formed
Steel Struct., St. Louis, MO, USA, Nov. 1984, pp. 39-53.
J. K. Paik, “Ultimate strength of perforated steel plates under
edge shear loading,” Thin-Walled Struct., vol. 45, no. 3, pp.
301-306, Mar. 2007.
J. Ko Paik, “Ultimate strength of steel plates with a single
circular hole under axial compressive loading along short
edges,” Ships and Offshore Struct., vol. 2, no. 4, pp. 355-
360, 2007.
M. Yoshiki, Y. Fujita, A. Kawamura, and H. Arai, “Instability
of plates with holes (1st report),” (in Japanese), J. Zosen
Kiokai, vol. 1967, no. 122, pp. 137-145, 1967.
Y. Fujita, K. Yoshida, and H. Arai, “Instability of plates with
holes (2nd Report),” (in Japanese), J. Soc. Naval Architects
Japan, vol. 1969, no. 126, pp. 285-294, 1969.



Journal of Engineering and Digital Technology (JEDT)
Vol.13 No.1 January - June 2025

[13]

(14]

(17]

K. M. El-Sawy and A. S. Nazmy, “Effect of aspect ratio on
the elastic buckling of uniaxially loaded plates with eccentric
holes,” Thin-Walled Struct., vol. 39, no. 12, pp. 983-998,
Dec. 2001.

K. M. El-Sawy and M. I. Martini, “Elastic stability of bi-axially
loaded rectangular plates with a single circular hole,” Thin-
Walled Struct., vol. 45, no. 1, pp. 122-133, Jan. 2007.

E. Thammakornbunjut, P. Meelapchotipong, J. Pakpia, S.
Tammapattaragul, and P. Limpitipanich, “Buckling of square
plates with different central cutouts,” J. Eng. Digit. Technol.
(JEDT), vol. 10, no. 2, pp. 13-20, 2022.

A. Milazzo et al., “Buckling and post-buckling of variable
stiffness plates with cutouts by a single-domain Ritz method,”
Thin-Walled Struct., vol. 182, 2023, Art. no. 110282, doi:
10.1016/j.tws.2022.110282.

J. Blesa Gracia and F. G. Rammerstorfer, “Increase in buckling
loads of plates by introduction of cutouts,” Acta Mech.,
vol. 230, no. 8, pp. 2873-2889, 2019.

K. S. Subash Chandra, T. Rajannac, and K. Venkata Rao, “A
parametric study on the effect of elliptical cutouts for
buckling behavior of composite plates under non-uniform
edge loads,” Latin Amer. J. Solids Struct., vol. 17, no. 8,
2020, Art. no. e330.

48




Journal of Engineering and Digital Technology (JEDT)
Vol.13 No.1 January - June 2025

N15U99NUNISNALEIZNUNAIALD I LUN SN UANRUNNINA BN ULSS btAa

Y

W03 INFANa" Inena Andans” Aqlswyd Asanwed’

B2 aaiedmnssumans unineraenaluladsivusnaaivu, el Usemalne

*UseRusUTIUAT Blwa : wijit_i@rmutlac.th

Fusuatu : 19 fgwieu 2567; Suunanuatuuile : 21 fugieu 2567; neusuunany : 11 nanau 2567

weunsoaulal : 27 fguieu 2568

unAnga
o a I3 1 a a0 L7 o = U v A a g 1 1 a o dy v
msfangaududgmsessuuinalazdaldanglunisinns Inefitladenanae Usinauuruseniisnal nuideild
msfneTanmieiminenamnssumeasunldnuunianduaseiiunuiu Inedonldosaenunniunisldnu
winaglifiyan Falanszaldielunisianaiedda unldunuianduaseidmivaudesiunisiaeeanglianiie
HuANYININn USunad 120 fadunsnadilad lngd1aedn1smnasduuulded nan15vnaasdan 8 WeaulunisAnwnuanateiuy

Tupu 889 ANUMILLLTEIRY wagnsdkruganldlunisundes wud msldeanenuanunsatesiunisinee

= o

Auanduanlads 60 Wesidus Wedlsutunisldldersaneniu uaﬂﬁ]ﬂﬂﬁﬁqwudwmmamﬁuﬁmaﬁaﬂ%mmﬁumgﬂﬂmLezm
domuanduisturrdmalifugniamzanniuny widennuainduds 45 osn nsldorenemudussansnmms
Yostumsimanziulndideeiuldldonsanenu Jasenisifivrumnuduresdiussaslinuiansimeziovas uaziile
Tensaenusmasasliannistamyldds 35 Wedidus Meusvavdnatanmsovssgndlfluiiufinesiisiu dufu uas

NijsUaLnilodls

Aa1Agy : wileaws nstasiumsinuge USinanirusemiienal Mfaizdu Tanmaeis

49



Journal of Engineering and Digital Technology (JEDT)
Vol.13 No.1 January - June 2025

Heavy Rainfall-induced Slope Erosion Prevention by

Recycled Rubber Textile

Wijit Itthiwongkul'™ Wittayakul Sittisarn? Siwarote Siriluck’

1%23

Faculty of Engineering, Rajamangala University of Technology Lanna, Chiang Mai, Thailand

*Corresponding Author. E-mail address: wijit_i@rmutl.ac.th

Received: 19 June 2024 Revised: 21 September 2024; Accepted: 11 October 2024
Published online: 27 June 2025

Abstract

Soil erosion is a significant problem for ecosystems and management costs. The main factor affecting the amount
of soil eroded is rainfall intensity. This study investigated waste materials from the mining industry as alternatives
to geosynthetic materials in soil applications. The rubber that had been used, which is otherwise valueless and
costly to handle for disposal, was selected as a geosynthetic material for erosion prevention under very heavy
rainfall conditions, with a rainfall intensity of 120 mm/hr. The study conducted a tilted bed slope experiment to
compare eight different conditions, including slope angle, soil density, and the use of rubber. The results showed
that the use of rubber can effectively protect soil erosion, by up to 60%, compared to conditions without rubber
under very heavy rainfall. It was found that the slope angle influences the amount of soil eroded; as the slope
angle increases, the soil erosion also increases. Notably, at a slope of 45°, the effectiveness of rubber exhibited a
similar result in preventing erosion as without rubber. It is worth noting that increasing soil density leads to a
decrease in soil erosion. This is more clearly demonstrated in terms of combined rubber, resulting in up to a 35%
reduction in soil erosion. Future studies on recycling rubber could focus on waste dumping areas, earthworks and

mine pit walls.

Keywords: Mining, Preventing erosion, Rainfall intensity, Soil erosion, Waste materials

50



1) unin

! < I

Mgz rtNAuneuR Ui dudmsessuuiva

o

a o

Aanndeuuazaimnssuluiuifiianuaaduldun o
fusmiies aulvans nuuduviadoniw sidou sy
UnamihAufigniaizueniniionnuiinuiicugad
Padudu 9 1u muaABes ANUYTITEVRIRIAY N9
seureti nsluavesihldAu uagnisimnzugn (11-14)
Uhadifinstamzwifudwansgnudessuuiinauaz
anwazdiivsema nstesdudnaziiAldinensudieas
Usinadufignimensuasitanluviliuinaniudosdiiuun
NALML wenrdEilddesu  wWu Atldenelunsaud
nsAuAesiiiu wasArduiung Wudu
Turrsagruioindusisifdunnuinninggdu il
ﬂ%mmﬁwﬂugwwﬁmmaﬁmLﬁ‘mwﬁwﬁu wagyhlvingnaufu

anNmIAREEulUSIUS A Y IRTelYinnSEenA8E19

Y

v '
& A

fuvinsAnvinesyafufisuarUsinaniduandoyadeu
n&s 5 U luiuiivewiioswonislniiinendnuwisussme
Ine wilesusivng Faind1uns (Ui 1) anusumisgadn
Usinaniduluguit 2 TnefiuSinadinugeanlutasgapud
swaziBual w.a. 2566 FananssivazBenlugud 3 Jadl
‘U'%:u1m'ﬁwNuazaugﬂqﬂmaaﬂﬁgﬁﬂssmm 1,400 Ha8LUNS
#ol uardiUinaninugagn 120 fadiwnsdedalus (5] wn

Jayasovmsiingdounds 500 U wuinusunamdisluluy

e

[ o o

wundwrindiu vsnalndifesiuiiunvewmilesegn 120

e

fafiunssetalusieseazidoauanslugun 4 [6] Fadl

ﬂ%mmﬁmuaﬁ’ﬂagjiuszé’uslumwﬁmm [71, (8]

Haiphong

daw.

LAMPHUN

Mawlamyine
Guboofad
% oL

NAKHON SAWAN
Thailand
NAKHON

RATCHASIMA

KANCHANABURI

Bangkok
ASVINWUKIUAS
@

Krong
siem Reap

{Reiaduny
o

c
Pattaya City
10oownuy

Cambodia

NhaT|
<

Phnom Penh

Dalat ©

JUN 1 : sundamiloausdsngivinnisfinudeyauianan

Journal of Engineering and Digital Technology (JEDT)
Vol.13 No.1 January - June 2025

. me
—a—F
—d il
‘- @
)
» CHC .
i 0 e -
. —-— U
. ——t o
@ I
o *3
O 11}\1:\!\*105\:

Power Plant
W
Mae Mo

JUT 2 : shunisainuseanande [5)

U Funinduazaa @afiuns)

JUT 3 : Usinanhsuavanluiiuivemileswiunzvasnisinia

Aendnuialsemalnelunraviiouvest w.e. 2566 [5]

1000 -~

)

5
3

——50%

Deduinsiofalin

——1001

#— 2001

Vnaniy @ad

e 5001

—s—10007

e ()

JUN 4 : nswluansUSinanisuiunatluseutnisingl [6]

Uszinalnedugudnenesssuyfdudu 1 vaslaniid
ANNINLAZHIATEINES [9] wardinsldunssssuvdtunms
HAREEN UGG WeaenIudndumuADIgNTIYY

naneuvezmdefianluinuselowd

51



Journal of Engineering and Digital Technology (JEDT)
Vol.13 No.1 January - June 2025

MNANUFIAYAINE FeAnkwIAntunsAnwdan
wiAeisTidmanseusiodawndey ﬁé’unwﬁ"ﬂumiﬁ’nﬂuﬂﬁ
wazanansndsegndldldmnzanfvanwiudld Taons
asanuuaenaiouiiuiioss wasAnwensanenudmdu

JasiunsiatgnzAua1nuely

2) NMUMIUITIUNTTA

Tuilgtuiimsfnwuarideiieatumstesiunsiams
Auduegranningliauaulafudadosg q Mieades
Wy Yaduanniu Usinasnihny uazaiuandu urogrdlsh
au 1n3deldmenonlifandng q ilevasdestunisfia
wghu sdfeildnuradeyaanauideiiieados dedl

Zhao and Yin [1] lasinnrsanwiduleduasizviwuy
A191ellTeuisuiunisuasefulunusssuvIAnlenis
nAgeUANNAINTURBNSARLEITUAUNelAdA1IEEUAN
wuinisldiduledunsieiuuunitie Yanaidrugaels
msimenuiputesas uasauiuniduiidyluasiiu
dledunszianas shlaiesnmuesduiiadu Song et
al. [10] neasafietelifiadinswsydulaluanuaindy
anmsnaassnunsTaduledunseiiflasadsuuy
agneSaianaslansdnaudisazdielannisindsuin
vosAunazfansan ninituuusssuadladiadutang
TnglamzAuiiAnuuussumlieiutan Welunnfuay
FlAanisindouiisendteduuusazdiuasinlnde
sosunnegradiulddausnadiuuy yenanidniduiu 9

v a § a o

Wi1n151938n19AT 12 TR ey (numerical analysis)
§rananazfnwdedefifidnvusdudeu lneldlusunsy
Uszian Bnsinludieduuduagisnsuassduios wu
TUsuNT Ansys TSNS ABAQUS waglusunsa FLAC u
au WUsunsutglumsiassmsldfanduleduaseiiuy
maneSsianuirasnsTlglUufrmadioatuiumsmaaes
Tueauuinis lnelusunsulludiedmudanunsouansua
wisines 917 szezviaumn (rain duration) N1siAReY
fve3aU (displacement) AnatAunIBluAY (stress) N3
WU (failure) A1ANYaRAAY (factor of safety) L3INAYIV
andadunirsuen (loading) [1], [11]-[13] ©a9a1nHUAN
Unaernuilufursdiniiuiu sufiaedifuiingdum

(saturation) A28LIIAUUNLYINARAAIAINULY DU UUTENING

52

dindudsildiRansinwnzuasiannzneuluauii Tng
dudiganinesifnnsimenzveusinfuuaglvalumuai
a1ndu aRuAidnswanuazsildAnnsuan U3
dyuansueauuIngass [14], [15] AYNBUMEANHIUANINDTS
%gﬂﬁmwwlﬂmuwﬁwLLagﬁumuﬁ’uImEJehu‘ngﬁéNLﬁmfw
arneuiiadrslymeioszuuing sniedadlanldanelunis

o

dmn13 Panagos et al. [16] lausziiualglunisanedanis
fatesuiigninnglasiiudogisnnazneudulusie
uth nudalddeuszana 700 vindegnuiafiues Tu
UszimnaanizoisniuazUsemalunivelsy
lutagtunisleianluausiu (seosynthetic materials)
Buiteumntulunuudladymautues fanuseinn
Yamdulodunsizinuumtisfaie geocell) \ludan
WoAlasuuy WedleNduauNUILIUgS (High-Density

Polyethylene) 38 wodla#iau (Polyethylene) finane

v
=

yuaaziauantivesiunisiaeizlid venanidad

£% va

ﬂ’)’]llLL%QLL?QIUH’]i%ULLiQﬂ@LLﬁ%LLiQa\TQQ AIYAEFUU

¥ '
= =

wanil ildadesnmuaranuvaensediutudering
Wivuitsuiuauilillalisandulodanse (17]

