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ABSTRACT

This study aims to reduce the quantity of non-compliant battery in the production process of
the A7 motorcycle battery. The production process faces the issue of improper internal
resistance of battery, which exceeds the standards. This problem is caused by inappropriate
settings in the pressure, stopper distance, and degree of the cell holder. To solve the
problem, the 2" factorial experiment design was employed to determine the optimal
production conditions. The results showed that all factors, both main and interaction effects,
significantly influenced the internal resistance of the battery. The optimal conditions were
found to be pressure of 5 megapascals, stopper distance of 24.25 millimeters, and cell holder
angle of 14 degrees. When these optimized conditions were implemented, the average
internal resistance of the battery was significantly not more than 1.15 milliohms. The
implementation of the findings led to a significant reduction in the cost of defectives, with the
monthly loss dropping to 10,784 Baht, a 64.14% reduction compared to the pre-improvement
losses.

KEYWORDS: Experiment Design, Battery, Lead-acid Battery, Defect Reduction
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Grouping Information Using the Tukey Method and 95% Confidence

Level N Mean Grouping

Level N Mean Grouping

Level N Mean Grouping

1 10 6698 A 1 10 6971A 1 10 5185A
4 10 5714A 2 10 4705 B 2 10 4618A B
2 10 2.821 B 4 10 2910 c|l [ 103110 B c
3 10 2.141 B 3 10 2424 c| |4 10 1938 C
Means that c.% not share @ letter are significantly difféxent. N
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Model Summary
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Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Model 740196 57423 6070  0.000
Linear 3 26970 89902 9503  0.000
Pressure 1 9459 945917 9995  0.000
Stopper 62.04 62040 6558  0.000

113.07 113.074 11952 0.000
2-Way Interactions 113.70 37899 4006  0.000

1
Degree 1
3
Pressure*Stopper 1 1823 18231 1927 0.000
1
1
1
1

Pressure*Degree 6648 66485 7028  0.000
Stopper*Degree 28.88 284930 3063  0.000
3-Way Interactions 1856 18537 19.62  0.000
Pressure*Stopper*Degree 1856 18557 19.62  0.000
Error 72 6812 0946

Total 79 47007
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Multiple Response Prediction

Variable Setting
Pressure 5
Stopper 2425
Degree 14
Response  Fit SEFit  95% Cl 95% PI
I 1,150 0.308 {0.537, 1.763) (-0.884, 3.184)
Optimal Pressurs Stopper Diegree
; High 5 2475 14
D-08d88 o, F 2425 14
Low 4 2435 12
@
IR &
Blinimum *
y = 1150
d = 0.99335
————————— - — — — — — — — — 1 — — — — — — — —
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ABSTRACT
This study presents a method for identifying the nonlinear parameters of a structure
subjected to wind-induced vibrations caused by vortex shedding. It highlights the differences
in natural frequencies between systems modeled using linear and nonlinear mathematical
approaches. In this research, the Scanlan model, a nonlinear aerodynamic model, was
selected due to its ability to provide more accurate results than linear models. To estimate
the nonlinear parameters of the system, the Volterra series was applied as a theoretical
framework to design for a target natural frequency. Partial results based on the Scanlan
model showed that this parameter estimation method produced accurate outcomes.
Furthermore, the aerodynamic stiffness parameter, which was additionally considered in the
nonlinear model, was determined using the damped natural frequency method in conjunction
with the Volterra series, also yielding precise results. Using assumed parameter values, the
natural frequency of the system based on the linear model was found to be 84.01 rad/sec,
while the nonlinear model produced a natural frequency of 85.18 rad/sec, reflecting a 1.37%

difference. This discrepancy arises from the inclusion of aerodynamic stiffness during
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structural vibration in the nonlinear model, which increases the system’s natural frequency
compared to the linear model that only accounts for structural stiffness. This principle can
be applied to avoid structural damage caused by resonance when the structure vibrates at
its natural frequency due to wind excitation. Alternatively, it can be used constructively—for
example, in bladeless wind turbines where controlled vibrations are used to generate
electricity with high precision in determining the output frequency.

KEYWORD: Vibrations, Vortex Shedding, Natural Frequency, Volterra Series
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ABSTRACT

This paper explores the traveling salesman problem (TSP) in the context of planning one-
day trips for travelers to historical, cultural, and ecotourism sites in Ayutthaya Province,
Thailand. A cloud-based decision-making software was introduced to address this issue
which combines the Clarke-Wright algorithm with the honey bees mating optimization
algorithm. Through experimental evaluations on TSP benchmark problems and real-world
traveler data, it was found that the proposed method is on par with some of the leading
existing algorithms. As a result, travelers can effectively plan optimal tourist routes.
KEYWORDS: Traveling Salesman Problem, Tourist Route, Clarke-Wright Algorithm, Honey
Bees Mating Optimization Algorithm

1. Introduction

This paper primarily addresses the traveling salesman problem (TSP) as it pertains to
route planning for bicycle travel through historical, cultural, and ecotourism sites in Ayutthaya
Province, Thailand. Figure 1 shows sample sites encompassing nine notable destinations in
these categories. Given the array of destinations on the map, each traveler must determine
which sites to include in their tour. Subsequently, the chosen destinations by travelers are
used to formulate a tourist route, starting from the bicycle shop nearest to Ayutthaya railway

station and returning to the same shop upon completion of the trip. The traveler spends

UnA2IUI9Y ACUI3AINSSUANAQOS UK13NY1AYINBUUIUAQ




34 Kasem Bundit Engineering Journal Vol.15 No.2 May-August 2025

more time on route planning based on the abovementioned process. Therefore, we have
developed a cloud-based decision-making software to assist travelers more efficiently. This
software introduces an original approach that integrates the Clarke-Wright (CW) algorithm
[1] and the honey bees mating optimization (HBMO) algorithm [2], enhancing the efficiency
of tourist route planning and particularly supporting traveler decision-making.

The TSP was first formulated as a mathematical problem in 1930, and has since been
the subject of numerous articles [3-7]. It is also recognized as an NP-hard problem [8]. In
this paper, we present the fundamental concept of the TSP as finding the shortest tour
through chosen destinations, ensuring that the traveler visits each destination only once.

The primary contribution of this paper is the development of cloud-based decision-
making software that enables travelers to plan their trips effortlessly. It allows the user to
interact with Google Maps (https://maps.google.com) in a simple and flexible way.
Additionally, it encompasses a database that aggregates the input data for the TSP, including
historical, cultural, and ecotourism sites, as well as travelers’ selected destinations. A
secondary yet significant contribution is introducing a robust approach designed to rival

existing algorithms in terms of solution quality when addressing the TSP.

0
0

Figure 1 Example of historical, cultural, and ecotourism sites in Ayutthaya
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2. Literature Review

Since the introduction of the TSP, numerous approaches have been proposed to tackle
the problem. These include simulated annealing [9], tabu search [10-11], genetic algorithms
[12], variable neighborhood search [13], and ant colony optimization [14-15], among others.
Despite the vast number of approaches already proposed, the development of new methods
to solve the TSP has persisted in recent years. Our survey of these recent advancements is
presented below.

A quantum-assisted compact genetic algorithm was introduced in [16], utilizing the
quantum amplitude amplification technique during the selection process to bypass the local
optima problem. The algorithm was tested on the TSP of size 3 and 4 cities using an IBM
Qiskit simulator. The study further delved into the number of qubits needed for encoding,
gate counts in the circuit model, and the feasibility of implementing this on small-scale
devices. The application of the Parallel Binary Cat Swarm Optimization (PBCSO) algorithm
to the TSP was studied in [17]. Their findings indicated that PBCSO offers promising potential
in analyzing TSP problems. Simulations conducted on Matlab further validated the
algorithm’s feasibility and efficacy. The importance of formulating and advancing the element
decomposition method (EDCM) within the context of the finite element method to address
the TSP was emphasized in [18]. Comparisons between the algorithm utilizing EDCM and
other methods, such as branch and bound (B&B) and ant colony optimization (ACO) revealed
that EDCM outperformed ACO, offering an average improvement of 1.31%. A novel algorithm
tailored to a real-world challenge: the symmetric TSP was introduced in [19]. This algorithm
draws inspiration from the galaxy-based search algorithm and incorporates innovative
concepts like the clockwise search process and the cluster crossover operation. Experimental
results using standard benchmark test sets revealed that the proposed algorithm consistently
achieves the best average percentage deviation from the lower bound. A hybrid genetic
algorithm (HGA) incorporating two local optimization strategies for the TSP was presented
in [20]. The first strategy is employed after generating Hamiltonian circuits (HCs), refining
them to produce shorter HCs. The second strategy integrates with the mutation operation,
aiming to produce shorter HCs. The HGA was designed and evaluated using TSP instances
sourced from the TSPLIB. Results demonstrate that the algorithm identifies the optimal
Hamiltonian circuits (OHCs) for most small-scale TSP instances. Additionally, the deviations

between detected approximate OHCs and given OHCs are minimal for large-scale TSP
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instances. An adaptive parallel ant colony optimization algorithm designed for massively
parallel processors was introduced in [21]. Central to their algorithm is a unique information
exchange strategy between processors. This strategy enables each processor to select a
communication partner and update pheromone levels adaptively. Additionally, they devised
a method to adjust the information exchange time interval based on solution diversity, aiming
to enhance optimization result quality and prevent premature convergence. TSP results
indicate that their algorithm boasts rapid convergence, accelerated speed, and high
efficiency. A novel overall-regional competitive self-organizing map algorithm was proposed
in [22]. Within this framework, two distinctive rules overall competition and regional
competition were embedded. The overall competition ensures the winning neuron and its
neighboring neurons are less competitive when delineating the tour, while the regional
competition intensifies their competitiveness for tour refinement. They crafted an
incrementing radius based on iteration progress to smoothly transition from tour outlining to
refining. Benchmark comparisons against the standard self-organizing map, tested on two
sets of TSP instances from TSPLIB [23], attest to the superior solution quality of their
proposed algorithm. A hybrid method combining genetic simulated annealing, ant colony
systems, and particle swarm optimization techniques was presented in [24]. Their
experiments, based on 25 data sets sourced from TSPLIB [23], revealed that both the
average solution and the percentage deviation from the best-known solution achieved by
their method surpassed those of the compared methods. An effective local search algorithm
integrating simulated annealing and greedy search techniques was proposed in [25]. Drawing
from the standard simulated annealing, their approach combined three mutation types, each
with distinct probabilities. Subsequent incorporation of the greedy search technique aimed
to expedite the algorithm’s convergence rate. Key parameters including the cooling
coefficient of the temperature, the frequency of the greedy search, the compulsion frequency
to accept, and the probability of accepting a new solution were adaptively set based on TSP
instance sizes. Comparative results indicated that their approach strikes a superior balance
between CPU time and accuracy relative to some recent TSP algorithms. An effective
memetic algorithm integrating an enhanced inver-over operator with the Lin-Kernighan local
search was proposed in [26]. When evaluated on 14 distinct TSP instances from TSPLIB
[23], their algorithm demonstrated superior performance compared to other memetic

algorithms, both in solution quality and computational efficiency. A novel method utilizing
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chaotic ant swarm principles was proposed in [27]. Their algorithm was innovatively designed
by integrating a mapping from continuous to discrete space, a reverse operator, and a
crossover operator within the chaotic ant swarm framework. Simulations revealed the
algorithm’s ability to generate optimal solutions for nearly all TSPLIB [23] test problems with
sizes up to 150. The further comparative analysis demonstrated that their method stands
competitive with other heuristic approaches.

While various approaches have been applied to the TSP, many focus on either global
exploration or local exploitation. However, few studies have explored hybrid techniques that
combine initial route construction and global refinement in the context of real-world
applications. In this paper, the CW algorithm was adopted for its speed and practicality in
generating initial solutions, while the HBMO algorithm was chosen for its strong global search
capability. This combination addresses both solution quality and real-world applicability,

particularly for asymmetric routes derived from map-based data.

3. Methodology
In this section, we introduce an approach rooted in the savings concept and inspired by
the natural mating behavior of honey bees, tailored to solve the TSP. The specific procedures

of this approach are detailed in the subsequent subsections.