Ul 5 uansTagaauAunuudulodauaesiidnvas
frumunslavesimuuuanumady Yagequiuuuy
prteeiaiismiieriald lnefvaisvuiniuegfuay
wngaufumslinu Taevhluianuning 25-35 iwufims
817 20-28 WWURALLAT g9 5-20 WUALAT ANUNUIUTTINM
1.2 fadiuns wazanunuikuulagyseuin 0.9 nTusie

anuAflguALanS [18]-[20]

o

JUN 5 : TanduarzviuuumineSaiannlasiniseunsuAuAue

wivthaavay Jariadedd



o o s

TanduasgviwuunveSeisldlanafuasiussansam
lunstesiulusewwainisiawziullowSouiieuiy

A5n19vly Wi Audeseuun (stone pitching) JanmAauay

q
¥

(mulch mat) kagawanuay (crib walls) 351a1diin1g
G‘hLﬁumuﬁ&quﬂLLaxﬁ‘dizﬁwﬁmwﬁaqﬁ'umiﬁ'mlfuwﬁuﬁﬂ
[21]
iundvaiulnglavinnisdnviuseudisuliunanisia
wrranmsTaliuasvitedaiminiuwis iesnndaiu
flauradn saenismaassnsialuiesujiRinag diu
IngaginnismaaesluuAuLATEATEUIU 2 36 (plane
strain) [22], [23] wazkuuLdes (tilted bed slope) [2], [24]-

[26]

3) AANAUNTIVY

3.1) G908 NUALUEINAITIAADY

v '
& I~ a o

3.1.1) fy @usunisneasaliluldonfunimileaniu

a 1 N 6w =

Auling Usgnaumigdunidinguazinisnszaisauin

q

<R _a [ a

Lm@umutﬁmamauamiugﬂﬁ 6 auadnAulnaign 5
fiadiuns duUszansauaduaus (C) wasduuszans
AMULAY (CO WiAU 13 wag 0.2 MNaIRU AudlA1ua99
AN 2.65 [27] NNITIATIERIAUTZNOUVDIAY
TureUURn1573875 XRF (X-Ray Fluorescence) Wuan
AuUsENaUAIY 3 s1avdn tawn 3anau exgiiilley way
widn GU3us19 27.4 7.9 uag 5.6 LWesidusd auddu

AH988LLDEAUANTIN 1

wWodl Budazauritunzuns g
@
2

1 d s s s 1
YUINLUAAU (AIAALUNT)

JUT 6 : nemluamsmuduiusse e fidusiasaunungun sty

YUALIAFU

53

Journal of Engineering and Digital Technology (JEDT)
Vol.13 No.1 January - June 2025

AM1597 1 HAATILRAUAIY XRF (X-Ray Fluorescence)

aiu | asUsenau | saawan | USunausne (Wesidus)
1 SiO, Fanau 27.4
2 ALO; oygilitluy 7.9
3 Fe,0, Wian 5.6
4 MgO uunilide 3.9

3.1.2) @gwiu lgTanaieniunvuneigannislidau
Fdvanstlumilondusidonlunisvinnis@nwdmsunis
Joaiunisinwizutinu lngaaniuvaisniulusuwuuni

U

= ™ N 1Y) o a v va
SU']EJﬁﬂNQL‘UUE‘ULL‘U'U‘V]ﬁENﬂ'Uﬂ'ﬁﬂﬂL%Wgsﬂaﬂﬂu‘lﬂﬂ

= a1

Fefldu
Frunsrareusiaridinaniminudusre Ui vun
wrugsanenuildlunisveaaesrinuning 400 fadiwuns
A1817 400 UadNAT LaZAIIUNRUI 20 LadLUAT ALEAS
Tusudl 7 Anwsuiuiuify 1.2 nfusegnuiadivufiuns
WATYNANAIINNUILULANYED 0.7 nTudagnulIAn
WURAWAT AIeN15RNesndlAstunsEatsiulivuady
KALAUSNANS 5 wuRinmns msamimdndoniasfiufiosh
Thyudeaznan fesen1susnIsinnis uagseuretnlaa
Fu lrEuldiEnsesanulalas

3.1.3) UNUNITNNADY NTAABINITAAENENAULAY
THwazldldereaaniuluanizeunnazuissandu 8

@ '

fsgnanisneass NMelaneulausunainely 120 Jadwns

AU NANUAIATULALANUAUTLUUNLANAIAY 619

518a2L08A A9 2

3.2) im5eadlonlylunisive

£% '

TumanisnaassUszneumengdomaassfiad s
14 4 s wazurueraIaadilidnuauslalidmsudans s
FEWINAITNAGDY NABINAFDITVUIANI 40 LYURLUAT
817 40 LWURLUAT g9 20 LYURLLAT Tneiivassyuethdny
VUNSDUADVBANUETT 150 LwuRluas dvsuiudiegns
Audildainnisimensvemingu drussuuludioudaens
fnaUsanesuuunesiisserrineauAaraLiuIaUsEa
13 L9URALUAT §991NAY 250 LYURALNAS Fafithninfnszuy
AuAuarUSuTEAUUTINaNY 120 Sadwnsdedalus
ARDATEYTIAYINNITNAGDY NSVNAFDUNISAALYILVDINLN

AUMIBNIT91899 VLN (tilted bed slope) a1nn15U3U



Journal of Engineering and Digital Technology (JEDT)
Vol.13 No.1 January - June 2025

ssrnauaInduvesiumenisideunsalszuulansedniin  3.3) Fvmaewuasnisiiudeya

MUTEEEAINES [28] Awandluzun 8 Wn1snaseusuaINMIsnsEundedluaafieanuuull

a0 lneendIuuy d1utesinavetudazaugnUneieg

FalaududieUesiuiiluasenainnass anuuil

fagnafukazani Ty waunleg19RuNaLaSe
s P o %’I ® lundewmaaes nsuvaduduay 5 wudwes udwinisen
._ . . . . . WAAAUMULUUA NN TUARIENSATUANAIILVIL WU

D000

INANMUFURUSIALALUSUIRSAENSITaNN1S (1) wag

. . . .. . (2) [29] vinnnshnsessuulensednuazUSusresIuadiu
: LUIRIANBIAIAINNAIATY NHUUATTUUR U IEULAE YN

. . . . . . nsnAaeIuAsU 1 Tl
] ’ Q ' < v a a o I3 o
. . . . ludiuvesmsiiudeyaiuiignineizasgniiuliluds

WBsaN1IANALNaUAY vdeanluinnseudulugeulite

. e o WU g UL NAUN N AR LB LAAZNISNAADY
JUT 7 - msvenuuussaemuluguuuunviesiie (mieladuns) v

. D
'’y Dg = (=2) x 100 1
A9 2 : WHUNISVNADS d w7100 (D
113 | ANaIaYy AUNUIMULLI 4
Srego . wauly* Moo M
N84 (2971) (laulnuRagnUIANLIAT) Yoy = ( w d) x 100 ©)
” Mg
1 15 17 14
2 15 17 Talld o =
_ ANO5UNEENNTT
3 30 15 Isu A 1 14 a a £ 1 3
— Dy Ao ANLMLILLLLAY (Alathiunegnuieniims)
4 30 15 Tallg N
5 0 7 e D,, fe Anuvwiulen Alatdiusdegnuiaiiuns)
6 30 17 Wl %, AB AN (Fouazlaguniin)
7 45 17 14 M, fe umidnuallen (Alansy)
8 a5 17 laild My Ao dmidniawis (Rlandu)

*maneimg: o nunegie 1dereeenlunismaase uaz laily vaneds

Lldgaegnvlunisnnass - co
3.4) m3uATISVvaya

n15As1eiteyan1sinigniAuniivsuudiny

aFoned, | 133 | 133 | 133 v . a A < < 2 ‘
\ ‘ ‘ ‘ f HIUTEUY 120 fiadwnssiatilin szaziaiduan 1 929 N19LATI1Z9

ﬁm‘ —

ToyavgyinsilSeuiisudadmdsinanisiamgdeiun
Hunniesil

(1) WisuwiguUsuanisiawnzainnsianuladlaens

2500

A1N1U

(2) AUaIAtu 15 30 way 45 89f NaRanaUsuI

ki L lonsadin

Fufufaeng

ASAAITUTNRY

(3) AnUVUIRILALWR 15 wag 17 Aladidusegnuian

g0 4o S wnssUTINMsAAIE NG
SU7 8 : 1Asesliansvnaes (Mihelladiuns)

54



4) namTidelaveiusena
4.1) Thdgian
NNRANIINARBINUII NN IzwUUUAReT

o

Tumusssumftuldianearenulantiuiedesiu

a [

nsfaengiafuaintidudsnateUutammindugn i
wizdanuuana1aiuegetaia é’mwdawfmﬁﬂﬁugﬂﬁm
wesendnldldivldensaenulesdiuegluig 60 §a 10
Wosidud finuaindu 15 8 45 aae Tnenuinfinay
andutiesnisivensansniuaziiusednsainlunistesiu
I¥anilildensenewuudeglsfinumuinsasianshmin
auﬁgﬂﬁ’mLsamzLﬂﬁﬂuLLﬂaﬁamaaLﬁammmm%’mﬁuﬁu
Tnganzfinnuainduunnnd 45 ssmaziivuiltuuuuly
grearenuivszansnnlndidessnulildesaneniuss

18aLLBUAUANTIN 3

M13197 3 : dauhminfugnimezuuulildensaenuiuly

[IRNGRENR!
. wntnfugniaieng ansndulaildie
AN . .
(n3usian1319103) Tdensanenwiu
(2361) — ” ‘o <
Laild 14 (Wasigud)
15 139 88 60
30 205 136 50
45 183 173 10

VYR AU 17 Alatldusegnuiariuims

sUf 9 (n) Wun1sneaaudiagneail 5 veenisiaene

3
wuuldldensanenufinuaindu 30 aeen Lﬁaéuqmﬂ’ﬁ
nAapanuIRIAuinsInwIviusesdn avmiuladaiaulu
FIUVUTBIUUTIA0Y TUdINVDY g‘dﬂ?‘i 9 (v) \Jun1svaaeu
Fr08197 6 vosnsldorsanenutesiunisinwis wuin
anmwosmsianzisesiinuniwuuldldensaneny was
TudiuuurenInauiansinensfiunty Welduuiieu
fUEILA9I8INAL UL AR AR did AL ANS ALY
mﬁauﬁm’%umnaymﬂLﬁmﬁu%L’%'wqml,ﬁﬂmalﬂmu
nszuaniigdludish usilestiousiuenstisanusadiu

Y91 Flinnsisenzazdesninlulaldukuenadaiu

55

Journal of Engineering and Digital Technology (JEDT)
Vol.13 No.1 January - June 2025

7,

JUN 9 anniafugniniene (n) lildensanenu (@) TWersanenu

225 -~

200 L

150

L H i’
YrEFdNUT (NS UADATINUNT)

125 R

Umitin@uganm

100

e Lildiensanemnu
—- ey

25 30 35 45

AMUTL (239e1)

JUT 10 : nemluansadiiusUTinafugnineziuanuaindui

Tlderemnenuvagldonsaneniu

4.2) Ya38m1uaInTundInY

SUN 10 nsvluanspnuduusUSuahvtnauignia

3 )
wrgnuanuatuniauwuuldlduagldesanemunuin
fiszumnuanduiitosazivunaunisinesvemiiifu
HeuninfisziuanuaindurnnuasUsuiunisinzves
wihdveziudunuauaaduiivduislilduayldens
AUNU

@

Usinamiinaugninanewuulalduasldonsaneniug
wrliliuduludnuugasiidleainuainduiosndt 30
asmusog1alsinufonuainduiiniuasainyuden

a @ vy o 9 Y
unﬂqﬂiusﬂaﬂﬂuﬁ]ngu\lﬂqu AIUAATU 45 D9A1 NTNA



Journal of Engineering and Digital Technology (JEDT)
Vol.13 No.1 January - June 2025

wzvaRuserInglilanultensaeniudeeiuiinaansly

o w

wananefusgedlitediAny aziulaiinisldersareniu
doafumsimengwihAuasiiusydvsnmldfdoszdunu
antuiosndi 45 a9 dnsINsNsiaIzIndadeaiy
antuarunsneduieldinnisannsgnuresiilufy
punainiu fsgduanuanduliosnisiadoudives
sunafiaAulzgnddnseeunatiafes druusauid
\ndeuuuineynafuaziidiesniussamileasening
oumainAu Fehliiunlduiitiloniatuaddugesig
sgminseymalduaraslumududuuuuts q dewald
USinumsinnzazdosndn udmnifinannuaiatuauds
99inge sunAinAuazgydensidamielseninaeynia
LLamemuﬁﬁwLmé’umﬂﬁﬂawmﬂauﬁ%gﬂﬁ’mmx
oonly daweyniadudnasnizunssuaunsnisiagngil

[30]

4.3) (9eAIUNILYDIY
I1NNENITNAABINIT ATz AuTinLaInMAfU 30
0 FUTinadmiinfugnineedefuiideudraguarld
WunsdlfnwiuSsuifsuanumuniuuvesiuiulsunaun
Qﬂﬁ’mmxé’mamﬂugﬂﬁ 11 AUAIATUNTIAY 30 B9AN
ANNTWILLL 15 fu 17 AladidusegnuiaAiiuns vednis
naaeskuuldlgiuldaneniu wuintdadeanuuiniuny
wdswasoyiinamiinfugninengdeinnuogadiuld
Farau Tnenmsanaziuldinanumunuduiintuazdina
Tiusanimiinfugniniziiosas AnumuuiuAud 15
Alafiausiegnuieiiuns wuusTsNyAIEdnIsAngIE v
ugeniuwuuldanewu uslleiinarumuuiudy 17
Alatiusiegnuiaiiuns ssnunldlduasldaneniuiinig
WasuwaIMsiawzanasanfinogi 10 Wesldud uas
35 Wesigud auau
nsfiumumusiuresiuazidunisantesineszning
aunAinAuas ﬁqwalﬁ?iaqdwﬁgﬂLmuﬁéhaaﬂgmﬂLﬁmﬁu
FadumnuuuduinTusasinistutasnsunuiivesi
Tudeainsseunadanuazilentatosasisdmaliinisia
wrAutorainy JsaenndostunaaInnIsAaenInnIg
Wiueuvuiy 15 Aladhdusiognuiadiuns by 17 Ala

Tausagnuianiuns lvisugninnzdeyas

56

250 ¢

)

225

Surpn1TIuUnNS

200 |

& ‘:(nm

umwidnfAugninuazdaiiui

17 b

150 L

B Lildoesaniu
125 L

L REiNE R HITRY]

100

15 17

: ATLERNSIUSEUgUSETIsUSInadugniauengiv

AULULllunSRda U

5) @3Una
iAdedlavinsAnunislduduenslafadiunsld
silugnamnssumilons dslifiyaduazlivselonily
nsEUUNTau 9 FdldTinsasanismeaeddnuunuian
duprennufuliaiioutvanmiunisldauaiduleiu
nsAnzwinAusedeululunnsefugsga a1nnanns
yaaosaninsnazUlAwl
nmsfagninaunelfan1zHuanEnuInnuIINIg
UszgndldesareniunnldnuasdisanuSunusugnin
wzlad dwaliaansinenglduszana 60 Wesidud lag
Snuwnriesveanisiaezazauninlaldorsaen us
gefidhutasana e
druwladuanuainduremthsulidnlninnisinee
Aunndneiu neseduanuanduiitesazdiwaienisin
wngiitosnitarmanaduiiinn yuwesnansgnuvesilu
wazoynadafuiidutglieuniafuianisgaydeusdn
wilswazfanisiamy Aenuaadusnidlentadud
U luoumeRunuuuastuaauuud q Ssdeualfinao
wzdution uddanuaaduinduruiageingaazdma
Thinsfuadulutichmeseymadinfuanduuuasiu
andldtionas oynedutuuugnnsiaeny dufudalus
Ainnszvududulmiunsduresiudiluluoyaadiady
MNMINAaDINUIIANLaInduiiszdy 45 sarmazidurag
NinvesUseansamnsdesiuvasesaigniu
anuvuwiuiudulladevilsidsmadonisiamizain

AsanvasnasenIadafuvinlriluilanadutnlulu



v '
g a v =

ilefutiovas Fsduiifauvuuiuiniuazdmadenis
AamgwihAutesad mainaumuLuAy 13 Wedldusd
911 15 Ju 17 Aladiusegnuieduns dwaliusuamu
gninunzanad 10 Wesidud uidnfinisldenvaeniusau
grausnannisiaziAulane 35 Weosidud
annan1snaassluiesuianisnisldensarsniu
annsadestunsiaengiuanideiulfedeiiussansam
Feannsotionluussgndldluiiufinesiisiu Aufu uaz

NsUaLniladlabuauanmaly

Anfnssudsznie
VYBYDUAMAIUIAINTTUMNLB IS AMLIAINTTUANERNS

wIngdemalulagavuaaaduuilinuewaszild

o

wn3esdlonazanufiieaujiinsmaassauauideidnsa

qalel

REFERENCES
F. Zhao and Y. Yin, “Research on the stability of the geocell
protected bank slope under rainfall,” J. Phys.: Conf. Ser.,
vol. 1168, 2019, Art. no. 022052.
S. Bahddou, W. Otten, W. R. Whalley, H.-C. Shin, M. El Gharous,
and R. J. Rickson, “Changes in soil surface properties under
simulated rainfall and the effect of surface roughness on
runoff, infiltration and soil loss,” Geoderma, vol. 431, Mar.
2023, Art. no. 116341.
A. A. Dofee and F. Goshu, “Soil erosion impacts on crop
productivity and its implications on food security in
Kechabira District, Southern Ethiopia,” Agricultural Biol. Res.,
vol. 40, no. 6, pp. 1-11, 2024, doi:10.21203/rs.3.rs-3588343/v1.
W. Hou, J. Gao, and S. Wu, “Quantitative analysis of the
influencing factors and their interactions in runoff generation
in a karst basin of southwestern China,” Water, vol. 12, no. 10,
Oct. 2020, Art. no. 2898.
EGAT, “Mae Moh EGAT Telemetry System: Rainfall Data,”
(in Thai), 2024. [Online]. Available: https://watertele.egat.
co.th/maemoh/
Upper Northern Region Irrigation Hydrology Center. “Rainfall
intensity of upper northern region river basin.” (in Thai),
HYDRO-1.net. https://www.hydro-1.net (accessed May 16,
2024).

57

[15]

(16]

(17]

Journal of Engineering and Digital Technology (JEDT)
Vol.13 No.1 January - June 2025

Ang Thong Provincial Agriculture and Cooperatives Office.
“Rainfall intensity classification.” (in Thai), OPSMOAC.go.th.
https://www.opsmoac.go.th/angthong-local_wisdom-prev
iew-441591791908 (accessed May 16, 2024).

Department of Royal Rainmaking and Agricultural Aviation.
“Rainfall frequency analysis.” (in Thai), ROYALRAIN.go.th.
https://www.royalrain.go.th/royalrain/ShowDetail.aspx?Det
ailld=10384 (accessed May 10, 2024).

Department of International Trade Promotion. “Rubber.” (in
Thai), DITP.go.th. https://www.ditp.go.th (accessed Jun. 14,
2024).

G. Song et al.,, “The use of geocell as soil stabilization and
soil erosion countermeasures,” Geomatics, Natural Hazards
Risk, vol. 12, no. 1, pp. 2155-2169, 2021.

N. A. Bhange and T. K. Rao, “Slope stability analysis of geocell
supported embankment,” Int. J. Civil Eng. Technol., vol. 9,
no. 4, pp. 1049-1057, Apr. 2018.

G.Y.Wang, J. P. Zhang, and J. W. Zhao, “Numerical analysis
of geocell protective slope stability,” Appl. Mech. Mater.,
vol. 353, pp. 635-639, 2013.

l. Mehdipour, M. Ghazavi, and R. Ziaie Moayed, “Numerical
study on stability analysis of geocell reinforced slopes by
considering the bending effect,” Geotextiles Geomembranes,
vol. 37, pp. 23-34, Apr. 2013.

Z. Arbanas et al., “Impact of gravity retaining wall on the
stability of a sandy slope in small-scale physical model,”
in Proc. 5th Regional Symp. Landslides in Adriatic-Ballan
Region, Mar. 2022, pp. 193-200.

W. Tan, Q. Huang, and X. Chen, “Physical model test on
the interface of loess fill slope,” Land, vol. 11, no. 8, Aug.
2022, Art. no. 1372.

P. Panagos et al., “Understanding the cost of soil erosion:
An assessment of the sediment removal costs from the
reservoirs of the European Union,” J. Cleaner Prod., vol.
434, Jan. 2024, Art. no. 140183.

S. G. Thallak, S. Saride, and S. K. Dash, “Performance of
surface footing on geocell-reinforced soft clay beds,”
Geotech. Geolog. Eng., vol. 25, pp. 509-524, May 2007.
Keymay. “Geocell.” KEYMAY.com. https://www.keymay.com/
geocell-1 (accessed May 16, 2024).

Greeninspired. “Enviro Grid™ (Soil stabilization system-Geo
cell).” (in Thai), GREENINSPIRED.co.th. https://www.green
inspired.co.th/products/geocell (accessed May 16, 2024).



Journal of Engineering and Digital Technology (JEDT)
Vol.13 No.1 January - June 2025

[20]

(21]

[24]

(27]

KSB. “Geocell.” (in Thai), KSBPRODUCT.co.th. https://www.k
sbproduct.co.th (accessed May 16, 2024).

A. Verma, S. Suman, and S. K. Sharma, “Use of geocells for
controlling soil erosion at slopes and its comparison with
other methods of slope protection,” in Proc. All India
Seminar Adv. Eng. and Technol. Sustain. Develop., Pantnagar,
India, Jun. 2015, pp. 411-416.

Z. Zhang, L. Qin, G. Ye, W. Wang, and J. Zhang, “Physical
modeling and intelligent prediction for instability of high
backfill slope moisturized under the influence of rainfall
disasters,” Appl. Sci., vol. 13, no. 7, Mar. 2023, Art. no. 4218.
A. Vijay and A. R. Sudha, “Effect of use of geocell and rice
straw in slope stability,” Int. J. Adv. Res. Sci, Commun.
Technol., vol. 2, no. 1, pp. 242-250, Jul. 2022, doi: 10.48
175/IJARSCT-5674.

X. Song et al, “Erosion control treatment using geocell
and wheat straw for slope protection,” Adv. Civil Eng., vol.
2021, no. 1, Apr. 2021, Art. no. 553221.

D.-y. Wang, J.-l. Hu, J. Wang, and Q.-j. Zun, “Experimental
study on anti-eroding effect of slope protected by degradable
geocell,” IOP Conf. Ser.: Earth Environ. Sci,, vol. 634, no. 1,
2021, Art. no. 012026.

M. D. Ricks, W. T. Wilson, W. C. Zech, X. Fang, and W. N.
Donald, “Evaluation of hydromulches as an erosion control
measure using laboratory-scale experiments,” Water, vol. 12,
no. 2, Feb. 2020, Art. no. 515.

Standard Test Methods for Specific Gravity of Soil Solids
by Water Pycnometer, ASTM D854-14, May 2014. [Online].
Available: https://standards.iteh.ai/catalog/standards/astm
/2d902b8f-b0e5-48db-96e0-2d14f9e355bf/astm-d854-147s
rsltid=AfmBOopaFZ5nl-QGjDGCdyGJrzAkmHU1LU1t PZHY
HAfRNnmM99INQT7cT7y

Standard Test Method for Determination of Erosion
Control Products (ECP) Performance in Protecting Slopes
from Sequential Rainfall-Induced Erosion Using a Tilted
Bed Slope, ASTM D8297/D8297M-22, Nov 2023. [Online].
Available: https://store.astm.org/d8297_d8297m-22.html
Standard Method of Test for Moisture-Density Relations
of Soils Using a 2.5-kg (5.5-1b) Rammer and a 305-mm (1
2-in.) Drop, T 99-21, 2018. [Online]. Available: https://ws
dot.wa.gov/publications/manuals/fulltext/ma46-01/t99.pdf
G. Larionov et al., “Effect of impact angle on the erosion
rate of coherent granular soil, with a chernozemic soil as

an example,” Eurasian Soil Sci., vol. 51, pp. 251-254, 2018.

58




Journal of Engineering and Digital Technology (JEDT)
Vol.13 No.1 January - June 2025

nsinndsanaeendauazatsluidlsdunsallalaslaundindandndu

Nldunuaasnydmsugunsaliniiedtindadu

unsny odfsel! sunge uuvivuz? Bvidwa 29US® Useundud lnseavis® naweg Wiesnes®

Laazimnssumansuazsnalulad unmimensenaluladsivusnadaiy, uassivau, vssnalne
2 AalySTUUTNUAENITINAS AN ING188iNA g 199Rada1Y, UATSIVAN, Useinalne

haszImnssumans univenaseuasvsil, guasiveil, Uszimalne

*HUseiusuTIUAY Bia : thanakrit.no@rmutiac.th

Fudiuatu : 25 nsngnAw 2567; SuunAuRtULALY : 21 AanAw 2567; ABUSUUNAIN : 9 NeAlN1E 2567

weunsoaulal : 27 figuisu 2568

unAnga

AT IngUsTasAefnwInsiiinUsaeendnuazatsluln medwinsallalaslaunfindadwduyialduwniu

q

<, L4 =

poswlugunsalimieriinimdu TneldiRiAundvsunaesndauazargludniuduaiiies 1.5 ppm Fsliieanens

3
v £

mMsmssimvesdnith lunsAnuildjadumsiouiiouwivesiils 6 wuidsuuuuumnmeiuitelidugunsalimieni
Aimdy dhudslunsfnuliun suinduriugudnansguuesuiuessfle (2 uas 4 Taduns) Sudugiianzuuliueeiile
(3 4 uag 5 9) uarszazaanlunsuidagae 5 83 90 Wil Iaeiudiegnann 9 5 Wil Anwan1SAaeINUIIUsINgNI30]
lelaslauniindarimdu finannismieniwousueeiiannusiuiivhnsne aunsadfisiinueondiauazansluthld
Aund 5 ppm daduseiuiiiismed niunsisediinvesdnii isveznartadn 10 wifl eenuiudueeiieiidvue
durhugudnanagiang 4 faduns 1uau 4 3 aansadisdiinueendiaussansluthlfiiwergefian ndnfeannsauiu
970 1.5 ppm 48U 9.5 ppm Tiszeziadida 5 widl uargeEn 11.5 ppm fisvavanthdn 25 wift ndnFeUinaeendiay
avanglubhasdiutulugag 30 wilusnvesmsnaaes nntulluultuanauiiesngumgiivenifiiintu Ssanunsoagls
hifsinsaluuvusiuesifleanmnsaianlfifiuiinaeendinuazarglnily edslsfinnu msussgndlddafnsallelas
lpudindeindusuuusuosifinfteifiuUinuoontauarasluh miﬁmimuamgquﬁmaaﬁwuamzwnmﬁﬁwagﬂu
faufnsal esnngumgdiidvinarornuannsalunisazarsveseondiauluth iellduTinmeenduuiiavaeludiil

U

WiEane

Aaagy : senduiazatgluln lelaslaunfindadwdy wiuee3ily

59



Journal of Engineering and Digital Technology (JEDT)
Vol.13 No.1 January - June 2025

Increasing Dissolved Oxygen in Water Using an Orifice Cavitation-

induced Hydrodynamics Cavitation Reactor

Nopparat Amattirat’ Thanakrit Nonchana®  Ittiphon Woraphun® Prachasanti Triyasuit*

Kulachate Pianthong’

Y3Faculty of Engineering and Technology, Rajamangala University of Technology Isan, Nakhon Ratchasima, Thailand
ZFaculty of Railway Systems and Transportation, Rajamansgala University of Technology Isan,
Nakhon Ratchasima, Thailand

“’Faculty of Engineering, Ubonratchathani University, Ubonratchathani, Thailand

*Corresponding Author. E-mail address: thanakrit.no@rmuti.ac.th

Received: 25 July 2024; Revised: 21 October 2024; Accepted: 9 November 2024
Published online: 27 June 2025

Abstract

This study examines dissolved oxygen enhancement in water using a hydrodynamic cavitation reactor equipped
with an orifice plate. The orifice plate is used as a device to induce cavitation. The study uses surface water with
an initial dissolved oxygen level of 1.5 ppm, which is insufficient to support aquatic life. The study compares six
different types of orifice plates with varying designs to induce cavitation. The variables considered include the
diameter of the holes on the orifice plates 2 millimeters and 4 millimeters, the number of holes 3, 4, and 5 holes,
and the treatment duration ranging from 5 to 90 minutes; samples were taken every 5 minutes. The experimental
results showed that the hydrodynamic cavitation phenomenon induced by all studied orifice plates could increase
the dissolved oxygen level to more than 5 ppm, which is sufficient for aquatic life, within a treatment duration of
10 minutes. It was found that the orifice plate with a 4-millimeter hole diameter and 4 holes increased the
dissolved oxygen level the fastest and to the highest level, raising it from 1.5 ppm to 9.5 ppm in 5 minutes and
reaching a maximum of 11.5 ppm in 25 minutes. The dissolved oxygen level increased during the first 30 minutes
of the experiment, then tended to decrease due to the rising water temperature. In conclusion, controlling water
temperature and residence time is crucial for effective DO enhancement using an orifice plate hydrodynamic
cavitation reactor. Temperature influences the solubility of oxygen in water, and prolonged residence times beyond

an optimal point may lead to decreased DO due to temperature rise.