3.1 CW algorithm

In this paper, we present an amalgamation of the CW algorithm and the HBMO
algorithm tailored to address the TSP. The flowchart of our approach is illustrated in Figure
2, exemplified by a scenario involving six places. The locations of these places are detailed
in Table 1.

1) Savings list calculation: In this step, the savings value (S, ;) between place i and
place j is computed using equation 1.

S; C.i+G ;-G (1)

g iJj
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Figure 2 Flowchart of the proposed approach
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Table 1 Place locations

Place Location
Bicycle shop (72, -73)
Place A (45, -17)
Place B (7, -57)
Place C (56, -10)
Place D (90, -45)
Place E (18, 0)

here, C;, represents the traveling distance from place i to the bicycle shop, C ;
indicates the distance from the bicycle shop to place j, and C,; signifies the distance
between place i and place j. The travel distances, as tabulated in Table 2, are computed
using the Euclidean distance formula provided below for illustrative purposes. Actual distance

data in the real-world case study are obtained from Google Maps and may be asymmetric.

G, = \/(xi_xj)2+(yi_yj)2 2)

In this equation, x

77

y; and x;,y; are the locations of place i and place j,
respectively. Note that S;; =S, due to the symmetric nature of the distance. Once all

savings values are calculated, they are stored in the savings list, as shown in Table 3.

Table 2 Traveling distance

oy 1 2 3 4 5 6
1 0 62.17 66.94 65.00 33.29 90.80
2 62.17 0 55.17 13.04 53.00 31.91
3 66.94 55.17 0 67.90 83.86 58.05
4 65.00 13.04 67.90 0 48.80 39.29
5 33.29 53.00 83.86 48.80 0 84.91
6 90.80 31.91 58.05 39.29 84.91 0
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Table 3  Savings List

Savings

No.
Si; Value
1 2, 3) 73.94
2 2, 4) 114.13
3 (2, 5) 42.46
4 (2, 6) 121.06
5 (3, 4) 64.04
6 (3, 5) 16.37
7 (3, 6) 99.69
8 (4, 5) 49.49
9 (4, 6) 116.51
10 (5, 6) 39.18

2) Savings list sorting: The savings values from Table 3 are then organized in
descending order, transitioning from the largest to the smallest values. This reordered list is
presented in Table 4.

3) Savings connection calculation: The connection of places is determined by
considering the savings values, starting with the largest value from the reordered savings
list in Table 4. When any two places, i and j, are connected, they are recorded in the
savings connection. This procedure iteratively processes subsequent values from the
reordered list until a feasible connection can no longer be established. The finalized savings
connection comprises four savings S, ; (S2’6,S4’6,S2,3,S4_5) as shown in Figure 3.

4) TSP route construction: In this step, a route for the TSP is constructed. The starting point
is designated as the bicycle shop, and the route concludes with a return to the same shop.
The TSP route is depicted in Figure 4, with the solution indicated by the total travel distance
amounting to 275.4 units. It's worth noting that the travel distance maintains its symmetry;

for instance, traveling from 1->5->4->6->2->3->1 is equivalent to 1->3->2->6->4->5->1.
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Table4 New Savings List

Savings

No.
S Value
1 (2, 6) 121.06
2 (4, 6) 116.51
3 (2, 4) 114.13
4 (3, 6) 99.69
5 (2, 3) 73.94
6 (3. 4) 64.04
7 (4, 5) 49.49
8 (2, 5) 42.46
9 (5, 6) 39.18
10 (3, 5) 16.37

UnAIIUIRY

Figure 3 The complete savings connection
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Figure 4 TSP routes

5) New savings list sorting: Typically, savings values are sorted in descending order
within the new savings list. We introduce a new sorting procedure tailored for the TSP to
enhance the likelihood of producing superior solutions. This procedure organizes the savings
values based on the HBMO algorithm. A detailed description of this process is delineated in

Subsection 3.2.

3.2 The honey bees mating optimization algorithm

The HBMO algorithm, originally proposed in [2], draws inspiration from the natural
mating process of honey bees. Within the hive, the queen bee is pivotal, being responsible
for producing the next generation of bees. She mates with multiple drones, storing their
sperm. Post-mating, drones perish. The queen then employs the stored sperm for a random
mix with her genes to produce a new brood. We adopt this mating process to address the
TSP, with the specifics of our approach detailed below.

1) Hive construction: In this procedure, a hive of honey bees is constructed composed
of a single queen and multiple drones. The chromosome representation of these honey bees
is shown in Figure 5, where each gene within a chromosome corresponds to the savings
S; ;- While the standard HBMO generates chromosomes through a random selection of
places, this method diverges by employing the CW, as outlined in Subsection 3.1, to enhance
the quality of solutions in each chromosome. Note that, for the hive's initial iteration, all

chromosomes share the same savings Sij sorted in decreasing order. After that, the
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solutions of all chromosomes are calculated. The most optimal among these solutions is

designated as the queen bee, while the remaining solutions are assigned to drones.

[2,6]4.6|2.4]3.6|2.3]3.4[ 45| 2,556/ 3.5|

Figure 5 Chromosome representation of honey bees

2) Queen breeding: Within each drone, the queen starts breeding to generate a brood
one by one, as shown in Figure 6. The process begins by duplicating an initial chromosome
from the queen’s chromosome into the brood. In Figure 6 (a), selected genes (gene 2 and
gene 3) from a chosen drone are removed and reinserted at another location (gene 1 and
gene 2) within the brood’s chromosome. Subsequently, in Figure 6 (b), other genes in which
the savings S, ; are similar to the inserted genes (savings S, and savings S,,) are
extracted to prevent duplication. In Figure 6 (c), two genes from the drone’s chromosome
are then mixed with eight genes from the brood's chromosome. Finally, the brood is
generated as shown in Figure 6 (d) in order to represent the new TSP solution that the total
traveling distance is equal to 263.61.

3) Broods feeding: Upon completing the queen’s breeding process, the quality of each
brood can be enhanced through a feeding process, as depicted in Figure 7. From Figure 7
(a) to Figure 7 (c), a selected gene (gene 1) from a chosen brood is extracted and
repositioned at another location (gene 3) within the same brood’s chromosome.
Consequently, a refined brood is produced, as illustrated in Figure 7 (d), which represents a
new TSP solution with a total traveling distance of 252.03.

4) Acceptance and stopping criteria: The newly generated broods, originating from the
queen breeding and brood feeding processes, are evaluated to determine new TSP
solutions. The queen is replaced by the best brood only if this brood’s solution surpasses
the queen’s solution. Additionally, any remaining broods replace the current drones if their
solutions are superior to those of the drones. This proposed approach is iteratively executed
until the stopping criteria are met, which is determined by a predefined number of iterations.

The integration of the CW algorithm and HBMO allows the system to benefit from both

a fast route initialization mechanism and an adaptive global search capability. This hybrid
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structure enables the algorithm to efficiently generate high-quality routes and avoid local

optima, which is particularly useful for dynamic instances in real-world applications.

Brood
2,6[4,6[2.4[3.6]23[3.4]45] 25 5.6] 3.5

Drone

[2,6]4.62.4]3,6|2,3|3.4]45|2.5]5.6]3.5|

(a)
Brood
[4.6]2.4| [2.6]4.6|2.4]3.6|2.3]3.4]4.5]2.5|5.6| 3.5

(b)
Brood
3,6|2,3|3,4|4,5|2,5|5,6|3,5|
(c)
Brood

|4,6|2,4 |2,6|3,6|2,3|3,4|4,5|2,5|5,6|3,5|

Figure 6 Example of queen breeding process
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Brood Brood
[4.6]2.4]2.6[3,6|2.3]3.4[ 45| 2.5]5.6]35| {2.4]2:6/3,6[2,3|3,4]4,5]2.5]5,6/3.5|
me
(a) (b)
Brood
[24]2.6] o |3.6|2.3]3.4]45]2.5|56]3,5|
I
(c)
New Brood

|2,4 |2,6 |4,6 3,6 | 2,3 | 34 | 45 | 2,5| 5,6| 3,5|

(d)

Figure 7 Example of broods feeding process

4. Results and Discussions

The outcomes of the extensive computational testing on the proposed approach are
now discussed. Initially, as cited in existing literature, a collection of benchmark problems
related to TSP were considered for examination. Subsequently, real-world problems
stemming from actual travelers’ experiences, which served as the primary motivation for this

research, were thoroughly investigated.
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The proposed approach was coded using PHP version 8.2.4 and implemented on a
cloud server equipped with an Intel® Xeon® Silver 4214 CPU running at 2.20 GHz and
supported by 1.99 GB of RAM. The operating environment was the Windows Server 2012
R2 Standard platform. Prior to execution, certain parameters were preset, including

Queen=1, Drone=5, Brood=5, Iteration=1000.

4.1 TSP benchmark problems

The performance of the proposed approach was first evaluated using 4 benchmark
instances from the TSPLIB library [23]. Each instance is identified by a dataset label followed
by the number of nodes. To determine the efficacy of our method, we juxtaposed it with
existing TSP algorithms found in the literature.

Table 5 demonstrates the effectiveness of the proposed approach for the solution of
the 4 TSP problems. When compared to existing solutions, our method is highly competitive.
The proposed approach is able to find all the best known solutions, reported by other
approaches which are highlighted by using bold type, for all problems with up to 52 nodes.
These indicate that the proposed approach is effective and efficient in producing high quality

solutions for the TSP benchmark problems. Therefore, it consistently outperforms.

Table 5 Comparative results with the other algorithms

Best Proposed
No. Instance [24] [27] [21] | [20] | [19] [17]
known approach
1 berlin52 7542 | 7542 — — | 7544 | 7542 — 7542
2 dantzig42 699 — — — — — 723 699
3 eil51 426 427 426 426 | 428 | 427 513 426
4 oliver30 420 — 420 — — — — 420

4.2 Real-world problem

The real-world problem posed by travelers in Ayutthaya Province, Thailand, was put to
the test in our study. The numerical experiment used real data provided by 7 travelers. In
this experiment, the case study depends on one day of tourist route in April, 2025, where

the traveling distance for general TSP is symmetric. However, the distance of traveling from
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place A to place B may differ from the distance when traveling them from place B to place
A. Therefore, for this case study, it is asymmetric TSP that our software can also handle
problem which has asymmetric distance obtained from Google Maps
(https://maps.google.com). Although the number of locations in this case study is relatively
small, the proposed approach was selected to support practical use in a cloud-based
application. Exact methods were not applied, as the study focuses on generating efficient
routes under real-world conditions, where responsiveness and adaptability are important. We
discuss the case study that the percentage deviation ( PD ) between the solutions obtained

from the proposed approach (new) and the traveler’'s route (old ) is calculated as follows:

PD = (ijmo 3)
old

From the results in Table 6, we found the new solutions for all travelers. The total
traveling distance is reduced by 29.83%. The optimal tourist route, as determined by the
proposed approach, markedly outperforms the traveler's original route in all aspects.
Furthermore, the seven tourist routes, as charted by the travelers and as proposed by our

approach, are depicted in Figure 8.

Table 6 Computational results from the real-world problem

Solution (km.)
Traveler Number of places
Traveler’s route Proposed approach
1 6 15 11
2 7 14 12
3 6 17 15
4 8 15 11
5 7 12 9
6 8 19 11
7 6 9 9
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Traveler’s route The proposed approach
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Figure 8 Tourist routes by the travelers and the proposed approach
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The visual comparison in Figure 8 demonstrates that the routes generated by the
proposed approach are generally more direct and efficient. In contrast, the original routes
created by travelers may include unnecessary detours or inefficient sequences due to the
lack of systematic planning. This highlights the benefit of applying an optimization algorithm

to support decision-making in multi-destination travel.