Keywords: Dissolved oxygen (DO), Hydrodynamics cavitation, Orifice plate
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Abstract

The goal of this research was to optimize the injection molding process using problem-solving technique and
experimental design to determine appropriate parameters for sprinkler valve production. The analysis identified
that the main cause of defects was due to inappropriate parameter settings in the injection molding process.
To address this, a method was developed that began with screening factors influencing incomplete injection and
burn marks on the surface of the workpiece by expert teams. Four key factors were identified: injection pressure,
injection speed, end-of-fill temperature, and start-of-fill temperature. Experiment design involved a factorial 2*
experimental design with each factor divided into 2 levels, repeating experiments 3 times, for a total of 48
experiments. Statistical analysis was conducted to determine the optimal levels for all four factors, resulting in the
following optimal factor levels: injection pressure of 65 MPa, injection speed of 10 mm/s, end-of-fill temperature
of 175 °C, and start-of-fill temperature of 180 °C. Additionally, the defect rate was reduced from the original 11.6%

decreased to 8.7%.

Keywords: Design of experiment, Injection molding process, Sprinkler valves
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. INTRODUCTION

Currently, plastics play a crucial role in various
industries, such as automotive parts, electronics,
construction materials, packaging, and agriculture,
significantly driving the growth of related sectors. This
has led to a substantial presence of businesses in these
industries in Thailand, utilizing plastic pellets as durable
raw materials for manufacturing. With standardized and
efficient plastic industry technologies, high-quality
products can be consistently produced to compete
both domestically and internationally.

Injection molding is a highly effective method for
mass-producing plastic components with intricate

designs and exceptional dimensional accuracy.
However, improper settings of input parameters can
lead to poor surface quality, reduced dimensional
precision, excessive waste, and increased production
time and costs. To achieve high-quality finished parts,
it’s crucial to optimize these process parameters.
Numerous studies have been undertaken to enhance
and refine the injection molding process, enabling the
production of high-quality components across various
commercial machines. As such, identifying the optimal
parameters is essential [1], [2].

The case study examines a factory that manufactures
and distributes integrated agricultural equipment, such
as sprayers, foggers, PE pipes, and PVC fittings. Through
investigating issues in the plastic injection process, it
was found that the highest production volume was for
1/2-inch PVC rotating sprinkler valve products, with a
significant amount of waste generated. In the production
of sprinkler valves, there was significant difficulty in
adjustment, as some valves were challenging to fine-
tune for optimal performance, making it hard to achieve
the desired flow rates. Additionally, the complexity of
the valve's shape hindered complete plastic injection,

resulting in issues such as incomplete fills, potential air

traps, and inconsistent part quality. To analyze the
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causes of defects, specifically flame pattern defects in
injection molded parts, the use of Fishbone diagrams
revealed that improper parameter settings were a
significant contributing factor. This research aims to
propose experimental design principles to reduce
waste in the plastic injection process for spring valve

production.

IIl. THEORIES AND RELATED RESEARCH

The Fishbone diagram, also known as a Cause-and-
Effect diagram, is an essential tool in the problem-
solving process, allowing teams to systematically
identify and address root causes. This visual tool helps
categorize potential causes of a problem, enabling
teams to map out and examine the underlying factors
contributing to the issue. By doing so, it facilitates
discussions, prioritizes areas for further exploration, and
ultimately leads to more effective solutions. Numerous
studies have utilized the Fishbone diagram in the field
of plastic injection molding. For example, fishbone
diagram establishes a hierarchy of potential causes for
defects in plastic injection products. These product
defects arise from activities conducted during two
primary processes: the design process and the injection
molding process [3]. The Fishbone diagram highlights
several issues contributing to the force problem. After
discussions  with  manufacturing experts, it was
determined that the primary causes of this issue are
related to the machine, specifically concerning curing
time, temperature, and pressure [4]. Employing the Six
Sigma (DMAIC) methodology, data collected during the
Measure phase was utilized to identify the sources of
these defects and to uncover the root causes of the
problem through the use of the Fishbone diagram [5].
The results indicate that the implementation of the
proposed Six Sigma approach leads to a significant
reduction in the rejection rate. It was observed that the

quality of the final products improved substantially,



with the sigma level increasing from 4.06 to 4.5.
Additionally, the cost of poor quality (COPQ) was
reduced by 45% [6].

Design of Experiment (DOE) [7] is a statistical
technique used to adjust process conditions to meet
desired specifications. The fundamental principles of
experimental design ensure accurate, precise, and
reliable results and include three main concepts:
replication, randomization, and blocking. Experimental
design is applied across various objectives [8], such as
optimizing process yields, identifying input variables
affecting output responses, parameter adjustment,
identifying factors to reduce variability, minimizing
development time, and reducing overall costs. There
are several formats of experimental design, with one
widely utilized approach being Factorial Design [9]. This
method investigates the effects resulting from the
combination of all possible levels of factors in the
experiment. For instance, in a case with 2 factors, if
factor A has a levels and factor B has b levels, one
replicate of the experiment would consist of testing all
ab combinations. Factorial designs are highly efficient
in  examining the influence of multiple factors
simultaneously and can analyze both main effects and
interaction effects comprehensively.

Examples of research utilizing experimental design
to optimize production conditions include efforts to
reduce waste generation, determine appropriate
machine parameter settings, and enhance manufacturing
processes. For instance, studies have analyzed factors
affecting the thickness of electroplated metal parts [10],
reduced non-standard automotive part counts [11],
minimized time and waste in wire edge rubber molding
processes [12], identified suitable parameters for head
gimbals assembly (HGA) washing processes [13],
improved efficiency indices and seal-back pull forces in

packaging processes [14], assessed factors influencing

Napier grass cutting efficiency [15], developed efficiency
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in strip rubber production processes using Lean Six
Sigma concepts [16]. Additionally, direct applications to
plastic injection molding processes include optimizing
injection molding machine settings for electronics
components using 2° Factorial Design [17], determining
suitable parameters for ABS plastic part injection using
2" Fractional Factorial Design [18], optimizing polymer
material production parameters for maximum mechanical
properties and minimum shrinkage using Taguchi Design
[19], and exploring conditions for reducing injection
molding cycles with the aid of process simulation

software [20], [21].

IIl. RESEARCH METHODOLOGY

Study the plastic injection process and
gather the defective percentages of

sprinkler valves

¥

Analyze the root causes using

fishbone diagrams

¥

Identify the potential factors by

expert teams

¥

Conduct a full factorial experimental

design with two levels

2 4

Petform each run of the experiment

three times and document the data

on the proportion of defective parts

L 2

Werify model adequacy and execute

an analysis of variance

¥

Determine the optimal levels of the

factors and conduct the experiment

¥

Cornpare the results before and after

improvernents and draw conclusions

Figure 1: Steps in the research process
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The research process begins with studying the
operational conditions of a case study factory and
identifying the nature of the encountered problems. It
reviews relevant theories and research, followed by
analyzing the root causes using fishbone diagrams.
Recommendations for improvement are proposed by
identifying appropriate parameters. Experimental design
is conducted using a two-level factorial design, and
injection  molding experiments are performed,
recording the defective rate as depicted in figure 1.

Based on data collected retrospectively from
November 2023 to January 2024, the top 5 highest
defective percentages were calculated in table 1,
considering both production volume and quantity of
defective pieces. The product with the highest defective
percentage was the 1/2-inch PVC rotating sprinkler
valve, totaling 178,860 units produced with 20,747 units
deemed defective, resulting in a defective percentage
of 11.6%. Defective pieces primarily occurred during the
plastic injection molding process. The factory did not
differentiate between types of defects but categorized
them collectively as “flame pattern defects”. Defective
pieces were ground and mixed with PVC material for
subsequent injection molding into other products.

To analyze the causes of defects or flame pattern

defects in injection molded parts, a Fish Bone Diagram

Lack of training

The employee did not /

—
follow the correct procedure /‘ in the job

Did not follow the Work

Instructions

Lack of experience

Plastic pellets are contaminated

with various types

is employed. Interviews were conducted with relevant
department heads involved in the plastic injection
including  production mold

process, manasgers,

department heads, injection molding technicians,
quality inspection supervisors, maintenance supervisors,
and research and development department heads.
Causes were gathered and categorized according to the
4M principle: Man, Material, Machine, and Method.

These findings are illustrated in figure 2.

Table 1: The production quantity for each model of valve

Production | Defective Defective
Product name
(pieces) (pieces) | percentages

1/2-inch PVC
rotating sprinkler 178,860 20,747 11.60
valve
Hand-operated
agricultural valve, 83,250 4,692 5.63
fitting % x V%
Agricultural check
valve, equipment 90,000 16,594 5.42
fitting 387-2
PVC-PE valve,
fitting 1/2" x 16, 69,750 3,711 5.32
blue (389-60R)
PVC pipe fitting,
external thread %2 90,000 4,459 4.96
X V2, blue

/ No quality control

-—

Poor storage Rate of plastic pellet

blending

R ————

The mold is corroded

B —————
/ stopped working

Poor maintenance D E—

The machine has

The parameter
setting is incorrect

Heater is broken

The injection pressure is too high

The injection temperature

sspew Jo sulayed
aARY s3I IOM

is not appropriate

—
The melting temperature

/

is unstable
-—

The mold temperature is not suitable

Figure 2: Fishbone diagram for analyzing the causes of problems



From the compiled causes, when ranked by
significance as assessed by department heads and
skilled technicians, it was found that the primary factors
directly impacting the occurrence of defects were
related to the Material category. These included non-
standard plastic pellets, contamination from multiple
types of materials, and inappropriate material mixing
ratios. Method-related factors also contributed, such as
improper parameter settings. Due to research and
development unit constraints on disclosing material
mixing formulas, this research focuses on identifying
suitable parameters for the injection molding process
of the 1/2-inch PVC rotating sprinkler valve by
controlling consistent material mixing ratios and using
the same injection molding machine.

Based on the analysis by expert teams, factors
influencing and impacting the issue of patterned defects
in molded parts, specifically within the Method category,
were identified. The experimenters utilized parameters
related to machine settings as experimental design
factors (Figure 3), which encompassed four specific
factors:

1. Injection Pressure 2. Injection Speed

3. End Stage Injection Temperature

4. First Stage Injection Temperature

In this study, a full factorial experiment with 2 levels
(2* Full Factorial Experiment) involving 4 factors was

conducted, resulting in 16 experimental runs. Each
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experiment was replicated 3 times, totaling 48
experimental runs. The experiments were randomized
using statistical analysis software. The response variable
measured was the proportion of defective parts, with a
confidence level of 95% (a = 0.05).

During actual injection molding, it was observed that
the injection molders adjust all four factors when
encountering defective parts during production. These
adjusted values differ from those specified in the
standard production documents. Subsequently, the
molders record these adjusted values in the Condition
Document. Therefore, the researcher collected data
retrospectively from these documents spanning three
months from November 2023 to January 2024. The
researcher defined the factor levels based on the

minimum and maximum values to establish low and

high levels for each factor, as shown in the table 2.

Table 2: Factor level categorization

Factors Factor Level Unit
Low () High (+)

Injection Pressure (A) 55 65 MPa
Injection Speed (B) 10 20 mm/s
End Stage Injection

175 185 °C
Temperature (C)
First Stage Injection

170 180 °C
Temperature (D)

Inputs (Factors)

Injection pressure

Injection speed

Temperature at the end of injection

Ternperature during stage 1 of injection

B
for

Outputs (Responses)

The rate of workpieces that

e The injection
molding have a pattern or mark
process e

Figure 3: Experimental design factors
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IV. STATISTICAL ANALYSIS RESULTS
A. Experimental Results
From the designed full factorial experiment (24)
with each experiment replicated 3 times, totaling 48
experiments, each experiment involved 100 pieces,
resulting in a total of 4,800 pieces as shown in the table

3.

B. Model Adequacy Checking

The validation of the experimental design entails
verifying the accuracy and appropriateness of the data
obtained from the experiments. This is assessed based
on the principle that €jj ~ NID(O, 0°), where the
residuals derived from the experimental data exhibit a
normal distribution, are approximately centered
around zero, and the variance 0% remains constant.
These conditions ensure the reliability and validity of
the experimental data. The results of the €jj verification

are illustrated in figure 4.

Table 3: The response value of each experiment

StdOrder | RunOrder | Blocks | A B @ D Response
16 1 1 65 | 20 | 185 | 180 0.05
a2 2 1 65 | 10 | 175 | 180 0.02
32 3 1 65 | 20 | 185 | 180 0.06
26 4 1 65 | 10 | 175 | 180 0.01
21 5 1 55 | 10 | 185 | 170 0.19

5 6 1 55 | 10 | 185 | 170 0.20
36 7 1 65 | 20 | 175 | 170 0.05
20 8 1 65 | 20 | 175 | 170 0.06

1 9 1 55 | 10 | 175 | 170 0.05
28 10 1 65 | 20 | 175 | 180 0.10

9 11 1 55 | 10 | 175 | 180 0.11
13 12 1 55 | 10 | 185 | 180 0.07
18 13 1 65 | 10 | 175 | 170 0.07
35 14 1 55| 20 | 175 | 170 0.13
40 15 1 65 | 20 | 185 | 170 0.10
25 16 1 55 | 10 | 175 | 180 0.13
19 17 1 55 | 20 | 175 | 170 0.15
30 18 1 65 | 10 | 185 | 180 0.14
33 19 1 55 | 10 | 175 | 170 0.07
41 20 1 55 | 10 | 175 | 180 0.14
11 21 1 55 | 20 | 175 | 180 0.07

7 22 1 55 | 20 | 185 | 170 0.11
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Table 3: The response value of each experiment (Cont.)