5. Conclusions

We conducted research on the traveling salesman problem as it pertains to history,
culture, and ecotourism in Ayutthaya Province, Thailand. The focus of this study was on
route planning for travelers starting from a bicycle shop and heading to their selected
destinations. Our method combined the Clarke-Wright algorithm with the honey bees mating
optimization algorithm to address the problem. We assessed the efficacy of our approach
using TSP benchmark problems, comprising 4 instances sourced from the literature, and
juxtaposed our results with the best-known solutions. The findings reveal that our method is
on par with top-performing algorithms in terms of solution quality. Notably, it achieved the
best-known solution for all tested instances and exhibited superior performance compared
to the conventional traveler’s route. Consequently, our research underscores the exceptional
performance of our approach against other algorithms. Furthermore, the model,
methodology, and our proprietary software demonstrate utility in aiding travelers in their

decision-making processes.
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ABSTRACT

In construction most of the buildings are constructed using brick as a load carry element
while there are no standard guidelines and references to practice during preparation of
bricks. There is no documented performance sheet available for the mechanical properties
of bricks. In this study, bricks using different type of soil as per geological map of Pakistan
manufactured by the conventional and zigzag technology are investigated for their
mechanical properties. For the comparative analysis of the mechanical properties for the
said brick types, 15 masonry prisms along with 10 masonry walls are constructed and
investigated for the axial compression. Digital image correlation (DIC) is used to cross-
validate the results of deformations measured with linear variable displacement transducer
(LVDTs). Furthermore, software models using Abacus are used to correlate the damage
analytically. It was observed that zig-zag bricks have more compressive strength than all
other conventional bricks although bricks manufactured in Peshawar performed better than
other counterparts. The results of this study can be used for designing the experimental
program and effective decision-making techniques for mechanical properties of bricks in
midrise masonry structure.

KEYWORDS: Digital Image Correlation, Analytical Model, Axial Compression, Masonry

Structures, Height to Thickness Ratio
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1. Introduction

Bricks have been widely used as building components used for masonry construction
globally. Fired clay bricks are used to make load bearing walls in buildings [1]. It's reported
that 1.3 trillion bricks are produced worldwide annually. Clay bricks are generally
manufactured by baking clay molded blocks in brick kilns. Pakistan has a potential of
producing 1.5% clay bricks of the total demand meet by twenty thousand Killens near the
urban areas [2].

According to the geological map, Pakistan has a diverse distribution of the sedimentary
and metamorphic which is ranging from mudstone to sandstone and shale. Zhang [3] and
Oti et al [4] reported that a variation of clay content causes a change in the mechanical
properties of bricks. Different tests were performed by researchers to investigate the
mechanical properties of bricks. Toure et al [5] investigated the thermal capacity, thermal
conductivity, and compressive strength of five different manufacturer bricks and concluded
that the vibrated bricks exhibited a lower compressive strength of about 1.6 MPa as
compared to an average compressive strength of 2.3 MPa in the case of compressed bricks.
Dondi et al [6] investigated the mechanical properties and microstructure of the fired clay
bricks and determined that for bricks with equal water absorption, fast firing tends to higher
bond strength, lower bulk density, improved frost resistance, and greater mean pore size.

Masonry prisms offer a more accurate representation of actual construction,
encapsulating the combined effects of masonry ingredients and workmanship quality. In a
study by Singh and Munjal [7], 120 prisms made from burnt clay bricks and concrete blocks,
using various mortar types, revealed that compressive strength increased with higher mortar
strength and brick strength. Chen et al [8] further explored compressive strength assessment
with 192 prisms using burnt clay and pressed-earth bricks, varying mortar proportions and
h/t ratios. Their findings contribute to valuable insights into the performance of masonry
elements.

Joyklad and Hussain [9] explored the axial and diagonal compressive behavior of ten
masonry walls constructed with hollow interlocking bricks. Varying cement-sand grouts, with
or without steel bars, revealed that walls with cement-sand grout exhibited reduced
deformation. Employing advanced techniques like Zig-zag technology can lead to a 30%
reduction in fuel consumption, enhancing heat distribution in the kiln and increasing the

production of 1st class bricks from 60% to 95% [10,11]. Yooprasertchai et al [12] investigated
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the mechanical properties of concrete made with recycled brick and concrete as a partial
replacement for coarse aggregates which show less strength and stiffness than those made
with natural aggregates. A cost-effective method using inexpensive glass fiber-reinforced
polymer composites (LOC-GFRP) is proposed to address this. The ultimate strain and
compressive strength were enhanced by 478% and 271%, respectively. With more LOC-
GFRP layers, the resulting bilinear compressive stress vs. strain response demonstrated
enhanced ductility and strength. Ali et al [13] investigated the use of plastic as a partial
replacement for natural coarse particles in concrete. In order to achieve this, seven concrete
mixes were produced by substituting natural aggregates with and without silica fume of
comparable replacement levels with cement utilizing 0, 10, 15, and 20% plastic coarse
particles. The results showed that adding plastic particles to concrete increased its workability
but had a detrimental impact on its mechanical properties and fresh density. Without silica
fume, plastic aggregate concrete's compressive and tensile strengths decreased by 32 and

33 percent, respectively.

2. Experimental program

Based on geology, Pakistan is widely distributed in many different classes of soil.
According to the soil map of Pakistan, around 26 different types of soil exist in Pakistan.
Based on the major soil types, five different regions were selected for the collection of 1% class
bricks, as shown in Table 1.

The mechanical and physical properties of 1% class burnt clay bricks, collected from
specified regions, were determined by absorption, compressive strength, modulus of rupture,
and splitting tensile strength, according to ASTM standards. The typical dimension of the
bricks used in this experimental program was L=9" W=4.5" H=3". Before the construction of
masonry prisms, the mechanical properties of mortar were determined by preparing 50mm
mortar cubes, using one part of cement to 2.75 part of sand by weight with a w/c ratio of
0.485. Ordinary Portland Cement (OPC) was used with the highest compressive strength of
10,000 psi. Locally available sand was used to prepare mortar. 6 mortar specimens were
prepared and tested under compression loading after 28 days. The test results of individual
bricks and mortar are presented in Table 2. A total of 15 brick masonry prism specimens of

varying h/t ratio i.e., 1.42, 2.17, and 2.93 using stack bond were constructed and tested
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under compression using a Universal Testing Machine (UTM) with a capacity of 2000 KN.
The tests were performed according to ASTM C1314-23a [14].

The thickness of the mortar joints in the masonry prism specimens was 10 mm. Steel
plates were placed at the top and bottom of the specimens to ensure that the load was
applied uniformly to the prism specimens. The load was applied uniformly not less than two
or more than four minutes until the specimen collapsed. A total of 10 walls, single brick wall
and double brick wall for each type given in Table 1, were constructed. An experienced
mason was hired for the construction of walls. The thickness of the mortar joints was 10
mm. The dimensions of the wall specimens were 700 mm x 700 mm. The wall specimens
were subjected to 28 days of curing. Hessian cloth technique was employed for curing wall
specimens. The masonry walls were tested under pure axial compression as per ASTM
C1717-18 [15] under a reaction frame with a capacity of 1000KN.

The axial load was applied using a hydraulic jack with a uniform rate until the wall failed.
The propagation and intimation of cracks were visually inspected and recorded by a camera.
A steel girder was used to distribute the load on the wall specimens. The experimental setup
is illustrated in Fig. 1. One linear variable differential transducer (LVDT) was attached to the
face of the walls to determine the axial deformation in mm that was noted using a data

logger, as shown in Fig 2.

Table1  Regional details

Regions  Type of soil Brick type Brick class Cities

Region A Alluvial soll Conventional fired 1% class Peshawar
clay bricks

Region B Loamy soll Conventional fired 1% class Taxila
clay bricks

Region C  Calcareous sandy soil Conventional fired 1% class Sargodha
clay bricks

Region D  Mainly loamy part gravelly Conventional fired 1% class Quetta

soil clay bricks

Region E  Loamy and clayey soil Zig-zag technology 1% class Rawalpindi

bricks (Zig-zag)
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Table 2 Properties of constituent materials

Constituent Region Test conducted Test Result
material
Brick z Absorption (%) 13.2
P ASTM C67-17 [16] 14.4
S 16.2
T 18.9
Q 19.9
V4 Compressive strength (MPa) 13.9
P ASTM C67-17 [16] 11.3
S 9.8
T 9.7
Q 7.0
4 Modulus of rupture (MPa) 4.2
P ASTM C67-17 [16] 3.7
S 2.8
T 2.7
Q 2.6
4 Splitting tensile strength (MPa) 1.3
P ASTM C1006-07 [17] 1
S 0.7
T 0.67
Q 0.3
Mortar Locally Compressive strength (MPa) 21.3
available sand ASTM C109/C109M-16a [18]
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Load cell

Beam
Wall

Figure 1 Experimental setup

LVDT H ‘ H

Figure 2 Dimensions and instrumentation of axial compression test

3. Experimental results
3.1 Tests on brick prisms

In this study, a total of 15 prism specimens using bricks were constructed i-e 2 bricks,
3 bricks, and 4 bricks masonry prisms were structured. The compressive strength of the
prisms was investigated using UTM having capacity of 5000 KN in accordance with ASTM
C1314-23a [14] after 28 days of curing. h/t ratio varied in the prism specimens i.e., 1.42 for
2 brick prisms, 2.17 for 3 brick prisms, and 2.93 for 4 brick prisms. The ultimate load, and
the compressive strength of masonry prism specimens are shown in Table 3. It can be
observed that the prism strength increases with the increase in the brick strength. The brick
units possess the greater part of the prism’s volume and provide a direct load transfer path.
A similar variation was reported by Thaickavil and Thomas [19]. The variation of compressive

strength of masonry prism with the influence of brick strength is shown in Fig.3.
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Table 3  Results of test for axial compression on brick prisms

Sr. Region Single brick Designation h/t Max. Prism Modulus of

No. strength f, of prisms Load strengthf, Elasticity E
(MPa) (kN) (MPa) (MPa)
1 Zigzag Z2 142 155 49 3675
2 13.9 Z3 217 115 4.4 3300
3 Z4 293 108.5 4.3 3225
4 Peshawar P2 142 134.2 4.2 3150
5 11.3 P3 217 97 3.7 2775
6 P4 293 90.9 3.6 2700
7 Sargodha S2 142 135 4.2 3150
8 9.8 S3 217 94.4 3.6 2700
9 S4 293 822 3.3 2475
10 Taxila T2 142 103.5 3.2 2400
11 9.7 T3 217 75.9 29 2175
12 T4 293 695 2.8 2100
13 Quetta Q2 142 935 29 2175
14 7.0 Q3 217 69.5 2.7 2025
15 Q4 293 50 2.0 1500
6
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Figure 3 Influence of brick strength on the compressive strength of masonry prism
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The percentages of water absorption of bricks are given in Table 2, the bricks collected
from the Quetta region exhibited the highest absorption value of 19.9% as compared to other
regions. Zig-zag kiln bricks showed the lowest absorption value of 12.96%. Absorption
percentage has an inverse relation with the strength so that if the percentage absorption is
higher than the compressive strength tends to decrease and vice versa [20,21] as shown in
Fig. 3. Fig. 4 shows the comparison of the compressive strength of prisms of different regions
with respect to the h/t ratio. The compressive strength of the prism decreases with an
increase in the h/t ratio and bulge of specimens reflected Poisson’s effect. However, due to
the friction between the surface of the prism and steel plates of the machine, the top and
bottom of the prism were restricted to bulge laterally and as a result of this, the middle zone
of the prism was under tension and the top and bottom of the prism were under compression.
A similar variation was reported by previous researchers [19] Masonry is weak in tension
because of the weak links at the brick-mortar interface. When the height of the prism
increases the zone subjected to tensile stress increases and this tensile zone is vulnerable

to cracking due to which the strength of the prism decreased with the increase in height of

the prism.
6
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Figure 4 Effect of hi/t ratio on the compressive strength of brick prisms
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The failure pattern of brick prisms is shown in Fig. 5 where it can be seen that the
failure occurred by vertical splitting. Under axial compression, bricks expand laterally but
the soft brick strong mortar combination makes them confined hence, the mortar was subjected
to a biaxial tension state and the bricks were subjected to a triaxial compression state,
resulting in vertical splitting. A similar crack pattern was observed by previous researchers [22].
Teja [23] also investigated the mechanical properties of bricks and observed similar vertical

splitting failure along with diagonal and crushing failure in the prism specimens.