StdOrder | RunOrder | Blocks | A B C D Response
a4 23 1 65 [ 20 | 175 180 0.12
22 24 1 65 10 | 185 170 0.12
39 25 1 55 | 20 | 185 170 0.09
43 26 1 55 1 20 | 175 180 0.05
37 27 1 55 10 | 185 170 0.17
[ 28 1 65 [ 20 | 175 170 0.04
34 29 1 65 10 | 175 170 0.06
12 30 1 65 | 20 | 175 180 0.09
17 31 1 55 10 | 175 170 0.04
38 32 1 65 10 | 185 170 0.08
46 33 1 65 10 | 185 180 0.13
15 34 1 55 | 20 | 185 180 0.08
14 35 1 65 10 | 185 180 0.12
48 36 1 65 [ 20 | 185 180 0.08
31 37 1 55 1 20 | 185 180 0.06
23 38 1 55 | 20 | 185 170 0.07
29 39 1 55 10 | 185 180 0.07
24 40 1 65 | 20 | 185 170 0.09
a5 41 1 55 10 | 185 180 0.05
47 a2 1 55 | 20 | 185 180 0.04
10 43 1 65 10 | 175 180 0.03
6 aq 1 65 10 | 185 170 0.09
3 45 1 55 | 20 | 175 170 0.14
27 a6 1 55 1 20 | 175 180 0.04
2 a7 1 65 10 | 175 170 0.08
8 a8 1 65 | 20 | 185 170 0.07

Normat probabicy plot Residuals vs Fis
Hotogam Resicels vs Runrcer
i L
“‘-\ ‘-“‘I\\\‘“\A“w“ \“" I
: \N‘ i | ‘JV’\‘\‘
| *4

Figure 4: Residual plot

From the Normal Probability Plot, it was observed
that the residuals exhibit a straight-line distribution,
indicating a normal distribution. This allows for the
estimation that the data follows a normal distribution

pattern.



From the scatter plot of residuals compared to the
fitted values, it was observed that the distribution of
residuals remains consistent across all positions,
without any apparent trend. Therefore, it can be
concluded that the data exhibits variance stability.

From the scatter plot of residuals compared to the
observation order, it was found that the distribution of
residuals exhibits a pattern of independence or cannot
be precisely modeled. This indicates independence of

residuals.

C. Analysis of Variance

The results of the variance analysis of the full
factorial experimental design (24) at a 95% confidence
level are depicted in figures 5 and 6.

From the variance analysis of the 2 full factorial
experimental design, it was found that factors influencing
the defect rate of products, with a P-value less than
the significance level of 0.05, are divided into interactive
effects of 2 factors and main effects. The interactive
effects of the 2 factors include pressure and speed (AB),
pressure and end temperature (AC), pressure and
temperature at stage 1 (AD), speed and end temperature
(BO), and end temperature and temperature at stage 1
(CD). This results in significant main effects of pressure
(A), speed (B), end temperature (C), and temperature at
stage 1 (D) on the defect rate of products. The model's
decision-making  coefficient (R-Square) is 91.99%,
indicating that the regression model can effectively
explain the variability in the response variable around
its mean [3]. When plotting the relationship between
each factor level (Factorial Plots) that influences the
defect rate of patterned products, as depicted in figures
7 and 8. Figure 7 showed that, considering the main
effects, increasing pressure (A), increasing speed (B),
increasing the temperature at stage 1 (D), and decreasing
the end temperature (C) resulted in a reduction in the

defect rate.
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Design summary

factors 4 base design 4, 16
runs 48 replicates 3
block 1 center pts (total) 0

Analysis of variance

Source DF  adjSS adjMS  F-value  P-value
Model 15 0.080392  0.005359  24.50 0.000
Linear 4 0.015492 0.003873 17.70 0.000
A 1 0.004408 0.004408 20.15 0.000
B 1 0001875 0.001875 857 0.006
C 1 0.004800 0.004800 21.94 0.000
D 1 0.004408 0.004408 20.15 0.000
2way interactions 6 0.024658 0.004110 18.79 0.000
AB 1 0.001008 0.001008  4.61 0.039
AC 1 0002133 0.002133  9.75 0.004
AD 1 0.006075 0.006075 27.77 0.000
BC 1 0.012033  0.012033 55.01 0.000
BD 1 0.000075 0.000075 0.34 0.562
D 1 0.003333 0.003333 15.24 0.000
3way interactions 4 0.008208 0.002052 9.38 0.000
ABC 1 0.000133 0.000133  0.61 0.441
ABD 1 0.002408 0.002408 11.01 0.002
ACD 1 0.004033 0.004033 18.44 0.000
BCD 1 0001633 0.001633  7.47 0.010
dway interactions 1 0.032033 0.032033 146.44 0.000
ABCD 1 0032033 0.032033 146.44  0.000
Error 32 0.007000  0.000219
Total 47 0.087392

Model summary
S R-sq R-sqadj) R-sq(pred)
0.0147902  91.99% 88.24% 81.98%

Figure 5: Variance analysis results

Standardized effects

CD |
ABD

AC |

B | ——

BCD

AB
ABC

BD 204

0 2 4 6 8 10 12

Figure 6: Pareto chart showing significant factors

Main effect A Main effect B Main effect C Main effect D

'

.\\\ \
~ \

55 6 10 20 175 185 170 180

Figure 7: Main effects
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Figure 8 illustrated apparent interaction effects. The
results indicated that the interaction effects for AB, AC,
AD, BC, and CD were statistically significant. Meanwhile,

the interaction for BD was not significant.

10 20 175 185 170 180

—e—AS55
—e--A65

——B10
—e--B20

—e—C175
—e--C 185

Figure 8: Interaction effects

C=175 D=180

Minimurn v = 0,020 d = 1.0000

Figure 9: Response outcomes of appropriate factor levels

Parameters

Response Goal Lower  Target Upper Weight Importance

y Minimum 0.03 0.2 1 1

Solution Composite
SolutonA B C D

1 65 10 175 180

y fit  desirability
0.02 1
Multiple response prediction

Variable setting

A 65
B 10
C 175
D 180

95% Cl
(0.00261,0.03739)

95% PI
(-0.01479,0.05479)

Response Fit SE fit
y 0.02 0.00854

Figure 10: Results of output optimization point

After conducting preliminary factor screening expe-
riments, it was determined which factors influence the
occurrence of defects in the products. Subsequently,
appropriate factor levels were identified for use in the

plastic injection molding process using Response
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Optimization methodology. The response analysis was
performed with a Minimize Goal approach, setting the
acceptable lower limit of defects to 0.03 and the upper
limit to 0.2, as illustrated in figures 9 and 10.

Analysis of experimental results using Response
Optimization and summarization of the optimal factors
for each factor as follows:

Based on the above analysis, the optimal levels of
factors for parameter adjustment are determined as
follows: pressure at 65 MPa, velocity at 10 mm/s, end
injection temperature at 175 °C, and first stage injection
temperature at 180 °C. These adjustments resulted in
minimizing the defect ratio to a minimum of 0.020 or
2%. The overall satisfaction with the response
outcomes, measured by the composite desirability (D),
ranges between 0 and 1. A value of D equal to 1
indicates complete satisfaction with the response
outcomes [22].

Comparing the results before and after optimization,
it was found that in April 2024, when the experiment
was designed by adjusting all 4 parameters to match
actual injection conditions, out of 4,800 injected pieces,
there were 418 defects, accounting for 8.7% as shown
in the table 4. The experimental results indicated a
reduction in the defect rate. However, there were
limitations related to a small production size due to
limited material availability, time constraints, and the
challenges of interrupting the predetermined
production schedule. A comparison of the parameter
values specified in the original standard and the newly

proposed values was presented in the table 5.

Table 4: Result comparisons before and after improvement

Periods Production | Defective Percent
(pieces) (pieces) defective
November 2023 -
178,860 20,747 11.6%
January 2024
April 2024 4,800 418 8.7%




Table 5: Comparison of parameters

End First
Pressure | Speed
Comparison Temp Temp
(MPa) | (mm/s)
o) (o)
Standard
Document 80 10 185 175
(Old)
Proposed
Setting 65 10 175 180
(New)

V. CONCLUSION

Design of a 2' full factorial experiment for
manufacturing 1/2-inch rotating PVC sprinkler valves,
which originally had a maximum defect rate of 11.6%.
Upon adjusting all four parameters—pressure, speed,
end injection temperature, and first stage injection
temperature—based on actual injection conditions,
conducted in April 2024, the defect rate decreased to
8.7%. Using Response Optimizer, the suitable parameter
levels identified were: pressure at 65 MPa, speed at 10
mm/s, end injection temperature at 175 °C, and first
stage injection temperature at 180 °C. These adjustments
resulted in a defect rate lower than the target. The
researchers will propose implementing these parameter
adjustments to the factory as a case study for
consideration in developing new production standards.
Recommended research tasks include: conducting
more experiments for result verification minimizes the
chances of errors caused by random sampling, analyzing
new ingredient compositions to reduce production
costs and cost components, maintaining and preparing
molds for operational readiness, exploring techniques
for optimizing multiple parameters, and developing
adaptive algorithms that enhance product quality and

reduce waste.
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Abstract

In today’s competitive market, pharmaceutical companies strive to meet international standards for their
production methods while keeping an eye on production costs. Therefore, it is important to eliminate non-value-
added activities. This research proposes a method to improve the process of sterile pharmaceutical factory of
generic drugs through simulation techniques. Data needs to be collected on production volume, production cost,
and cost of defect. In this study, a Pareto chart was used to identify a high—priority product that needed to be
improved. A value stream map of the current process was created, providing a comprehensive overview, including
bottlenecks. Plant simulation software (Tecnomatix®) was used to test by developing three different scenarios.
The efficiency of production line balancing was increased by reducing the bottleneck in the filling process. The
study analyzed the current process, which takes 2 days 5 hours 47 minutes 57 seconds. Three scenarios were then
tested using plant simulation software. Scenario 1 involved adding additional labor, reducing the processing time
to 2 days 1 hour 48 minutes 27 seconds (a decrease of 7.42%). Scenario 2 focused on labor rotation, achieving a
time reduction to 2 days 4 hours 7 minutes 16 seconds (a decrease of 3.12%). Finally, scenario 3 explored changing
machinery, resulting in the most significant improvement, with a processing time of 1 day 20 hours 27 minutes 12
seconds (a decrease of 17.37%). In scenario 3 reducing employee expenses by 6.00%, there is a cost for new
machinery with a long-term return on investment, which is beneficial in cases where future production demand
increases. Because the machinery can sufficiently contribute to enhancing efficiency in both quantity and quality

aspects.

Keywords: Bottleneck, Line balancing, Pharmaceutical manufacturing, Simulation, Value stream mapping
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TUsHNTN41899nT2UIUNIT (plant simulation) dnaney
gravnssuldtiunUszgndld ielfinussandaim wu
AnTIYELLIANIBARY A18N1THARTIALANNS ANFUAIAIAGT
dinidaniswdn WOudu futu uddeaenisuda nns
Usgneulasedesveaunysets [3] waznuidedldlusunsy
Frevilonaaeuaniunisel Wiemmiadendiduszaniama
fign e lkaunsanadeunszuaunsinainuaroneud
sz lUUURa%e aztasanlonaanariianaindiinan
nsamu ietadedu q Alinndn dwalunsandunily

nsuanluszeze [4]-[6] viieluninsivapurnmnInly
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Tssudidnnsedng ilemsuruninauivszaudian
YINTZUIUNTT AWAITZELIATOAREANAT LATNITNEN
\Anrwannalunszuiunis [7] viewilegladadndvniers
Tsanuifuszavsamilan lnsgdeyavesnatuazseozms
wiodu 9 [8], [9]

Tuwideiinisnaunaiuaiasiiona 9 wu Tsunsy
T100INTLUIUNNT WNUAEEISAMAT ATANLIL Aay
ATeTlUsunsudansantunsalluyssgnd fuunu
aesrsnuAuarldldinaia ABC ieidenduditagldiiu
Foyaandnuiiinsndnuiniian [10] wagnquidosirin
vidonovn fiflinAdelunslilusunsudransaniunisallu
N15113AABYINTBINTEUIUMS [11] dnrsldsudumatia
Ranked Positional Weight Method (RPWM) ilea31417a7
wnsgulunszuIuns annanfigayiuarainnseuiunis
WU T2 AVBAMUBINTLUILNITNER WagVadaUALALA
yaan1seenuuuianisnanlulsanundnnseiii [12] e
vanidssmuideaan CoviD-19 Tngldlusunsuimuanis
IUT8ER1an19d9AL (social distancing) \efvuniiui
Msvineu [13]

nsihlusunsusiassanunsaiunld ienmadendi
sz avsamitgn annsaUszgndldlunarsgnaimngsu
laud d1aeanisivavestoyalasn1saiuny, NseUIUN1T
YU, NTVINUTDIVUEUA, ﬂé’qﬁuﬁ’m,azﬂﬁ%’m%aé“ﬁﬁ’m,
n1svinuvesay, n1stnaveseanailunszuiunis lny
wanslaluguuuu 2 we 3 If uaganunsansuisruyuuLay
wisdlunszuaunsde suitedasliisnisiaosmes
NILUIUNTHAR [14]

ided Ussndldlugramnssufiuandneannauide
rounth Wugmamnssumangiitiniesdnsiiane In1s
WhAuiadsdudseninnsudn lldndauuusioides uas
sathlumslfiatesielulusunsusiaosaniunisal tieusu
AugamENIINAR uaniiuieiesing nuimsUssndmaie
ABC method $3udae Liiaidenndnsmeifidanudifnyse
U3t (product champion) ilesnfidudwannuans uay
Uszgndldimalinaiesisnndl (Value Stream Mapping)
VAU IMSIMTBINTEUIUNTT Ussiliunudesnisgndn

WiamnuaseagIaluNSHaR ALz Ay
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Tsanugaavnssunane AaeflinAdeneuntififinng
WannuazwiUgynvasnseuiunisiegldinallnaesisaae
(VSM) 527y PDCA [15] #3altszuun1swaniuudu (lean
manufacturing) [16], [17] Iﬂaﬁiiamuﬂiaﬁﬁﬂw%ﬁwﬂmm
nnanliaunavosnszuiunsnanidesandduiasads
Fes0TEmiensHART LN G901aamnINaInAeYn
Tutuneuienuaninselumswan (capacity) demalildszes
VA1TERRYNBUEUNSHAR Finn5e7l 1 Sailvindslaivhusie

ANHABINTSUBINE LA QNAT

v
o = v

FauanudTed Fsdeanisdnensldlusunsudians
an1unsal ﬁamhs%’mau@aawmamamiuéf’mfﬁﬁmu
naNARTiLE szeziianlunisnEn nsanTuneuABYINTeT
NTLUIUNIT Lﬁaﬁﬁwmmuﬁaﬂﬁmmzauﬁqmiﬂqﬁmw
UURAa3e

THlUsunsumalugnfn (Tecnomatix®) d3aLau LA
mam%qﬁaﬁwmnuawaﬂdwﬁw%’ummwLLmuLLagﬂ%’Uﬂqa
ASTUIUNISHAR LU mu”aﬁaﬁi‘ﬁﬁaﬁﬁumaﬁﬁqmm (VSM),
as1zutdgnineain (bottlenecks analyzer) N15a573
Tunaluguuuy 2 37 wag 3 §7 ewanunsolunisidensie
fuszuuBy (data interfaces) Wustu [18] msthdeyadui
Talulusunsuldann wanzdmsuniseenuuuszuudiiany
Fudoua lussuumswandnlulifvuinlvg vilvinisdnass

anulnafeatuanuduasa [19]

o
o

AN571991 1 : SYUEIANTPARLANSHAR lULAAYTURDY

5:&13L’Jm‘§aﬂaamm§m'lul,wiaz%wlau (’3’14!)