Figure 5 Vertical splitting failure of brick prisms

3.2 Wall testing
3.2.1 Axial compression of the double brick wall

A total of ten wall specimens were constructed, one single brick wall and one double
brick wall form each region were planned. The compressive strength results of double
brmasonry wall specimens are shown in Table 4. The compressive strength of the wall
specimens was calculated by dividing the ultimate load over the area of the wall. The Zig-
zag brick wall failed at the ultimate load of 600 KN with an axial deformation of 2.8mm and
a compressive strength of 3.7 MPa. The Zig-zag wall showed the highest ultimate load
carrying capacity and compressive strength as compared to the other regions’ walls. The
Quetta region wall showed the lowest ultimate load carrying capacity of 374 KN with an axial
deformation of 2.8 mm and its compressive strength was 2.34 MPa, which was also lowest
as compared to the other regions’ walls. The compressive strength of single brick affected
the axial compressive strength of the wall as the strength of the Quetta region brick was

lowest as compared to the other regions’ bricks and ultimately its wall strength also turned

UnA2IUI9Y ACUI3AINSSUANAQOS UK13NY1AYINBUUIUAQ




5E Kasem Bundit Engineering Journal Vol.15 No.2 May-August 2025

out to be the lowest in all the wall specimens. This could be attributed to the higher percent
absorption of Quetta bricks. The failure in axial compression occurred by vertical cracking
followed by splitting and crushing of bricks. This type of failure mainly occurs due to different
strain characteristics of bricks and mortar joints. Vertical cracks occurred parallel to the
direction of the applied load. It was investigated that masonry walls and small wallets in axial
compression and concluded that the vertical cracks appeared first at the top course of bricks

and then propagated all over the wall specimen.

Table 4  Axial compressive strength of double brick walls

Sr. No Wall type Ultimate load Compressive Axial deformation
(kN) strength (MPa) (mm)
1 z 600 3.7 28
2 P 523 3.3 2.2
3 S 430 27 34
4 T 400 26 1.7
5 Q 374 23 2.8

The graph in Fig. 6 illustrates the axial load versus axial deformation response of
double brick masonry walls in the specified regions. Initially, all curves displayed linear
behavior up to approximately 30% of the maximum load. This was attributed to connections
between bricks and mortar, resulting in less cracks. However, as the load continued to
increase, the bearing load capacity of the bricks diminished, leading to cracks in the mortar
joints. The nonlinear behavior of the wall specimens was primarily associated with the
initiation of vertical cracks. The combination of soft bricks and strong mortar caused the
bricks to be confined, subjecting the mortar to a biaxial tension and the bricks to a triaxial
compression, ultimately leading to vertical splitting failure. Notably, bricks from the Sargodha
region exhibited confinement after reaching the ultimate load, indicating a higher load-bearing

capacity. Smaller cracks were observed, and as the load increased, more cracks developed

internally, showing a regular pattern of deformation.
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Figure 6 Axial load vs deformation of double brick walls

3.2.2 Axial compression of the single brick wall

The compressive strength results of single brick masonry wall specimens are shown
in Table 5. The Zig-zag brick wall failed at the ultimate load of 290 kN with an axial
deformation of 2.63 mm and a compressive strength of 3.62 MPa, which was highest
compared to other wall types. The Quetta region wall showed the lowest ultimate load-
carrying capacity of 180 kN with an axial deformation of 2.85mm and a compressive strength
of 2.25 MPa, which was lowest as compared to other regions. The compressive strength of
single bricks affected the strength of the wall as the Zig-zag bricks with the highest
compressive strength as compared to other regions bricks also exhibited higher strength of
Zig-zag brick wall. Tables 4 and 5 also demonstrate that the thickness of wall specimens
affects the ultimate load-carrying capacity of the walls. The double brick walls exhibited higher
load carrying capacity as compared to the single brick walls because of the lower slenderness
ratio of the double brick wall. It has been indicated in the literature that as the slenderness
ratio of masonry walls increases, the strength of the masonry wall decreases [24,25]. The
slenderness ratio can be calculated by dividing the height over the thickness of the wall
specimen. Kirtschig and Anstétz [26] also investigated the relationship between slenderness

ratio and compressive strength and concluded that the strength of wall specimens decreased
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by increasing the slenderness ratio. Similar to the double brick walls, vertical cracks occurred

parallel to the direction of the applied load [27].

Table 5 Axial compressive strength of single brick walls

Sr. No Wall type Ultimate load Compressive Axial deformation
(kN) strength (MPa) (mm)
1 z 290 3.6 2.6
2 P 250 3.1 22
3 S 205 2.6 3.5
4 T 190 24 1.5
5 Q 180 2.2 2.8

The graphical representation in Fig. 7 illustrates the axial load versus axial deformation
characteristics of single brick masonry walls. Similar trends were observed in single brick
walls compared to their double bricks. Initially, all curves exhibited linear behavior up to
approximately 30% of the maximum load, attributed to the limited development of cracks due
to firm bonding between bricks and mortar. However, as the load increased, the bricks lost
their load-bearing capacity, and cracks initiated in the mortar joints, leading to nonlinear
behavior beyond the ultimate load. In wall specimens, the nonlinear behavior primarily
resulted from the initiation of vertical cracks. The combination of bricks and mortar created
a state of triaxial compression for the bricks and biaxial tension for the mortar. Notably, the
Sargodha region brick exhibited significantly better post-ultimate load behavior, reflecting the
similarity of performance observed in double brick walls. On the other hand, the Taxila region

brick wall displayed more brittle behavior compared to other specimens, as of its lowest

ultimate deformation.
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Figure 7 Axial load vs deformation of single brick walls

3.2.3 Ductility ratio of the wall specimens

The ductility level defines the capacity of the specimens to absorb energy and their
ability to deform. Ductility is the ability of a structure or its members to undergo a wide
inelastic deformation beyond the initial yield deformation without losing load-carrying capacity
or without breaking before failure. A structure must have strength as well as ductility for
adequate performance. Structures with adequate ductility will not collapse suddenly and can
undergo large deformations and provide adequate time to evacuate before failure [28,29].
The ductility (u) of the wall specimens was calculated as the ratio of ultimate deformation

(Au) to yield deformation (Ay ), as shown in equation (1).

A
Ductility = = (1)

Ay

The yield strain was calculated as 80% of the strength [30]. The ductility of double
and single brick wall specimens is given in Tables 6 and 7, respectively. The Sargodha
region brick wall showed the highest ductility as compared to other regions. More ductile

behavior of the specimens reflects that they will absorb more energy before the collapse
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[31]. The Quetta region brick showed the lowest ductility as compared to other regions. The
ductility of both single and double brick wall specimens was in good agreement with the
standard requirement which specifies that the minimum ductility ratio for unreinforced
masonry walls should be at least 1.25. The ductility ratio of double and single brick wall
specimens of different regions is presented in Figs. 8 and 9, respectively. The ductility factor
is affected by the stiffness of the wall specimens as stiffer structure exhibits more brittle

behavior.

Table 6 Ductility of double brick wall specimens subjected to axial compression

Sr. No Wall type Au (mm) Ay (mm) u
1 Z 2.80 0.69 4.1
2 P 2.10 0.75 2.8
3 S 3.40 0.71 4.8
4 T 1.71 0.69 25
5 Q 2.81 1.51 1.9

Table 7  Ductility of single brick wall specimens subjected to axial compression

Sr. No Wall type Au (mm) Ay (mm) M
1 Z 2.60 0.72 3.6
2 P 2.21 0.75 2.9
3 S 3.50 0.47 7.4
4 T 1.51 0.65 2.6
5 Q 2.81 1.31 21

Faculty of Engineering, Kasem Bundit University Research Article




3ronssuAsinuUUrua OR 15 alun 2 wnuNIAU-AYKIAL 2568 5/

6
~5
o4
B
2’
5 2
a4
0
Z P S T Q
Regions
Figure 8 Ductility ratio of double brick walls
8
q
~6
25
&
g
S 3
R
1
0
Z P S il Q
Regions

Figure 9 Ductility ratio of single brick walls

3.2.4 Application of DIC technique for axial deformation

An analytical technique of 2D digital image correlation was also used to correlate the
deformations results. Digital image correlation (DIC) is an optical technique that incorporates
image registration and tracking methods for precise 2D measurements of changes in images
[32,33]. In 1975, correlation theories for measuring data changes were extended to digital
images for the first-time digital image correlation is a very effective technique to measure
deformations and strains without employing LVDTSs or a data logger [34]. A digital camera of

18MP with a frequency of 30Hz was used to obtain high-quality images of the test specimens
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correlate software that was used as an easily accessible opensource platform. For DIC
analysis, the creation of the stochastic pattern is a crucial step [35]. High contrast images
are required to optimize the DIC analysis. For this purpose, the specimens were painted with
white paint, and different points were marked on the front face and a black speckled pattern
was applied on the back face of the wall for strains, as shown in Fig 10. The videos of the
whole test were recorded at the rate of 30 frames per second to obtain high-quality images.
The timeline of the videos recorded by the digital camera was then synchronized with the
time recorded by the data logger. A facet of 30x30 pixels was used to track the deformation
of the wall during the test. The results obtained from the two-dimensional image correlation

(GOM) and LVDTs were compared.

(a) Back side (b) Front face

Figure 10 Black speckle pattern over the face of the wall

3.2.5 Comparison of axial deformation of double and single brick walls with DIC

technique

Load deformation curves for the double brick wall specimens of each region, as
obtained by the experimental and DIC technique, are shown in Fig. 11. The agreement was
found to be reasonably good between the LVDT and DIC measurements. The percentage
difference between the experimental and DIC values of maximum deformations for Zigzag,
Peshawar, Sargodha, Taxila, and Quetta regions was 3.57%, 0.46%, 1.62%, 1.16%, and
1.79%, respectively. The percentage difference between the experimental and DIC values
of maximum deformations for double brick walls of Zigzag, Peshawar, Sargodha, Taxila, and

Quetta regions was 2.63%, 0.92%, 1.3%, 1.99%, and 1.05%, respectively.
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Figure 11 Comparison of experimental and DIC calculated axial deformations of double

brick wall specimens
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Table 8 Comparison of Axial Deformation of Walls with DIC and FEM

Sr. Wall % Difference b/w % Difference b/w % Difference b/w % Difference b/w
No type experimental and experimental and experimental and experimental and
DIC values DIC values FEM values FEM values

(Single brick) (Double brick) (Single brick) (Double brick)

1 4 3.75 2.63 0.76 3.1
2 P 0.46 0.92 19.72 0.46
3 S 1.62 1.3 6.94 1.27
4 T 1.16 1.99 0.66 1.16
5 Q 1.79 1.05 0.35 2.14

3.3 Failure modes of the wall specimens

The observed failure patterns are similar, primarily with significant damage at both the
upper and lower courses of the wall. In the case of axial compression on the wall specimens,
the primary mode of failure was the development of vertical (flexure) cracks aligning parallel
to the applied load direction. Subsequent failures ensued as a result of the splitting and
crushing of the bricks within the loading region. In addition to these principal cracks,
numerous minor cracks manifested on the walls. The damage initiation originated from the
brick surface and extended across the wall surface through joints. The level of brick damage
was high due to the comparatively higher compressive strength of the mortar.

Lenczner [36] described the brick-and-mortar behavior subjected to axial load and
concluded that the mortar joint appears to expand laterally when the load is applied because
of its less rigid behavior, as compared to bricks. When the tensile stress on a brick surpasses
its ultimate tensile strength, failure occurs. In our case, the combination of a weak brick and
strong mortar resulted in the mortar experiencing tension, while the brick underwent
compression. The failure of the brickwork under axial compression primarily initiated from
vertical splitting caused by distinct strain characteristics in both mortar joints and bricks.
Additionally, horizontal tension in the bricks contributed to the overall failure. Similar behavior
was also observed.

Fig. 12 and 13 show the same crack pattern in both the experimental and DIC technique.

Cracks observed by DIC showed a good relationship with the experimental results [37].
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(a) Double brick wall (b) Single brick wall

Figure 12 Failure modes of wall specimens subjected to axial loading.

(b)

Figure 13 Crack pattern (a) experimental view (b) DIC crack visibility

3.4 Finite element modeling of brick walls

For the numerical idealization of the actual member, accuracy in the modelling of
element type and size, geometry, material properties, boundary conditions, and loads is
essential. Finite element modeling was carried out to compare experimental and analytical
results. Abaqus software was used for numerical modeling of brick masonry walls under axial
compression [38]. There are several ways to model masonry in Finite Element Analysis
(FEA) varying from a very detailed micro-level to a composite macro level, as discussed by
Van Noort [39] and Lourenco [40]. The macroscale model was used in this study. For
modeling masonry walls, two parts were defined in the “Part Module” of Abaqus, i.e., top
beam, and the masonry wall. These parts were created as 3d deformable type with a solid
shape as recommended by previous studies [41,42]. The parts were meshed in the “Mesh
Module” of Abaqus but before that, an approximate global seed size of 70 mm was provided
from the menu bar in part. The model geometry of a simple and meshed wall is shown in
Fig. 14. For both Abaqus/Standard and Abaqus/Explicit, the “Concrete Damaged Plasticity

model” was applied, offering a general capability for concrete analysis and appropriate for

UnAIIUIRY ACU:IAINSSUANAQS UHI3NYIAYINBUULIAQ




/E Kasem Bundit Engineering Journal Vol.15 No.2 May-August 2025

masonry. The masonry wall was connected to the beam by forming a surface-to-surface

contact in the create [43,44].

(b)

Figure 14 Model geometry used in Abaqus (a) simple wall (b) meshed wall

“Interaction Module”. A reference point (RP-1) was made on the girder to connect it to
the wall and load was applied as shown in Fig. 15. Based on previous research the
displacement type boundary condition was applied at the top part and ENCASTRE boundary

condition was applied to the wall's bottom.

Figure 15 Model showing boundary conditions and load applied in axial compression

testing

3.4.1 Comparison of axial compression behavior of double and single brick walls using
Abaqus
Abaqus software was used to analytically determine the axial compressive behavior
of the wall specimens. The percentage difference between the experimental and analytical
values of maximum deformation of double brick wall for Zigzag, Peshawar, Sargodha, Taxila,
and Quetta regions’ bricks was 3.1%, 0.46%, 1.27%, 1.16%, and 2.14%, respectively. The

percentage difference between the experimental and analytical values of maximum load for
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the above-mentioned region’s bricks was 0.33%, 1.23%, 0.47%, 0.25%, and 0.27%,
respectively. Load deformation curves for the single brick wall specimens of each region are
shown in Fig. 16. The percentage difference between the experimental and analytical values
of maximum deformation for Zigzag, Peshawar, Sargodha, Taxila, and Quetta regions, bricks
was 0.76%, 19.72%, 6.94%, 0.66%, and 0.35%, respectively. The percentage difference
between the experimental and analytical values of maximum load for the above-mentioned
regions bricks was 0.34%, 0.8%, 2.93%, 1.58%, and 3.78%, respectively. A good agreement
between the experimental and Abaqus results was observed for both single and double brick
walls. Fig.17 (a-d) shows the comparison of damage visualization of the wall specimens using
Abaqus. It can be observed that the compression starts from the top of the wall and propagates
all over the specimen. The failure of the brickwork under axial compression is usually attributed
to horizontal strain in the bricks due to vertical splitting [36]. After observing the crack pattern
in software at different stress levels, it was observed that initially, the cracks developed on the
upper side of the wall below the girder and then propagated all over the wall.

Expernimental Experimental
- — - Analytical - — - Analytical

2004

Load (kN)
Load (KN}

100 4 1004

Deformation (mm) Delonuation ()

(a) Zigzag (b) Peshawar

— Experimental i —— Experimental
- = - Analytical - = - Analytical

Load (kN}

Load (kN)

Deformation (ium) Defanation (mm}

(c) Sargodha (d) Taxila

Figure 16 Comparison of the experimental and analytical deformation of single brick

wall specimens subjected to axial compression.
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Figure 16 (continued) Comparison of the experimental and analytical deformation of

single brick wall specimens subjected to axial compression

Figure 17 Comparison of damage visualization using Abaqus (a), (c) Experimental view

(b), (d) Abaqus software view

4. Conclusion

Masonry walls using different types of bricks are tested against uniaxial compression.
The results of deformations and strains as well as a digital image correlation are concluded
as follows.

Bricks from the Peshawar region demonstrated superior mechanical properties among
conventional kilns, while zig-zag kiln bricks outperformed their conventional counterparts.

However, prisms constructed with zig-zag kiln bricks exhibited higher compressive strength
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than those from other regions. The study revealed that single brick strength directly
influenced masonry prism strength, which decreased with higher h/t ratios. zig-zag kiln bricks
also resulted in enhanced compressive strength in both single and double brick walls
compared to bricks from other regions.

Validation using LVDT values confirmed the accuracy of deformations obtained through
digital image correlation (DIC), indicating satisfactory results. Additionally, DIC monitoring
proved effective in identifying incipient cracks before visible signs emerged. This cost-
effective DIC system presents a viable alternative for full-scale structural testing, offering
potential improvements over existing monitoring approaches. The analytical results obtained

by Abaqus software were in good agreement with the experimental results.
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ABSTRACT
This research investigated the carbon dioxide (CO,) emissions and energy efficiency of the
production of briquetted fuels including briquetted biomass, torrefied briquetted biomass, and
briquetted biochar, produced at both laboratory and pilot scales, using Sriracha pineapple
leaves. The results showed that briquetted biomass production led to low CO, emissions
and high energy efficiency of 2.31 kgCO,-eq and 52.38%, respectively. However, this type
of fuel had a low heating value, a large quantity was thus required for effective use. In
contrast, the torrefied briquetted biomass and briquetted biochar had higher heating values
but resulted in increased CO, emissions and lower energy efficiency. These were due to the
high energy consumption required for biomass energy decomposition, especially in biochar
production through pyrolysis which involves high temperatures. After that, the biochar
production process was scaled up to the pilot scale using a 200-liter kiln equipped with a
condensation system for condensing volatile gases into wood vinegar and recirculating the
remaining non-condensable gases as co-fuel. The energy efficiency of the process was

improved compared to laboratory-scale biochar production, which did not reuse the biomass
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gases. This demonstrated a more efficient energy utility. Additionally, this process emitted
less CO, than other methods due to partial carbon sequestration in the form of wood vinegar
and reduced fuel consumption for heating during pyrolysis. Biochar could have the potential
use of biochar as a carbon sink when applied as a soil amendment as well. The findings
from this study provided preliminary information for selecting appropriate briquetted fuels
production methods, according to production and utilization objectives for both laboratory
and industrial scales.

KEYWORDS: CO, emission, Energy efficiency, Agricultural wastes, Fuel briquettes,

Torrefaction
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o a o

INIATALS aﬂwmzmaaluﬁuﬂ:s@Ll,am@Tagﬂﬁ 1 maessalusuilzradnsunimasadin

q
Qs v

szaudasdfuanisinldlesdalusudzsalidanusidszano 2-3 lsudias N9li9
a Y v v dl a [ =1 Qq: =1 v &/ 4
ganndnasliuionszaungmngdl 105 °C iluian 60 w1l mnuwfvludaannuduiie
° o ' a o ° o o 2
LASYNEIRTUNIINARDY fIRATATuN I URUYIA I RIUNITNARDITLAUAATWIY T
FUAWATIRLANRINANEA VRO 200 AT 2z luFUYzTaN baantuiwnTrane
aunaaniduly dnwazdagu 1 waziivliszanm 1 silavinewianly
o % d' s v a wn =S d'
iU lglunmasadzauResdfuans e @3e9eNILUY muffle furnace
1 { = r—Y ™ (=1 a ‘d
34 Nabertherm uaziaifildluszauniaauiuniaaindsninauia 200 fay 598

A o o o A
JNYUFLLBYUAGINIVEN 2.3

s 1 Tududzsaiilslunisnaass (319) waziawiwuy muffle furnace (231)
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a a A 6 1 ) o Y Aa aa

2.2 n9e3ENBINIANDIINIBALAZAIUTININITAVRBIUURNTY

iFanradnlaludronsziias mnﬁfuﬁ'sﬁmﬁfﬂﬁwmuﬁadLLazﬁﬁ%ﬁnmaﬁmqﬁuﬁW
Jacdronszidasnazin i iewnuy muffle furnace ﬁaqm%gﬁua:nmﬁﬁaams ol
m's‘nﬂaaaLﬁadﬁuwudwqm%gﬁua:nmﬁmm:auém%’unszmumiﬂai’?LLWﬂ‘ﬁ'u Ao
250 °C WaZLIAN 75 WITl aNE1aU qm%qﬁLLa:nmﬁmm:aue‘%m%fum:mumsvlwiivlas‘ﬁa
f9 400 °C LazLI81 60 BN ATNEIAU LHBATUAINAIRWALIAILED N9 1T LWL kWD

a Y o Q/. g’ Qo =3 1 = tﬂl v dq,

gounndvias seananianin Wad wasTashnin LmJmumnwwﬂé’li’lumwmwmu

AUNINLAMILTIN

2.3 NIHNAADIMTININAILLATLNT 200 AAS
d' L= g dQI v 1 Q v 1 dl a 1 a v

LALHINNAIWITWAUTENOUAIY 3 FIUKAN LAWA LATLNILNANAATIUWTININ LA b
‘:ql/ a ' ' [ n:i = a n' a 6
\IaINAY wazTarianIuusin asuaasluglf 2 uazinmadamenosndoafilszdnguaas
o A A o A ' - o A A a &
a1auANTIaY 182N 24787 [11] gaviaarvuiuiiiniiiwiasszinefiiiaduain
NNIRANLAINIIANNTAUVAITINIA L AN N NR AT BTININNIAIL LU R Na LT 1
U wlal mumsizmﬂmoﬁhuﬁvl,ajmmmmuLwi,u"l,@i”ﬁ]:gﬂﬂauﬂﬁ'uLiT’]"LﬁJﬁL@mmvl,mT
&/ =) 4 | &/ a 1 a 1 =1 Qs £ a cl dq’ o
VWA LT W T aIWRITIN MINRATIRTININIIN IURULLIAAI LA NN AN BA1 YN
Talaanmstainnnlusudzse i lusudztalaluianimdrnun nasannudacdiniaimn
ﬁ,’]ﬁumﬁmq@u'%nmchl,mLmLLa:sauﬁaszmum”u WTatnaslanaun lrnaduans
ﬁ;@"LWLLazLﬂ@ﬁmdaLﬁu wWaraaWnly 30 Wi IaNA N kIzSuREaaanNY FILna bWl
LmLm"l.mTLLa:LﬁaJL%aLwﬁwuﬂ’jﬁﬁﬁwﬂfu"l.ﬁamq@"l.vm ANBULKIGa 1B 60 W Ysdas
M@ WRITINAY TIRIRINTIUTIAINN b6 WRZLAUTIWTIN NI FNI T U N RNIZFULND

ildSeerealy [3]