Audn —

ALY ‘Uii'ﬂ@]'}&l'] ﬁi'lﬁlﬁaUaHﬂ']ﬂ ‘Uiﬁﬂq

P4 15 10.0 16 24
P5 1.0 10.0 4.0 4.0
P9 0.5 12.4 26 2.0
P10 1.0 5.0 1.0 1.0
P14 12 12.7 2.8 1.0
P20 0.0 13.0 3.0 2.0
P23 1.0 0.0 11.0 6.0
P26 1.0 11.0 3.0 2.0
\de 0.9 9.3 3.6 25
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o

2) IngUszasAveInsidy

1. WieiSeuiioulszavs nmuesasnaaensuanlugu
Sruunandedild srevnalunsndn msanduneuneun
Ingn1sldunutsanesisauatuanizlagduuazouan
(current state and future state)

2. ionBsuifisulsravsnmwuesaunamensranlusiu
Sruunandedild srevnailunsndn msanduneuneun
Ingldlusunsudrasnseuiumsnanlunisaiudazaniu-
n138i (scenario)

3. iowFeuiisumnduaesmsiiaiesinslmiuny

nsldaulunszuiunisusseiie

3) F/AiiunTIY
TlUsunsudaesantun1salinalugn@n (Tecnomatix®)
nesiu 15 vuASesreuRmes HP fu Pavilion K1UsEUY
UFTAn13 Microsoft Windows Tnefidunerlunisdiiuns
Ao il
3.1) annetlgiuresnssuIunIs

Tsanunsdifnunguenusiranenaly uen nqui

v v
a

fifndansndnuazeenviegegaueslssany Jeilviadu 26
318013 (P1-P26) Aifinsgurunisluniawdn feil

3.1.1) %maua”wmmzawwa (Ampule Washing) i1
\Fesdnedothiifiuseiu uazeuifieliusminiteny
gamaiinaziiaridimuadilénsiaasuaiuivuizay
(validation)

3.1.2) Sumounay (Mixing) ﬁﬁamiaaﬂqw%‘mqmﬁ%
N334 (active pharmaceutical ingredients) kaza13uIeN
\ndnssy (excipients) fedlitnduduivhazaisuazgn
dwhusnsoudielfeusmnnide

3.1.3) dunonssyien (Filling) Shiufiinlulaziaud
Wunasaiiieannaiinuffzeneendindu ududuussgi
g19LUTINT uaziUanevasakouyaiiieta iuduneu
figonhmelfiedesiiuszuuTadfieliunmnnide

3.14) °z7gumaummﬁauaymﬂ (Inspection) N3¥UIUNTT
nano1avziieuniairlulunaensild Jedesnsivasy
sunalunnuaen esanmneingnszuadonazdia

{

duns1edetInlalngvintuainuasiluduninazdnn



3.1.5) JuneuvsTy (Ampule Packing) U539a4010
waraAnneu wadnhusigldndenseaunieuduienais

1Y

AU kageAoIUNTUNEs Tunds wazTununen

3.2) Anw g nvednszuIunIg
Susunniiudeyaiidndu andudangulaemaiian

I a £%

WiaauUIuIun1sean yardudiuazysesuiuvede
wielsildenfiazandne ud3adouunudsanssisnmuei
Tuanedagdumelusunsy wavasisaniunisalniadon
9y 9 wemuuimdlunisudlugeasvinvesnszuiunis
Wielvnsuandanuanna ud3meaaeuifuaiosdingnan
1 1o essiunaiild Wisuifisuisleteids ieidu
madeninluufuldliAnUsslonigaga autunou fegu

i1

2. dongulaewaiia 3. |dndAndmsiin:

- 3
1. NUFIUIILDYA

wusla wundne

6. ATaanIunITal 5. 3198012z 4. a¥ednes1s

ynaiden Ungtululusunsy amAulUsenIy

7. Uszdiunaudaz

Anunasal

o

JUN 1 : TumeunsAnylayniuaziside

1%

Toyalunuideannisiiudeyanisnane1vedlsaay

Y

=1 a o/ v
nstlfnugeaivnssunaneandiyy (ocal drug) lngliszey
waniudeyanisndn 1 U vedd we. 2563 uwarfnwlulad

nsudneviing1dnialy Wewindnisndsuniign uasdl

1o a

AUABINITVRIGNAININTAR TN1IHENDEVIIEU 26 e

g
Iwundalasiy 212 den
[iedoan1sAn A msevun deadonsniazyiiin
Anwinszuiunis waziudusuulun1svinukuieanesns
AuA Tnaldenldmaianisls lun1sdnaisueinsaanm

q
v
o

via 26 wila 1990 P1-P26 uvalu 3 sUuvy feil
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3.2.1) SanquauvFunanisnan dndeyavesuiuim
nsudniiengunsla 80% (ngu A) laun P26, P23, P4,
P9, P20, P5, P10, P11, P14 WAy P24 faguil 2

3.2.2) ianqueiugan Unteyavresyanin1suinilen
naunLsle 80% laun P26, P23, P5, P9, P4, P20, P7, P10
uay P14 faguil 3

3.2.3) Innqueuvsunaveuds irleyavesUsunmves
edleangunale 80% bauwn P26, P23, P4, P9, P5, P24,
P7, P20, P14, P11 uazP10 feguil 4

Pareto General sterile (Volume of Production)
60

51
50 =

N
o

30

20

Volume of Production (Batch)

10

Pareto General sterile (Total cost)

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

Total Cost (Million Baht)

JUT 3 - Msdanguennuya

Pareto General sterile (Cost of Defect)

450.00
400.00 ‘ﬁa
350.00
300.00
250.00
200.00
150.00
100.00
50.00

Cost of Defect (Million Baht)
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P19797 2 : Pumeumsléiindendu A gnfioglungu A suiuvesdeyavia 3 nqu leun v P4
INGUAY 2udro 81 P5 81 P9 &1 P10 81 P14 1 P20 81 P23 uag P26
yaf1vee | JSununiswan | yadn Y * o 4 e g w oo - p y
v d o Zudr | nau A fen15199 2 ildiiudeyaidadn Tolun1siinsesiuasly
e (fan) (fu s . . . . . ,
. 14 3 Ngy LUALLUUEIMSUN SN LRI 85715AAN
(Wuun) un) !
401.8 51 14.8 P26 Tailaf
2721 30 11| p23 W 3.3) imuaLuINNNsuAly ey
234 19 5.6 P4 19 Undeyafuannnisasteyanisvinaudsediusiu
176.2 16 6.5 P9 & TUsuNIUNNAUIIN Microsoft Excel indnvingudaya
170.7 9 6.8 P5 1o 3.3.1) Joyayail 1 lun seuannsuis, namldiieu
129.7 7 2 P24 Tailay o a LA e 4 4 o e o
JUNER, VUIATUNER, UTuaadenings, S1utunidna,
1136 i 37 P7 Taila o N o 9 -
. AuA1AInag, LIanlun1INEnTIN nTesdeyalaunisiden
107.5 13 4.1 P20 14 e de a4, oy a s
, Joyaidueunertnuieglunszuviunisiiediu efiagla
91 7 2.4 P14 T v . v . .
593 . TEREST Ll Wrdeyavestiluussnunimanadelaediluaseanu
78.8 9 3 P10 1o AIunaIldaunIsduIundnuAltLa
63.9 3 13 P1 Tl Suuvemdniueiilaietndnadulesiduinandn
59 4 1 P25 lald il Azlanmsinvestiluanssnuiardndiunandn fegu
55 3 12 P17 Tailaf a5
40.4 il 12 P18 Tailaf o o o S e 4w .
3.3.2) msvmideyayai 2 dwsuteyaadluamesisnne
37.9 3 0.7 P8 Taila o o . .
— lauwn 13a1lun1398 (waiting time) Aieansesdoya taenis
34.5 3 1.2 P16 Taila 3 . . P
22 . y o7 W Laaﬂﬂuaga?ﬂLﬂwmmamaammmﬂu ey mmﬂulafuuaman
293 p o6 | pis Tile T2EELIAMTOAREVBILAALNTEUIUNMI AL AN TUNFaTY
238 2 06 | P13 Taile NAIINNIATBYATEHELIATOADETBINARZNTEUIUNTTUE?
22.9 2 0.7 | P22 Laily 39t15282198159A08UDLUY 9 NAOANINIANRALVDS
211 2 0.7 P19 Ll NITUIUNITVIVIUA F95UT 6
0 2 0> | P bl 3.3.3) sousaudeyarn 1 uay 2 Tagldidudeyalunuy
182 3 0.4 P6 Talle . - Lo e o
_ T1809UINTEUIUNTHANVDIYIUARLF FIR1T1N 3 uag
74 2 0.6 P12 Tl . - . r
— YoUATEHLLIATOADYIRALVDINNTEUIUNIT AINIS19N 4
6.8 1 0.2 P21 Talle v A
Sufudeyauszavinalaesiuvenn3addng (OEE) Awmns
75
A B D F H K
; - Cycle Time
sousEIRIM - Change Over Time
Sunou daluausann| wanda (%) | wiinew ()| MH/P mjuﬁw _ Batch Size
3 ; | | (#alug) _Vield
4 ANVINUBUYA 82.11 101.66 8 103 8.8
9 (Gt 19.00 100.00 2 9.5 8.5 - Manpower
14 vy 85.20 9346 6 147 137 - Processing Time
19 AsavdeUeyMIA | 19617 95.29 2 82 77
26 Us§Y 207.79 95.03 10 208 19.8

a v a 2 v a
EUW 5: %agaﬂummimumamﬂa ﬂ!ﬂ'ﬂ 1
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A A | B |
1
B Amp.prinfng.
) -
4]
5 iaaaua'ﬁaaaﬂiuﬂzuﬁau fein)
o Waa
WaEa - .
- HEIHEL WEIUTIY AT
EEL] uauya -
(Bulk) I (SMD ayma
(Ampule)
6 ) Waiting Time
7 A 1 0 H 12
8 B 1 0 14 4
9 c 1 0 13 2
10 D 1 0 13 H
11 E 1 0 13 10
12 F 1 0 2 2
25| inda 1 0 1 6
26 |
SUl 6 : FoyaRuamsiiutoya yai 2
EATVCE UDYATRINTLUIUNTHAN VB AAZE?
g} NTBUIUNIT Holuausey | wanda (%) | wineu (au) Laaﬂtﬂ?iaus;uwﬁm (dTua) souAINIHAN (Falu9)
P4 é’NﬂJmLLamWﬂa 60.56 103.41 8 15 6.07
Wefd 10.40 100.00 2 1 4.20
UL 88.40 90.11 6 1 13.73
73I90UDYNA 168.00 93.17 24 0.5 6.50
U333 136.39 91.38 10 1 12.64
P5 é’NﬂJmLLamWﬂa 142.00 99.76 8 15 16.3
AGEY 33.45 100.00 2 1 15.7
‘Ui'i‘«g@hm 164.65 94.58 6 1 26.4
7379A0UDYNA 395.68 93.12 24 0.5 16.0
U333 426.32 93.29 10 1 41.6
PO | dnvinueuna 71.14 102.54 8 1.5 7.4
IEY 15.43 100.00 2 1 6.7
‘Ui'i‘«g@hm 85.57 97.47 6 1 133
MNIIVEABUVBYNIA 209.11 94.37 24 0.5 8.2
U399 137.71 94.18 10 1 12.8
P10 é’NﬂJmLLamWﬂa 81.29 100.98 8 15 8.7
Wefd 19.50 100.00 2 1 8.8
UL 86.64 92.03 6 1 13.4
73790UDYNA 216.79 94.52 24 0.5 8.5
U399 146.58 94.36 10 1 13.7
P14 A9VIALBUNE 70.60 102.59 8 1.5 7.33
AGEY 16.08 100.00 2 1 7.04
‘Ui'i‘«g@hm 85.40 98.15 6 1 13.23
73790UDYNA 211.08 92.18 24 0.5 8.30
U333 122.58 92.02 10 1 11.26

85



Journal of Engineering and Digital Technology (JEDT)
Vol.13 No.1 January - June 2025

15799 3 : TeYaveINTTUIUNINERVDILURLFT (siD)

Y ATTUIUNIT talusussanu | wandn (%) | winaw (au) anﬁtﬂﬁauéuwﬁm (#T9) saUIMNTHAR (F9T49)
P20 | &WUINBUNA 68.56 102.21 8 1.5 7.1
Y 15.00 100.00 2 1 6.5
UL 83.44 92.84 6 1 12.9
ATIADUBLNA 183.94 94.27 24 0,5 7.2
U399 182.00 93.72 10 1 17.2
P23 a"wmml,am“va 82.11 101.66 8 15 8.8
AGEY 19.00 100.00 2 1 8.5
UL 88.20 93.46 6 1 13.7
ATIADUBLNA 196.17 95.29 24 0.5 7.7
U333 207.79 95.03 10 1 19.8
P26 | &WvINEUNA 73.84 102.54 8 1.5 7.7
AGEY 18.74 100.00 2 1 8.4
Uiigﬁim 86.28 96.24 6 1 134
MNIIVEBUVBYNIA 190.78 96.22 24 0.5 7.4
U333 181.27 95.91 10 1 17.1