WALHLNHER

auTIN N .
YAYie

ATULLY

vy o
WL s aunas

52 MW wEINLIZNUANT 200 BAT (T18) WAZIALHT 200 RS ANASKIA (237)
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2.4 NIIHAATINIADALNS BINIANDTINUAD ALY LALDIWTININDALNY
Honassaurians 3 sliafisundsouifisuiuiniteldissuussdosouuandns
% NaRAe HunsdauriadumaihTiniauianda wasnsunuiagueaw MMNINSadn
sUldduuns dnsudrnnaneiivhoddauradunisindiniaunsiiunszuaunis
NaIIUNATH (torrefaction) mmfuﬁﬁmNauﬁ'ui‘a@]‘ﬂs:muu,a:é’@ifugﬂlﬁlﬂmma q%
dudhnwsaunsisdumingrusindmnzuasmsinlslads mnifummwauﬁm”a@;
ﬂi:muu,a:é’ﬂﬁugﬂlﬁﬂuum Sanszuammianessunatwdunissasdanisnnufouln
ama:é’ummﬂﬁqm%nﬂﬁﬂszmm 200-300 °C &% b ls ladsdun1saansainiannuian
‘Luam:;:é"ummﬂ‘ﬁ'qmﬁﬂﬁﬂizmm 400-600 °C u%amagandwﬁ?u
ﬁ%’m{m”a@;ﬂi:muﬁlﬂumimaaa o ulsdondaesoalalasmsiuladudenas
mwam{mazéfﬂﬁqﬂ Tagldsassuszninsindeusiungenas winiy 3 de 1 lag
smnin sniwihudadeniesorldunusunudimwas Tranane e niadmiinw lu
sanduutadondefinianiatiu iy 1 de 10 lagimin Wonsuauianuudass
Wnde3essatnm uazdanuANuEIfidesns danassauriailaldanuaa Uszanm
2-3 5% udnfu I uduns [4] nazvaunslunaudszudialiidunmniadnandauns
Tanana iz neasaud uazt1udinweaurs smﬁﬁaqLLa:Lmﬁidwﬁ'amuﬁl'*ﬁ AROAI

a v o dl
VOULYAVBINTIIY LLE‘T@G@GE‘U‘Y} 3

Biomass collection and

preparation
Chopped/grounded biomass
("eeemccssscssqueccsscccasse gresccscscsenfeccscscccncas grecccsccccncschessasnasany \
: H . !
Electricity . Biomass conversion i | Biomass conversion :
or biofuel ' ! : Torrefaction ! : Pyrolysis —> CO,
: : Jmens. ¢ Biochar |
Tapioca flour ——) Bind H Bind H Bind !
Water — | maki ‘| makin E makin; !
Electricity ——>} =8 ; - 5 & ’
i Starch i Starch i Starch :
: paste § paste | i pasto —> Wood vinegar
Electricity ——>! Briquetting : Briquetting : Briquetting E
— —— Sem——" —— S—— —— |
Biofuel Briquettes Biofuel Briquettes Biofuel Briquettes

1 [~ & a 04 1
3Un 3 nezuawnsudsidzmnadwizanasdnuns
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2.5 NFILATITVNAIHVBITINIG BINaNDINLAUALAIWBTININ

idudnaniadininliianziesddsznavlassig (Ulimate Analysis) 6
Lﬂéax‘l THERMO FLASH 2000 CHNS/O ANALYZERS laginafianisiunludat1esiaiss
(flash combustion method) u,azﬁnam’ﬂszﬂa‘uT@]Um@lﬁvl@”lﬂﬁwmmmmﬁu‘i”auqaq@@”a
aun3 (2) [12]

AANTaUFIFA (MJ/kg) = 0.3856 (C + H) — 1.6938 MJ/kg )

A A v & s 6 A A v b W
I@]EI‘H C aa 58EIG?JI@]&I%’]%uﬂ“ﬂﬂdﬁ’]@lﬂ’]iua%LﬂaU LR H Ad Saﬂaﬂmm%unmaamq

lalasianiads

o 2 6 6 A 1
2.6 msawimlSanmarsuanlasanlodiisumi
Aa o 4 A&l I = 1 (3 A c? |

nwidsatuh wnsdnmanuuandizesmulspiagumasiinmenainsani
WaIWRIBaurisuuued 9 laud Sranaasauris Fantanassviudeauris uazaiwiinw
2aUYY AIBBIITRUANTOUNITIFL@TN Life Cycle Inventory (LCI) laW1ZNTELIBNTHE®
& a o \ A > A KA a a o &
TaINRISALTINIUEAIRITUN 3 i landauyfiziuuazsauinnasd

A A @ A & o & o A o & A A a & A

1) Frunanduwiagduasduduizgniunanduiineas Fansasnidnsiiuine,
anuis dansaiesliiawialdn wsznurwegud widnzlddmsihanlindarainds
DALY

2) MINAaaIr ANUANITNBaI3 M TTuaaunITIUR

3) ATTUIUMIBALTIIENATLLARLNTH Ta132141 (input) lawd Srwrafiaonl i
wilsaudtznas Wi dnsunIadans wazin auluansvieen (output) taun 1Balnds
o . A o & @ & A a o & & Y vV o
gaurly (nRaAminan) arsueufiguyifvlugdvasudaaiveulasenloduazinduadnlsl
uaasasgtf 3 lasfiveuivavasnizuiunsudaznidilunsaufnion (duise) wriwu

4) @1 Emission factor (EF) vadutlasindntznasnltlunszuinnmsaauna i uaglnin
NFEMIVAUNT muffle furnace UAZIATAIBATNUUNY 3NN IUTEYRNBIFNTLTANT
AANSUAFIDUNTEAN (BIAMTURITH) UWRAIAIANTIN 1 [13]

5) NIRIUITHAT Emission factor 2a9LTalnasudd d1uwrmannnisidfswaisasas
29a1U3znauA1Tuean (%C content) il usininvesufaarsuenlasanlodainnszuin

@ & A & | @ o & & o

i duuusuy ol Waluazasanivewvinnulusvesuiannivawlasanlod [14] a3

&UNS (3)
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EF (kgCO,-eq, biomass) = (%C content/100) x (44/12) (3)

& A = ° ° = ' '
6) msuaumgzyLatlvl,ﬂa]’mﬂs:mumimmsn‘mmmmmﬂummsﬂa@ﬂaaﬂ
123 6 2 A 1 & 1 A o [
uigasuawlaaanlod e laudainduwnislaalaasuadnIzuinniy GI8181I0R %I Db

IMNFNNIT (4)

kgCO,-eq IMNATUBUNFYLFUNINNTZLIUMT =

%C,, 2 . = a
[(—;’;“3"“"‘“ X ﬂimmmmm‘smu) — (

- A o 44
Xﬂimmwammm)] X— (4)
12

0, ..
A)Cwaﬂnm‘w

100

Toofi %Caaaiiugy AO Usinmdesazassisznouanivonlasiminuesiinianauwnszuiums
NAALTINEIBALTIY uaz %C st 1O Usunmfasazasddsznavasuenlagininuas
Frua Fananassnied wiatudinwiinaa ldnasannszuanms

7) mMafmdsunadonassauriafldannudasnszuanns smunsadwaimlaan
JUN17 (5)

USuonbalwaIaauns =

[(solid yield (wt.%)
100

) X ﬂ%mm%amm%uﬁu] + JFumudiiudtenas  (5)

8) N1IATUIMAIYIZANTNINWAIIU (Energy efficiency; 1)) AI1ITHIINEATIRIU
1 1 v g a dl a U g L3 dq’ a dl =) Qs Adl
i:mwmmnmaumaawjmwm‘nNa@l"l,@mammﬂmamaaL°1iaLwaoﬂlﬂﬂmawmmuqmw

NENTELINMST AIRNNNT (6) [15,16]

FANANNTOUYBILTOLNRINNAR Lo

X 100 (6)

N (%) =

WA %q‘ﬂ%ﬁ S ;jﬂizU’J wn13
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J]

@151971 1 @1 emission factor N1 lwawIe
Ha NYazdea %wwie| @1 EF URRIVDYA Sudi
(kgCO, eq/ 21999 ANLARA
Hih8)
wilosis  [18aflususas: TGO CFP| kg 0.5720 |Thailand 28/11/2566
f1Uznad |FY24-047-04-0963 Greenhouse Gas
Management
Organization [17]
wiszih- | waalasldindardw 1ld| m® | 05410 |Thai National LCI | Update
mIdset | aw LLazﬁmea; AIAUARY Database, July 2022
&% o3 Lwimzu@laumiguﬁwﬁu TIS-MTEC-
niina mMskAainLszth anieny NSTDA (with
#9511 32 U M wIT DU TGO electricity
nian. ﬁaﬂ‘ﬁ’ﬁ’l;ﬁagaﬂ’ﬁ 2016-2018) [13]
NRADIuU Tz u e 2561;
LCIA method IPCC 2013
GWP 100a V1.03
Electricity, Tsuuy grid mix T 2016-| kwh 0.5986 |Thai National LCI | Update
grid mix [2018; LCIA method IPCC Database, Dec 2019
(IWf)  [2013 GWP 100a V1.03 TIS-MTEC-
NSTDA (with
TGO electricity
2016-2018) [13]

3. WAN15I9Y

3.1 é’nvmz’uaai’aqmﬁaﬁomamsmﬂm

IINMITRINUN 2 FIURLVIAWNTI 81LNBATINDN aﬁ“am”wmﬁ' wuin”aeqmﬁaﬁq

1 ' 1 Qs v 1 Qs A 1 o
nimansasdlnganannlisudse laud lududzse Saunesuiimainldudsgd wie

minlddmsiheenluueniundasdanay [18]
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Lfiaﬁﬁvl,ﬂﬁl,mﬁ:ﬁaaﬁﬂs:ﬂammmmﬂm@; (Ultimate analysis) WUINHAN1IIILATIER
Jauarasueu Seuazlalasian Sauazlulasian uazdevazeandiawvedlusurssa &
ALYINTY 45.88. 6.60, 1.15 uaz 46.37 lagiinin audeu ﬁ@hmmﬁ’augaq@mﬁﬁu
18.54 MJ/kg ﬁ%’m%‘uNamﬁmﬁ:ﬁm@ﬂmﬁwaalué’uﬂ:mwudﬁﬁ%aUaﬂ@mﬁmﬁfﬂmaa
119d14 9 laun Iwunaifouiaoas 26.60 anaIuiauaz 7.64 uaaifuuianas 2.89
WoawWasrsaoas 2.79 uunhidansasuaz 2.35 Ganausoaas 1.44 LLR$WU§"IQ‘ﬁlﬁﬂ%&I’]m
laiiusaoaz 1 ldud daes uwimila Iodoy jiidos wazdu 9

gﬂﬁ 4 LRAIHANITILATIEANNTEAIEAINIANNTausadluFuUssad18nafia
Thermogravimetric analysis (TGA/DTG) aN& M2284NI 1NN TGADTG #1813 LT b1h
MIATZRNOANTINNITEANDA e I TUANNTEY LT é’mwmiqtylﬁﬂﬁmﬁfn WAL
qmmnﬁﬁﬁﬁ@mmmaﬁagoqﬂ udu mndayanissaisainisanaianlutisgunnd
Wo9fe 850 °C 1ilafiansmnannniW DTG (1duiys) wuinAaRaf 90.70°C, 213.40°C,
276.60 °C ka2 339.90 °C INMTIENRINUIBNITHFANDAITIIAS Lfiaw“msmﬁmu@:
AunstW TGA (L&ufiu) é‘fau,ammigryLﬁmi{mﬁnmaa%ama WU NTRANBAITIIUTN
ﬁqmwgﬁ 90.70°C Lﬁ@msgryLﬁyi{mﬁfﬂmaa%ama{amaz 7.89 Lﬁ@mﬂmigfyl,ﬁﬂmm%u
AMNNTEUIWAN TN IR LAY mmfmfiaqm%nﬁﬁgﬁmuﬁ@miﬂmﬂdaUmﬁ:mﬂLﬁaamﬂ
nmIsanadivatadflznaunanyeasiinag laud iadivaglas (200-300 °C) ndamaglas
(250-300 °C) UAzANfAnLN9dI% (200-500 °C) [19] Fnlsisiminuasiriniannasasnesiais
mﬂgﬂﬁlzL'ﬁmf']qmﬂgﬁﬁtﬁmmsamwﬁgaq@ Ao 339.9 °C LLa:%amaﬁmigtyLﬁmﬁmﬁﬂ
TNInnRalITamIaaz 40 mnﬁ?mﬁaqmﬂgﬁgdﬂiw 350 °C lusudzsagsdnsaarsan
081991 9 3INNIIEANLITaIRNAnLazasfUTznaUATUTanI 9 ‘ﬁ'mﬁaagi IUNTIN
iminaaslusulzsaanadiniatszanmiosas 25 GﬁdﬁmmLﬂuvlﬂvlﬁdﬁﬁmﬁfﬂﬁmﬁaagifu
HuinninaesnfuanaIgILasdn 9INRANITALATIZRAINED CRERERILEI LI
Amunzanlunisaangaanisanusandmiunisnessunatuialdifianissaldes

RITILLARLUIIEIU Aa 250 °C LLﬂZﬂqm‘V\QﬁﬁL‘ﬁ1]’]5&1]ﬁ’]%%ﬂﬂ’]ileIivlﬂ‘?jﬁLﬁalﬁLﬁ(ﬂ

miﬂa@ﬂdaﬂmsi:mﬂmnﬁq@ fa 400°C
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33

TG 1% DTG /(%/min)
Mass Change: -7.89 %
1001 e Mass Change: -13.73 % e s st st e B 0
T ,/ -’,I‘,a-
a0 4 ? // _'_,-"'"-h L2
.\ lrf by ,J .ru
Y \ ;
N ; [
801  peacior'c | i 4
\ ; il
70 4 .‘ / ; | Mass Change: -16.90 %
/../‘*’ 1 +-6
0 Peak: 213.4°C
&
- -8
50 Pesi: 766 °C |
1
H Mass Change: -38,87 % Lo
40 | we-BET% 110
|
A0 ‘1 | 12
Peak: 339.9 °C i
20 1 -14
100 200 300 400 500 600 700 800
Temperature C
H > v >
311 4 MsdaEAINNAMNTanTadludUlIa

3 s a d4 a '
3.2 adﬂﬂizﬂa‘U‘ﬂadL‘IiaLwad‘l’ma@l’ﬂ”lﬂﬂiz‘ln%ﬂ'ﬁ@l"m 9

Lﬁaﬁﬂué'uﬂzmvlﬂuﬂigﬂLﬂuL%aLwﬁaéﬁﬂﬂszmumi@ha 9 WUTANHILENIINILNINW

& a A, ea v A \ & Ao \ aa v
PYDILTDLWRINHIBNTEUIRNITINDITUNATUNUINFIWL T URA LA U IR IBNRUEIO LTV

snwazasolugudesauns lupmeNidamdsidunszuawms nls ladaszauiasdjidns

a s v a a o A o té tﬁl
LLazm‘svlwI‘svlasnmmumﬂamumm@mmmu’m 200 8a3 Aanwmetduidin 490N

& a A 6a o 0 @ AA :’ v A A o o &
L"]jaL‘W%N‘YlN"I%ﬂi:‘ﬂ’)%ﬂ'ﬁﬂaiiLL‘V\Iﬂﬁ%ﬂ']x‘]ﬁ')%ildllﬁ%']@ﬂﬂﬂﬂ']UﬁL@&lTadlUﬁUﬂ:ﬁ@LL%duu

A o A Ao ° P a a_a . &
Luﬂd%ﬁﬂﬂ’]iﬁﬂ’]ﬁl@nﬂqm%{}mﬂ’] (250 C) NLWH\TLE’INLsﬁagiaﬁuazaﬂuuuqﬂa’luL‘ﬂ’]uu

TagNa13on laanuanITaeIzinIIRaNgaINIsaNNTantaslusulzsa ﬁLLaméﬁgﬂﬁ 4

lummxﬁaaﬁﬂizﬂam‘nagiaaﬁ'&magjmﬂ AIHUAN BTV DILTALNRINHIBNTLUINANT

6a v AR A v A o A a (2 A & a A a
‘nmmﬂﬂmaummlnam HINUDININLINAW lummzﬂ L‘liaL‘WadﬂN’]%ﬂiz‘]J']%ﬂ’ﬁVL‘Wiivlﬂ‘ﬁa

qq; o a { a ' A ' v a et v
Wb mmumsﬁqmv&nﬂuqamw (400 °C) T904A1sznavaNnnINTesas 50 LAANTRANEAILR?

AN B HENIINIIATNRANGIIIINTINIALINAUNIN 8819 bINANNLTOLNAIN KB

n3zuann1y nlsladaszauna U JUanis uaznszuauniswlsladaszauninauinig

A o

aN

a A

oA
AN

QD 2p 2p

ANBAUNIMUMWLANANNK Ao LTalwaINrIwNIzuIuNT IWls ladsszaurasd juans
A A & o ' & a A A [ Ad o A 1a A
faialanitay §IwTaLNaINHIBNIZUIRNNT NS L aszaumMaswINTRa N LGk e

ARNIININNUNIINANAINAIVBITIWTININ LAY NTZUIRNIITZAUNATUINS

1 a J o v { :’ s A
NNITEUNHRITICALBANAINNEIBNAATIUTININ ‘ﬂ"ll‘ﬂﬁ'ﬁiﬂ%ﬁlﬁﬂaﬁULﬂu%’]&luﬂ’]i{sﬁ\‘]ﬁ
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v 1 v 1
AA o b 9

A o v A A o [ 3 . 2
ﬂ%’WﬂﬂL"llll‘ﬁiaﬁﬂ’]LLﬂZLﬂ%ﬁW?VL?IIﬂiﬂWﬁJE]%‘Y]%Ju’]‘ﬁuﬂ NLRQEW]'] (light hydrocarbon) @ne13

1 IQ v 1 a s v a A v e a
pgNAIkaaNINNINEA L bIzALA aaﬂgﬁ'@mi PINDAANDINUNANII Lﬂiﬂtﬁﬂdﬁﬂi:ﬂﬂﬂﬂlﬂ\‘]

a
= A

AUTININA LFNNNTELIBANTAN § ANUINEIRTINNAINNTZLIRANITE AL A ARWINE
asssznausaszvadlalastawiaanindiudiniwannszuannsszauiasluanis ag
WEAILUANTNN 2

AN 2 LENITRURTNALAVBILTI LazTosazaInUTzNaLYBILTBLNRIN Laan
nyzuaumMInassunaTi Ny nlsladsszauvasdjuanis uazmslnlyladsszaunaauwiy
v a 3 v €A s o v lﬂq‘ a a v v
MELANLKITWIA 200 AaT Azin ladnszuinnsnassunaturinldizanielisesaznala

~ 2R v " v 6 é o~ a a cu a 1 =
voIndegenefasas 56.33 udiasazeniandlailIsunsununzLIRMIHEAI TN W
td S v v I3 ol 1 =% a & k3 o et
FaiTevazna lavasudidinii uddlsesazansuaufaidusasas 33.02 uay 27.07 §1A5U
NMINRATIUTININAIINABIYJUANITURZNIIHFATIUTINININNLAILNT 200 RAT NIl
Wasnnszuaunminasiunatudiiuniiiigmnn et vildnisaaisdinianuiau

. a a X | A 4 A o ' A

(thermal cracking) 289F 88t uL1IEIH INUITBNABITasnudadioaglas
Lsmgiaml,a:ﬁﬂﬁumamm%uLﬁ@msamwﬁmamm%auﬁqm%gﬁ 170 °C [20]
adiiaglasuazisaglasiitisnaaadifigmnniidh Aa 170-390 °C iiagmnnidgania

a '

a = 1 4 L= ] A Qs
390 °C aﬂuumuﬁmﬁaammUmmavl,ﬂwﬁaqm%nﬁumnmw 800 °C TIN1IRANLAIVAI
a ' AS &, v a & Aa o
LauLsmgﬂaa’l,umaqm‘mgumuuml%mma@mLﬁmmiﬂsznaﬂaimmsuauwum%un
gl 1 Qq// L= Q QI A‘ 1 = J 1
IuLaqamuwmuvlﬂ MNuudaNMIFAIIMIIANNI Bl unndgedin dausnTdiznay
"Laiﬂiﬂw§uauﬁﬁiﬂsaa%ﬁdeﬁu%amuﬁ@miamﬂ@”’;ﬁqmﬁgﬁga AIBULTALNEIN
A L oq: v a 6 6 1 o v d.i
NIZUIUNITNDITIN AT u,mw:uaamhznaumiuaugamﬂuauﬂ:mumLuaamﬂ
nysanaavadz1sUsznavlalasaisuanuiegin uangsnlSuimasnisznauaisuan
v 1 dq’ a ‘ﬂl v =) A o a ‘ﬂ. =) 1 1 ~
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@1 Life Cycle Inventory|
@1 EF
- - . (Len
18019 NIWM/NITUIMNIINAR |22 kgCO,eq/|kgCO,-eq
S )
Sanmw wibg
Fraction unit
NMSHAALTDLNRID AN
Input
FW78 kg |5.0000 1.0000 1.6823
Fau80aUT kg |0.5000 0.1000 0.5720 | 0.0572
Fawanasivhuseauris | kg |0.2816|  0.0563 0.5720 | 0.0322
. . . |[eudinweaeluszau
wlaiwddenas | L kg |0.1651| 0.0330 0.5720 | 0.0189
waljuan1vaaurd
TNUTINWHEA L uIzaU
e kg |0.1354|  0.0271 0.5720 | 0.0155
MARWINDAUTIS
Fau80aUT m® |0.0015 0.0003 0.541 | 0.0002
Fawranasivuaeauris | m® {0.0008|  0.0002 0.5410 | 0.0001
. INUTIAWHEA I UTzaD
W LT m® |0.0005|  0.0001 0.5410 | 0.0001
waljuan1vaaurd
TNUTINWHEA L uIzaU
e . m® | 0.0004 0.0001 0.5410 0.0000
MARWINDAUTI
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A 1 1 [23 6 (3 o & A e 1 1 1
AN 3 aamsdaaassun aﬂ’ﬁﬂaﬂlfr’lﬂﬂﬂlﬁﬂﬂaﬂﬂ'ﬁﬂﬁlﬁEJL‘WRGE) ALNSLLLUAY ©) (D)

@ Life Cycle Inventory

@1 EF
- - , (Lcn
8N NIHNITUIBNIINGG |W1h28 kgCO,-eq/| kgCO,-eq
Sanaw )
5am %ibg
Fraction unit
NMSHAGLTALINAIDAUNS (AD)
Input
FANINDAUTY kWh | ND ND ND ND
Tawanasivnuaeauriy | kwh [15.0000]  3.0000 0.5986 | 1.7958
ot . e wiinweaaluszey
LI 137 kWh |21.9600|  4.3920 0.5986 | 2.6291
WoslJuansaauniy
INUTIMWHEA I UTzaU
e . kWh ND ND ND ND
AMARMINDALTIS
Fawanbidu  |[dudrnwkdaluszey
Y a o kg |5.0000 1.0000 1.6716** | 0.6687
ERRIER MARUINDALTIS
Fau80aUTe kWh | 4.8000 0.9600 0.5986 | 0.5747
Fawnanessvnuseauria | kWh | 1.2000|  0.2400 0.5986 | 0.1437
T - eaas tudiawHEa luszau
N-e3esaa [ KWh |0.6000 |  0.1200 0.5986 | 0.0718
rasljuansaaurie
INUTIMWHEA I UTzaD
e . kWh | 0.6000 0.1200 0.5986 0.0718
AARUINDALTIS
Output
FINIROAWTS fuannaugan1svaulusunn (4) | 0.0000
VOIRY LT Frnanafivhedaauns | Auimanauganiivaulugunai 4) | 0.7788
g a a Qs
ANIVBWINET  |dufrinwnEaluseau . . r
Aol e e e . FUIUIINFNAIAT AU UFNNITT (4) | 0.8824
senimisll  [dasdfudnmssauria ’
INNTTVIUMT  [dudinmnedaluszay | . -
. AuIsINaNaanIsUauluaunIIfi (4) | 0.2011
MARUINAALTI !
YL e tudiawHEa luszau
nduaula N dm® |2.5000|  0.5000 0.0490 | 0.0245
MARUINDALTIS
. |mwisgaur kg [4.9950 |  0.9990 ND |1.6806***
oLNEIaauUrY ———
FrutanaInadaauris | kg |3.0976 5.0000 ND 1.1825***
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%N']EIL’W@!Z