A5197 4 : %agamamsasnmsam&Laﬁmamﬂﬂszmuﬁﬁ

seaziansenaslutunay (Tu)

¥ ndade | wdwan | wAWSIY | wAIRSIERU

uanya (Bulk) | 281 (SM) | auniA (WIP)
(Ampule)

P4 2 0 10 2

P5 1 0 10 8

P9 1 0 12 6

P10 1 0 5 6

P14 1 0 13 6

P20 1 0 13 5

P23 1 0 11 6

P26 1 0 11 5

M3197 5 : oyauszAniualaeTiuveuaiosing (OEE)

. . ansn
INIINT UszansSainva
a CIY AT
N3ZUIUNTT | LAULATDY (%) | 1ATB9NT (%) (%) OEE
%
(Availability) | (Performance)
(Quality)
19270
83.33 69.20 99.96 30
uauwya
WEid 89.58 78.47 100.00 15
UI3qhIEn 87.50 42.00 94.36 | 30
f37968U
94.44 77.89 94.14 10
aunA
U339 90.28 49.50 93.73 10
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3.3.4) nysimunlvluuvuiiaevaniunisal asteya
NITUIUNITHEATUADUANVINLBUNA TURDUHAN TunaY
UF39987 TUABUATIVABUDYNIA TURBUUTTY 3 ntuld

Foyayad 1 atlundes liun Faluwssuade wWesidud

a

Handn uaglddeyaszuzinaisenssiade 3ndeyayai 2

sunedeyaandedmnssu taun nsin1sauAIeLae
nanedglunisgoueiosding uazteyavesduininds o
Ifnanfildlunisnansiy waznani iedaviunudisae
s15AuAEnurdagUuveseIngy A AMuualIan 30 T A

UM 7 waznsiluanaialunisnanvesudaznszuIunig

mgﬂﬁ 8
Tesziesesilneldiaiedioinsviszaunisiva

(analyzer tool flow grade) lulusunsunalufin lneisy

Funeuusn (supplier) 5&%‘146191431@%8 (customer) V9981

NnElungu A fen15199 6 louA Aveawianii (lead time)

v
v o '

A9 S28LIa1N b UNITHNANYILAALFAINILAS UAIFINAN Y

= £% - T

ASLNIEINaUNIANAT kay ANAYHuan1iy (value added

Y Y

¥ '
v v A

index) Ao FTInNLERIaUsEANS N INUNSEUIUASHAR

nulgyn1tunauussadienldiaiginiituneudu
dwalvinszuiunsuanlilinnuauna anaisensy 39

Juduseuiagihlldlunsnwuuimenisysulsauile
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B
EventController Product"on
ShiftCalendar COHTI‘O‘ % E
PPs ProductPlotter StockPlotter
TF Tl
5 € @
Surplier UtilizationAndStock FlowGrade
Trarfsport1 Trarlsport2
ShiftCalendar1
N ¢+‘+A+m NN
OO
Inventory Ampule_washing Ampule Mixing Bulk Filling Inspection Wwip Packing
Throughout 17 Throughout 16 Throuahout 15 Throughput 14 Throughput w2l
Waitina queue: Waitina queue: Waitina queue: Waitina queue: Waitina queue:
Lenath: 1] Lenath: 1 Lenath: 2 Lenath: 3 Lenath: 5
Os Mean value: 24 Mean value: 2.8 Mean value: 4.1 Mean value: 45 Mean value: 56 TPT = Wd
- SPT=0s
FG =0
Os Os Os 0s Os TPT= 0s
| 8h 40min 3(Is | 8h13mm45|s | 15h 30s | | 8h44mms|; | 13h 8min 57|s 2PT = 2d 5h 47min 575
FG =1
U 7 : unufsnesnsnauanugdagtiuresenngu A
20.00 3.4) Anidumsvsuusunly
Y] a a
& 15.00 wwamatunsusulsudladgydalunszuiumsiey
Qé Ca ° A A 1Y) s o
2 4 10.00 TflUsunsudnaeInszuIums Wewsuivaniunisaidagdu
& 500 I I I Aagun 9
0.00
@W‘ fo uﬂw\ RO LS ° L4
s o m@\ W NSATIVADUANLYNABIVBIMUUTIRD T8N13nTIvad0U
)
- ANUADAARBINIUNSIUS U UTUTBYaITS (comparison
with real-world data) [20] Yagadainnisdnaslulusunsy

JU7 8 : nvmlwvisuansanfldlunisndnveudasnszuiunis

M3 6 : AvasIAanuazAvyaA Ly

81 13811 Fuilyaruiia
P4 2:19:08 64.25
P5 4:03:05 75.78
P9 3:00:24 60.05
P10 3:05:06 68.87
P14 2:23:10 66.28
P20 3:02:54 67.96
P23 3:10:30 70.91
P26 3:06:06 69.27
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Wieuiudeyaase mnwadnsinalAesiu uansiuuuinass
fiauaenndes wWesludnai1asyninedayasseiuiuy
d1a03n5daldiiudulesidud [3] waznisvinauly
TUsunsudeadingAnssuuasnszuiunsHanduiediunis
UjiRaa ilefusuinuuudasaduiunuaunsoluly
Tunisesnuuunissiassmudendu o I¢ nsesivaeu
ANUYNFBY By 2 dw diuusnldtoyaniansinluniswén
vasdumusiazitvesteyaasaiisuiuainlusunsy uag
ditaeddinanadnszuiumsataiisuiulusunsy ey
AIULANAS 19151991 7 uazudazaniun1saliaiiy

LANA9AY ﬁqaqﬂiumiwﬁ 8
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£ ‘_) = Hide Display Panel
EventControler LR
ShiftCalend. éf 55
3
ProductPlotter StockPlotter
@ "
Cusfmy
Sue L\ u FlowGrade

Os Os R

Os

Os Os I
| ! 8h 40min 3% | I 8h 13min 45Is | I 15h 305 " | 8h 44min 1* | 13h 8min s7|s I_ 3PT = 2d 5h 47min 575
——— o=

,,,,,,,,,,,,

N : -

555

g’ I

‘ "’, | Inspection 16 I

Inspection 16

JUT 9 : uuudaesaniunisaitagdy

f3NT 7 msmmaaummgﬂéfawaqmeﬁaaqamumiai

Audn y 1IaRABIN
1I8LRAEN
TUsunsu o
NTTUIUNIT NITUIUNIT . dune (%)
P4 P5 P9 P10 P14 P20 P23 P26 ° 31899
(¥319) .
(@3la9)
f19vm 6.1 16.3 7.4 8.7 73 7.1 8.8 77 8.68 8.67 0.06
uasya
e 4.2 15.7 6.7 8.8 7.0 6.5 8.5 8.4 8.23 8.22 0.12
Uiii}ﬁ’)&l'] 13.7 26.4 13.3 13.4 13.2 12.9 13.7 13.4 15.01 15.00 0.05
N3V 6.5 16.0 8.2 8.5 8.3 7.2 7.7 75 8.74 8.73 0.09
YA
UI5y 126 | 86 | 128 | 137 | 113 | 172 | 198 | 171 14.14 13.13 7.13

1281974 43,14 | 83.00 | 48.40 | 53.10 | 47.20 | 50.90 | 58.50 | 54.10
(Fluq)
LIAN50AN | 4296 | 75.12 | 48.00 | 53.04 | 47.08 | 49.92 | 58.08 | 54.00
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Abstract

This research aims to optimize the waste collection and transportation routes for a case study, a subdistrict
administrative organization. The research employs two heuristic algorithms: the Clark-Wright Savings Algorithm (CW)
and the Modified Clark-Wright Savings Algorithm (Modified CW). The goal is to determine efficient routes according
to conditions of vehicle capacity and employee work hours constraints, while ensuring that all waste from every
village within the organization's responsibility is collected for disposal each week. The results showed that the
Modified CW with lambda of 0.1 to 0.9 provided the routes with the lowest total distance and transportation cost
compared to the CW and the case study organization's current methods. These results show that it will also reduce
the operating time to only four working days a week. Additionally, the total distance was reduced by 1% and the

total cost was reduced by 18.83%. As a result, the case study saves costs up to 1,805.99 baht per week.

Keywords: Garbage collection and transportation, Modified saving algorithm, Saving algorithm, Vehicle routing
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o P

FUATIUIUATITOUTIIEY 2,548 ATASOU WavUSuauee
seduanivesaz vy iy fam15197t 2 Fasaumnugtiu
W muInEiUSnameaiun 13,430.67 Alanu
4.1) m3Inaun19mIuIsTgTuve e unalfing
Tagdunthisanunsal@nwmnuadunidunisiiuse
Wesunuuazaudwey Tnenui Snsifiunulaesiy
fovua 5 fu uazvnadumsdinirudsssfuauquesse
WU LEUNIINIS AU D-9-P-D vasTusung e
UTIYNULE 2,108.42 Alansy LiuanA1ugse 1,870
Alansu (Hudu Hedldszognesinansaaaesdumiaiu
252.38 Alan3u vildilaldaglunsiiusanaun 588.93

ynsadua alganglunisenentnauyianaa 9,000 U
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AodUAY LazA ISR 9,588.93 UWFRdUAY  LEUNIEIMSUTIVTINLAL YU 3915197 5 Yinlile
Fanng19fl 3 SE8¥N195IINTATe@nsAuYnAY 262,92 Alaluns @
wnnIIBEnsUagiuvemthenunsdifiny Aldinelunis

4.2) HBNIS SN TUREUTUUYSEnER usavanun 613.48 vinsedUan Aldanelunisans
NunINIrern1a lumsed 1 §A%uldduima  wiinauiomn 7,200 vnsedUnn desnd1FBnstagiu
Usendnuoaszognis (S,) amaunis (1) 1o §; ves  vesmhisnunsdine esanldiianauiios 4 Su
SunoUITLUUUTENSR §I915097 4 91nN1SRANTUAN S; YauRedUa9 wasylRldalda e 7,813.48

WATANTUNTIAEUN LT UR IS WUUUSEnE R nudn T8 unsiaduany

A1519% 1 : WASNTEeENIg d,.j (e : Alaluns)

dijD‘P‘1|2‘3‘4|5‘6|7‘8‘9|10‘11|12|13‘14‘15|16
D| o
P | 1084 0
1]397 612 0
2 | 301 516 09 0
3 |472 68 08 172 0
4 | 056 849 364 269 440 O
50037 870 415 320 491 048 0
6 | 037 870 377 281 453 019 028 0
7 | 227 850 249 153 325 194 245 207 0
8 | 612 1444 990 894 1066 622 599 603 820 O
9 | 529 1362 908 812 983 540 518 520 7.38 156 0
10 | 378 1221 742 670 841 425 372 406 596 981 898 0
11| 358 1202 746 651 822 406 353 387 576 962 879 019 0
12| 412 627 019 111 080 380 431 392 264 1005 923 7.81 762 0
13 | 579 1412 957 862 1033 589 567 570 787 536 238 948 929 973 0
14 | 622 1458 1003 908 1079 635 613 616 833 222 118 994 975 1019 334 0
15| 399 1242 787 691 862 446 393 427 617 1002 919 052 071 802 9.69 1015 0
16 | 296 797 430 334 506 324 315 315 181 889 807 665 645 445 856 902 685 0
M 2 : mjthu Sunuedidou wasUinuverdeduan
. . " USunavezaaduav . . " USunavezaaduav
YUY AMUIUATILIDU (ﬁiaﬂ%'u) YUY AMUIUATILIDU (ﬁiaﬂ%'u)
vl 1 216 1,138.55 il 9 305 1,607.67
) 274 1,444.27 i 10 130 685.24
vl 3 212 1,117.47 il 11 178 938.25
il 4 153 806.47 il 12 184 969.88
il 5 182 959.33 il 13 67 353.16
il 6 205 1,080.57 wjil 14 95 500.75
il 7 42 221.38 il 15 126 664.15
vl 8 132 695.78 wyjil 16 a7 247.74
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M15199 3 : dumeldnunukazudeeslng U iuvewhsnunsdifinw

sansEuEABN (MMM 1,870 Alaniu) 30UTINNVEL (ANY 1,200 Alanu)

Wume | dwihew | gduuuns | e | USine | sseevne | dunng Ju sUuuuns | e | dsana | sgeenng
WU (w31.) LEH (ny.) 919U WU (wu.) LEH (ny.)

(nn.) (hn.)
1 Funs D-9-P-D 5.05 2,108.42 21.26 2 Funs D-5-P-D 3.18 959.33 19.91
3 d9A13 D-2-7-P-D 4.43 | 1,665.66 23.88 4 8913 | D-8-13-P-D | 3.87| 1,048.94 36.44
6 W D-9-14-P-D 5.39 2,108.42 31.89 5 W D-3-P-D 3.52 | 1,117.50 22.44
9 wgiaud | D-6-16-P-D | 384 | 132831 | 2232| 7 |wgiaud| D-4-PD 294 | 80647 19.89
10 Ans D-11-15P-D | 445| 160240 | 2755| 8 Ans D-10-P-D 298 | 685.24 26.82
syegneTan (Alawns) 126.9 syegneTan (Alawms) 125.5
SLHENS AT NN (Alawuns) | 252.38
Anldanelunsiusanaiun (U/dUanh) | 588.93
Anldanelunsdrantinauievan (un/duanst) | 9,000.00
anldanesausianun (Un/dunw) 9,588.93

A58 4 : Asendnvasssayna (S;) vesduneuiSuuuusendn (mhe : Alawns)

SijP‘1‘2|3|4‘5|6|7‘8|9|10‘11‘12|13‘14‘15|16
P | o
1 | 868 0

8.68 | 7.89 @ 6.01 0

291 | 0.89 | 0.89 0.89 0

0.18 ' 0.18 | 0.46 0

251 | 057 057 057 074 046 0

461 | 374 | 374 374 089 018 057 0

251 1019 019 019 046 050 046 0.19 0

o[ | N O || PR~V DN
N
(6]
—
o
—
oo

251 1018 0.18 0.18 046 048 046 0.18 | 9.85 0

10 | 241 | 032 | 0.09 009 009 043 009 0.09 | 0.09 0.09 0

11 | 241 | 0.09 | 0.09 0.09 009 | 043 0.09 0.09 0.09 0.09  7.17 0

12 | 869 | 790 603 805 089 018 057 374  0.19 0.18 ' 0.09 | 0.09 0

13 | 251 | 0.18 | 0.18  0.18 046 049 046 0.18 | 6.55 8.70 = 0.09 009 018 0

14 | 248  0.15 | 0.15 0.15 043 046 043 0.15 1012 1033  0.06 | 006  0.15 8.67 0

15 | 241 | 0.09 009 009 009 043 009 0.09 | 0.09 009 725 | 686 | 0.09 0.09 @ 0.06 0

16 | 583 | 263 | 263 263 029 | 018 0.19 342 0.19 0.19 | 0.09 | 009 263 019 016 0.09 O
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AN5197 5 : EUNeTIUTIULA Y UEIvEE TasTuna IS LUUU SRR

sansTULABN (A21MY 1,870 Alaniy) 30UTINNVEL (AN] 1,200 Alanu)
tduns Tu sUuuu | et | S | szezwne | dunng Tu sdwuu | v | S | szesnng
919U mMsey | (u) | e (hn.) (na1.) 919U sy | (va) | e (hn.) (na1.)

50 50

1 Funs D-9-P-D 4.53 1,607.67 29.75 2 Funs D-8-14- 4.02 1,196.53 33.75
P-D

q 89A15 D-3-16- 5.16 1,718.37 43.29 3 89A15 D-7-12- 3.61 1,191.26 22.01
13-P-D P-D

5 Wo D-15-10- 4.05 1,349.39 27.55 6 Wo D-2-P-D 3.91 1,444.27 19.01

P-D

7 ‘wqﬁa*uﬁ D-4-6-P- 4.64 1,887.04 20.29 8 Wo D-11-P- 3.15 938.25 26.44
D D

9 wgWaud | D-5P-D | 3.18 959.33 19.91

10 | wgaud | D-1-P-D | 350 | 1,13855 2093

syeyneT (Rlawms) 123.03 spuEveTIL Rlawns) 139.89

Aldanglunsiuse (V/duai) 287.07 Aldaglunsiuse (Vn/duan) 326.40

syezmMeTINTiaviug (Rlawns) 262.92

Anldanelunisiiusasianun (U/dunm) 613.48

anldanelunsinaniinaunaan (Uaw/ddand) | 7,200.00

Anlddnesauianun (U/duanh) | 7,813.48

M3197 6 : AUsEndnvasszasne () vesduneudsuvulstndniiuiulse dle 4 = 0.1 (mhe : Alawns)

i P|1‘2‘3|4‘5|6‘7|8|9|10‘11|12|13‘14‘15|16
Pl o

11419 o0

2 | 1333 688 | 0

3 | 1487 861 756 | 0

4 | 1055 417 331 485 0

5 | 1034 392 306 460 089 0

6 | 1034 396 310 464 091 071 | 0

7 | 1225 599 512 667 264 239 243 0

8 | 1551 9.10 824 978 606 580 58 757 0

9 | 1477 835 749 903 532 514 514 682 1126 0

10| 1339 700 612 766 392 377 374 545 892 817 = 0

11 | 1322 680 594 749 374 360 357 527 874 800 734 O

12| 1433 807 702 876 430 406 410 612 924 849 7.2 694 | 0

13 | 1521 880 794 948 576 559 559 727 1137 1084 862 844 894 0

14 | 1560 918 832 986 615 597 597 765 1212 1139 900 883 932 1167 | 0

15 | 1358 7.7 631 785 410 396 393 564 911 836 771 750 730 881 919 0

16 | 1300 650 564 7.8 320 302 302 505 819 745 607 590 664 789 828 626 0
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P15 7 1 dumesIvTIskarudweslaetuneuisuuuusendanuiuuse e A =0.1

sanszuzAan (AW 1,870 Alandw) sausINUeE (A9 1,200 Alandu)
dumng Ju sUuuums | e | Y | seeeving | dumg u suuuu A Vs | szEne
99U Wusa (w3.) | vez (hn.) (ny.) 919U N9AYIA (wu.) | w8z (hn.) (ny.)
1 Juns D-8-14-P-D 4.02 1,196.53 33.75 2 Juns D-9-13-P-D 5.19 1,960.84 32.62
3 89A13 D-3-P-D 3.52 1,117.47 22.44 5 DIAT D-15-10-7-P-D 4.47 1,570.78 29.79
4 23ANT D-1-P-D 3.50 1,138.55 20.93 6 WG D-2-P-D 391 1,444.27 19.01
7 W D-16-12-P-D 3.75 1,217.62 24.52 8 wqﬁa‘uﬁ D-11-4-P-D 4.66 1,744.72 26.97
9 W D-5-P-D 3.18 959.33 19.91
10 | woaud | D-6-P-D 337 | 1,08057 | 19.90
5393 (Alawns) 141.44 5393 (Alawns) 108.39
aldanglunisiusa (Uv/ddanii) 330.03 Atdanglunisiiusa (Um/duansi) 252.91
SYHENETINNINA (Alawns) | 249.84
Anldanglunsiusatiavan (U/dany) | 582.94
Anldanglumsdaniinauomn u/duad) | 7,200.00
Aldsnesanavan (Lwduah) | 7,782.94

(a) Swnuiwhaulunisiiiuse

6
5 |
g
& 4
g
2,
€3
R
g
=2
2
°@
1 4
0o J
1sﬂvﬂuu Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified
CW(0.1) CW(0.2) CW(0.3) CW(0.4) CW (0.5 CW(0.6) CW (0.7 CW(0.8) CW (0.9 CW(1.0) CW(1.1) CW(1.2) CW(13) CW(1.4) CW (L5 CW(1.6) CW(L7) CW(1.8) CW (19 CW(2.0)
(b) szaznesauluiiuse
270 -
260

Alawns

250
240
230
220
210
200

FBiagiu w Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified
CW(0.1) CW(0.2) CW(0.3) CW(0.4) CW (0.5 CW(0.6) CW(0.7) CW(0.8) CW (0.9) CW(1.0) CW(1.1) CW(1.2) CW(1.3) CW(1.4) CW(L5) CW(1.6) CW(1.7) CW(1.8) CW(L9) CW (2.0)

() Alddresulunisiiuse

640 |

620 -

600 -
580 |
560 -
540
520
500

A5iagiu w Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified Modified
CW (0.1) CW(02) CW(03) CW(0.4) CW(05) CW(0.6) CW(0.7) CW(0.8) CW(0.9) CW(L0) CW(1.1) CW(1.2) CW(1.3) CW(1.4) CW (1.5 CW(1.6) CW(L7) CW(1.8) CW(1.9) CW (20)

"

umsedunii

JUN 1 : HamslSeuiieun1sdaduneniuniuuasudes

o o : e IV o o & aa o Ao
IﬂEJ’Jﬁﬁ‘OQ“Uu‘UBQWU’JEN’]“IJﬂSmﬂmﬁ}’mU‘Uu@?Ju’JﬁLLUU“lJi%ViEJ(ﬂLLa%‘UUﬁlau’JﬁLLUUUS%W&@MU?UU?Q
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4.3) wamsdadunsiietuneuisuuyysndaiususe

dmsunisUszgndldtuneuiBuuulsendaiiufulse
Lafavuanisafines 1=0102,..,20 Tneiduanniie
AMUA A =0.1 @aU150A1UINAIUTENINUDITLEENIS
(Sij)lﬁﬁqmﬂﬁi 6 LALIAEUNNTIUTINLALUUA VYL AL
fumeuiBuuuysgndaiiufuuss WWdmnaad 7 Fanud
EumsTisalevinlitsrosynasmansadisdesiuiiy 249.84
Alawns Setaaninitnistagiuveamhenunsdnw
wardumouituuuUsendn SAl4enslunisipiusa 582.94
Y mepdUn Y wazalanglunisieandnagu 7,200 unsie
FUawi Fadosniisnmstagtuveamhsnunsdin s
Dualdsneiidu 7,782.94 Umseduam

drunsdidi 4=02,..,20 gwnsasndumsauduney

YA o

19938 Modified CW Idisuidenifunsdl 4 =0.1 fieif3de
Iiauenadnianmsinduma TngwSeuiisuiesiu
Juhaulunsiause syeenesin wagalgsnesanlunis
\iusasznineidnistligduvesnsdinuiiuinisiiaue

AMYTURDUITIERILUY AIFUN 1

5) #3UNaN13IvY

o

UYL

o

FnquszasAlilodnidumssrununazuds
YyrdmIuasRNMsUIMIsEuiUanstifnw tneUssandly
TuneuIBuuuusendn uastunouiBuuuuseudniiuiulss
el didunssunuuarsudsesiiduiian nelddeuly
A1UVDIIAUALLIATTUNITYINU UAAINITATIVUTINUAE
yudsszvomnuydulufidalitemunluwiasdunii
KaMTITeNUI umeriBuuuUssndniuulss (1= 0.1
9 2 =0.9) Winamsdndunidszornemunaalidng
sulunsvudshitgaidiefisuiutuneuisuuuyssving
U3UU33 (1 =1.0 89 A =2.0) Tuneuituuudszndn
wardsUagiuvemthenunsdlinw lnellsseen1asiniios
249.83 Alawns AldTesnlunIsiuse 582.94 unsie
#Um19t warAlganesinlun1sa1eantdney 7,200 unse
Fondh vilvidenldinesuitavan 7,782.94 vwisddan
nadnsAsnanansliiiudg szuzveTInanasiosay 1
wagaldiesamanasiesas 18.83 eiisuiuistagiu
voahenunsdifing Snilinanlunismusuuasauds

YuLLied 4 TurinnsvasdUa
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6) 9AUTILNANITITY

31nn15TsR USSR UansEAnw TaLdung
WUIOIUATTIUTINLAs LA s IngdeLe sUsEaUnITal
gomsne Flrldduniifissosmanniuly waziinns
AurumeziAuauguassn Sndldnarlumssuiiuauenn
FuiliAnaldisfigaiuanudndu fafunisussgndld
fumerdsuuulsevinuariuneuisuuulsendaiiuulss
Feilrldunnasusuwazaudse s lnusauunngn
uluaudeuluanuguessauagldinarlunisiiaude

1% o

TuAuA1 Fegenndesiunadnuyes Cheewaworanontree

Ao o

and Boonrak [17] #3d81AgafunisdaLdunisnisvuds
nsdifnuuTeniniiu eUusimsdadumsivangay
TngussgnildtunouiBuuuissvda wasrhmaiouidiou
umsbmddudunsiildlutagtu delddeazuin wdums
Tyslanunsoanssaeniels 38 Alawns wavandunuaAIvuEs

19 122.36 Un

' =

FoLAOU 13991UIT8UBY Paphan and
Kaewpradid [19] ifnwnAsafun1sdaidunisnisuuds
dudlastunouituuudssndavedlsinufianaiadin
nsdldny) Fududnisvuddasiidivinldifufuuasld
Usvaunisalvesntnaulumsdndulafundn Sauidgm
igenslituneuituuudsenda el fdumaidudian
warladeasud awnsaanszeznsadld 1,086.50 Alawns
warldsauiios 5 fu ernAuiildfommn 7 §u venani
Pichpibul and Kawtummachai [15] fidnwndeatunisly
nemsinndrfinudedisain Aivmunain Clarke-Wright
algorithm fAudgyminisdndunisuuile talvdeaguin
funouiBuuussiaiiusuusdlinadnslunisdaduniad
wnzaunidureuisuuuUssnde didenadosiunadngi
agulFnamuiselundaiuient
nnuanifeluaded wudn navssendlidunenuis
wuudsendn uliaelvisseenidlagsingeninitdagduves
wiheunsdine udldinaiouiios 4 Yu Savil
Aldarelanrausng dautumeriBuuuyssvdaiiuiuuys
Tnadnsainfianidefiautuieesis wasduduneuisill
dudou ansnsoUszgndldldinatudgmaunadnuasun
Uunawielymitduuneldlvgannth fafumamizenu
nstlfnwinluuszandld asihlivsendaanlddneluns

siiuaule 1,805.99 umdadUani Fanasdasesay 18.83



7) Tolausliug
yonannsthduneuisuuuUsEndauasduneuizuuy
Usguipfiuuuss ludsggndldfuminsnunsdinuud
Faanunsavenenatiiothuuimesananluldsuiiuingd
AnwduntsveuaTiuiin 19ty Wy msdadumesius
LagvudavezyomndinnuesdnsUnasesdiuvieaiuly

81109 wiawlinsennilulssgndldiunisdnduniaaiusg

P~ =

V9IMUILNUNIATTIUNTBNIATING

q

AivauLYANUTLAY
FuUUIAUAUINS LN

MilliesnnsuAtdyninsdndunIInIsiAusad sy

o
LYY

grunvuza1sauseynaldlavaeds dsdunuidely

DUIAMNYINUNITIALAUN U UNI VUL ANV UTIUSIULDY
Ay Giaunsauszyndldnislusunsudendinenans
(mathematical programming) IagWaUIFILUULAZAALA

o

flsfduinguszasdilelidunusindiganiosroznig
suwiiign samfunisfvunaunsuiesaunistediin
(constraints) LAgafuthmiinusmnuessauaziaalunis
ety wiedouludu 4 nsldituuuudunssl ulay

IiRnauwuULmIEAan (optimal solution) kiazwAUymn

@
o

Taanzdaymindivuadn wsgdndulgmauinluga

v aa

THaaruulunisuseua d1usuisinennisanwrdliln

(heuristics) NUBNWLBINTUNDUITLULUTEUTALATTUN DU

v a

FWuwvvusendanuiulge §elidnnaieIBlaeanigIBwen-

o

§7%afn LU TuneuIBideiugnssy I33TRUIN1SNAAN9
Jusiu Faszandldladiulagmaunelvg awnsalidmey
Tosans whawsdudivsimauwuulndifssdfimanzige

v
LYY

(near optimal solution) Aetulun1suszgnaldisuuy
wdunsaisuiuIsInensdnwadnaglaveuindgm
AREIt yenanmsSeudisudneuiiliugs 3aaas
Wisuiisunaniildlunisuszanade

wonani mndymianududounnuazmsfines
719 9 Tanuldutueu n15Useyndlduuimiinisdngss ag
liaunsadnaeslymdmsunsiasgilalnalAgeiu
A duaTawINAn LU wuus1aeeRaglUsunsy Arena
wuuInaeeluTATU FlexSim wsatuudaasnaglusingy

N99U GIS Wudu
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