* fie mwaz kW anmald muffle furnace luiasdfudnng

@ Life Cycle Inventory|
A1 EF
- 2 0 (LCI)
183 NIWNIZUIRNITHAR | W28 — kgCO,-eq/ |[kgCO,-eq
SIEF T3] \
5am wibg
Fraction unit
NINAALTALNAIDAUNS (AD)
Output
tudIAWHEA luszaL
I kg |1.8158| 0.3632 ND  |0.8059**
Wawisoauviy  [Wasduanisaauvis
GE)) tuTimweAaluszal
. kg |1.4888 0.2978 ND 0.7989***
MARUINTAUTLS
ZanInaAUNY NaTINYEIF kgCO,-eq NINTZUIUNIT | 2.3126
N Faananassvhenonunis| NaTINYadA kgCO,-eq 9NT=UIBNT | 3.9331
: awmdneaa lwszau , &
daadasaco, | __  _ NRTINYEIAT kgCO,-6q IWAT=UIUNIT | 4.4081
R nasluan1sanuns
AINMTHARN — _ _
AWTININHAA ITEAD , o
. . NaTINYBIF kgCO,-eq 19NI=UIHNIT | 1.7805
AMAFWINDAUNI
mﬂ%’ommuﬁnmwLflwi'aqﬂau’lu?mﬂgnw%aﬁn@.m%’u
v o INUTIAWHEA I UTzaD
mildidwiae |, . . . kg |1.8158| 0.3632 ND | -0.8059
- wavljuan1vaaurd
naulududan —— — =
L. tudiwHEa luszau
NIDNAAATU e . kg | 1.4888 0.2978 ND -0.7989
u MARUINB ALY
M3 BN WHAS luszaL
LT kg [1.8158| 0.3632 ND 3.6022
daaaas co, |neIljuan1saauriy
MR [TuTInwHEa luszaL
e . kg | 1.4888 0.2978 ND 0.9816
nanluBus  |MaawNeauy
ND @@ not determined

* & Youazadnlsznaumsuan (%C content) 2a3r3an o dwdaindavinnusasas 45.59

= 8a USHIMTaINEI0ALTIIFIIMAIFNMT (5) Az kgCO,-eq VBILTBINRIBALTIY = kgCO,-eq

2841 TaLINEY + kgCO,-eq VaILTIIUEULHAT
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AN 4 N1TAIRIMUTEANTNINNAIITIBAIRTUNIINLBDLNAIDARNIA Y

NITUIBNITAN 9

) NIZUIUNTINANTINIRDAUTIY

Energy in (MJ) Energy out (MJ)
Fu7a 92.71 [ HaLNAISALTI 92.62
uilaNnaUenad 8.79 MIgYLRY (loss) 138.45
Wwaninsasda 17.28
U 176.83 PRV 176.83
n-= 52.38 %
) NIZUIUNTINTIUNATH GILLAUNT muffle furnace S=ALVEILJANTS

Energy in (MJ) Energy out (MJ)
Fawa 92.71 Tawnanasives 57.36
utlanddenad 4.95 MIFLFY (loss) 98.62
Tndhaniamn 54.00
Waninsesda 4.32
U 155.99 PREV 155.99
ns= 36.78 %

a) nazuaums Iwlslada drenanan muffle furnace szaunasljianis

Energy in (MJ) Energy out (MJ)
w9 92.71 tuTINW 38.38
udlsaiuadznas 2.90 MIgayLde (loss) 138.45
Tnf e 79.06
Wianin3asda 2.16
PPN 176.83 PIRLY 176.83
’n = 21.70 %
9) nszvaums iwlslada @reianavwIa 200 a3 szAUMAFHIN

Energy in (MJ) Energy out (MJ)
T 92.71 fuTININ 35.15
uilaNnaUenad 2.38 mMIgayLie (loss) 98.40
Frunalfiduidoinas 36.30
Wianiniasda 2.16
RIPE 133.55 RIPE 133.55
n= 26.32 %
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ABSTRACT

This research explores the potential of transforming waste materials from the giant tamarind
processing industry into valuable charcoal briquettes. The study focuses on the waste
generated by the Giant Tamarind Community Enterprise Group in Wang Nok Aen Subdistrict,
Wang Thong District, Phitsanulok Province. The study found that a 1 : 0.05 : 0.5 ratio of peel/seed,
cassava flour, and water is optimal for compressing blocks, as it allows for good shaping
and shape retention. Charcoal briquettes produced from giant tamarind seeds were
characterized using ASTM test standards for heat value (D3286), moisture content (D3173),
ash content (D3174), and volatile matter content (D3175). The analysis revealed respective
values of 6,468.14 cal/g, 0.09%, 5.04%, and 91.95%. In contrast, charcoal briquettes derived
from giant tamarind peels, tested under the same ASTM standards, exhibited a heat value
of 6,812.73 cal/g, moisture content of 0.05%, ash content of 6.19%, and volatile matter
content of 84.33%. These findings, when compared against relevant standard values,
demonstrate the viability of both tamarind peels and seeds as biomass fuel sources.

KEYWORDS: Charcoal Briquettes, Heating Value, ASTM Standards, Giant Tamarind
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8.9 Tagimsin Nunkong and Mekkaew [4] ii/aenuzwiniduseiwiafisonmsinuas
mNﬁ(ﬂLflumué'@LwiaLLa:IfLLﬂau”uﬁﬂﬂzﬂé‘aLﬂm”a@]‘ﬂi:mu WU aaa@IniRanuzni
dautlealis 55 : 50 mmzawﬁq@Lﬁaaﬁnﬂﬁﬂﬁé'ﬂwmzmyuaﬂmaad’mﬁﬁaL‘%U‘u fgdadin
fenadvanuduiaiuionas 4 duldannanasgunianusiguruasdszinalng
AUARILUULARE 0.16 glem® Anafpaniinisuanian 0.79 Jumpatam et al [5] @n 1
samsuimanzauuazauraiudaunsanliflilasnmsinnsdinan S lhiuaadszan
(lsudnUznes : 1) seanlusa s ndiuandani (modim : udesin : 0) 99nsiusia
grunslusaduurilaglfie3assatnuuuuinasInansAn LI dinsauriesasdIn
10.0:1.0: 35 ﬁﬂszﬁﬁ%ﬂ’]wn’rﬂﬁmumﬂﬁq@ Surin et al [6] ANHIBATIFIUHNINATHAS
mua‘“@LwiaLLazqm‘mﬂﬁfgdq@madmua‘“@u,viammﬂwmi,a"l,ﬁmﬁaﬁd frnnaNaztduans
FIUNFNNNINAAEwE LI NLaEne linaafa R uNI T s wlaiudenas wazin
I@ﬂlﬁﬂszmumsé'wfugﬂmuﬁqﬂLﬂ%dé’@LLUULﬂﬁmgﬂﬂnmm:mnuﬁadmé’mmomﬂ
wrsnsie lindafs wu sanduimanzauasnialsl : nodan ; uilaiudznas - i Ao
300 : 2,500 : 500 : 2,500 mmmﬁnqmwgmﬁgaq@ 70 °C mammﬁlﬁmm%ﬁmgaq@
80 w1l Aatdutiansinlunisiwnlng 135 w1 Samaetal [7] nagaURIA1ENL G
NIINIYATNDBITIWOAUNIINNKNALTIT WU 8ATIRIBNRUIZHININNAUTING B
neanuzwin 50 : 50 Tagtimein Wusandwimanzay lasdainnutan 5,659.45 callg

ANAMURABILUYK 0.701 glem® A1ATHNITUANITINTBURT 0.92 A1AINNTUIBURS 47 LA
[ Qs v Q; & o 1 Qs 1 A 1
daanmarnlwl 1.21 Talus Ssmansnimudaurisiilidzgndlunmadsznaumieiig g
A9 o g a [% o = [ ' & a o ]
Algaruduidaiwdale Wilaipon et al [8] ANHI0ATIEIUHENVBILTOLNRIDALTIIANN
LABEIUIINNTZUIUMTLNNATNEY WY ATIEINVBINITUTEEAT 49 U1TBLAT 49 LAz

wilsiudndznasionas 2 sanaldtudaurislianuiondnga 6,726 calig (IFiaaluniar
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miﬁﬂmLflml,mmdm*;w"'@umwﬁmn”msﬁmué'@Lwi\‘iﬁm%'umsﬁasjwmﬂﬁugmmmqmmﬁ
sanaulwgndl da ldanusauuu liwane Snaunen waslufmsRmiaon [9]
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laande laglunisdnsrazidunisnisamarwuanlunisindiusaurismnuizas
MIANHIAIAIANTEU (Heating value) (W19331%4 ASTM D3286) AT (Moisture) (A
¥19331% ASTM D3173) UIunmutein (Ash) (¥10331% ASTM D3174) waztIunmaansseine
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2. naufiingidas
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(1) 1Waan uas Wwiavzaulseagng L‘flm‘"a@]mﬁa‘ﬁaﬁLﬁ@mnm:mummﬂigﬂ
mmmLﬂ%"vmﬁ'ﬂﬁmaamjuLmﬂmmmmmﬂémﬁﬂﬁ FIUATWNLEY 81LNDIINY TIRIA
Aunulan (gﬂ‘ﬁ' 1(a) LLazgﬂ‘ﬁ' 1(b))

@) muwdadan dwsulnduaidseaulumsrinauwsauss

(3) ATUNTITOBUWIA 140 pm LB 1nTUsanRan LasLuEaNzNLU38285NE ik
mimriauﬁa:ﬁﬂﬂﬂ@aaumum:mums@m6] (gﬂ‘ﬁ' 1(c))

(4) 1A30ISAUTIILTBLNES mmmé’mwidL%?awaﬁdmﬂfa@;mﬁal*‘ﬁmamimwm in
NNIALYIIAIENTINITO ALY L%al,wﬁaé'mwiwzﬁgﬂma%nmﬁﬂu \WUHUgWINAN9 45 mm
favznsanmeaasInaaLFudUugUEINa19IWIa 15 mm 210817 70-100 mm (gﬂﬁ' 1(d))

(5) 1a3asvanunaa3iianas (Bomb Calorimeter) §%a IKA 3% C5000 Hanuusindnlu
NT3LATIZRUUY Adiabatic wa Isoperibol 71 0.05%RSD @hmmﬁ”augaqmﬁmmmfﬂw
40,000 Joule %38 17,197 BTU/LB uwazianuusingnlun13dasnzy +0.1% a1niuasiala
SeEeaNuTa UYL TaINAS (gﬂ‘ﬁ' 1(e))

ed o

(6) thwa3dida (Crucible) ilwnmpuzdminlandanmindasnisiwn (Ui 1(f)

1l
a a

(7) W mnniigs Bwa Cabolite ju LEF Series 38 MF-002 lFdmiunmslwanuiau
MILKT LAZNTLRALEN (Eﬂ'ﬁ' 1(9))

(8) 1389T9R3nan B¥a OHAUS U PA413 Iﬁfﬂﬁmﬁfﬂmaﬁa@m@aau (Eﬂﬁ' 1(h))

(9) §9AN T Desicaator Cabinet Uuwld Silica gel Model DE-57 15wsuiiusnwn
'S'a@yqﬂmfﬁﬁ"h@iamw%u (gﬂﬁ 1())

(10) ta3asua IFFmivuafanuazwiauzanadiednyd (uUn 1()
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3.2 NMSAIBANINAFDL
(1) Ww3pudadnalien uasudauzanusordnyd Geazudseanidu 2 n3d e wuy
Taien (LLam@Tagﬂﬁ 1(a) W8z 1(b)) WAZWLULKN (LLam@T\agﬂﬁ 2)
2) n3dh “liinenuazwdanzaulioagny (lasnszuaunisiesviliniuin
Womasdoumunziumainlulsdwdomasiuasatonldniely)
- dufenuaziwianzanuiiongndualiazdoa
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(a) 1den ‘ (b) LUA®

4 (% 1 [~ g LY
s 2 dredalfanuazwanuzanand3aagng (k)

3.3 NMINARDUAINNIAIZIH ASTM

3.3.1 N1SWIAIANATDORMAIDNIAI 1 ASTM D3286
(1) Toinmsnea8t19 0.5 g
(2) nagouMsLAIasLaNtunsasTinas
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332 aamalBamanuiuandsanasgiw ASTM D3173

(1) %187 mg%tﬁﬂﬂauﬁqm%gﬁ 105 °C 1Jutaa1 332lus nel3lmdulu
ﬁm@ﬂmu%u mmfuﬁﬁmﬁﬂﬁ’;ﬂﬂg%l,ﬁaw%”amhflﬂLLa:u”uﬁﬂmﬁ'mﬁfﬂ

(2) Tasa8n9Ll3zanme 1 g 1aﬂufﬁyﬂgﬁ'ﬁLﬁaw%umfl@ﬁuﬁﬂ@hﬁmﬁn

3) am”aaahﬂuﬁauﬁqmﬂgﬁ 105 °C 1flwaan 72 Talws Lta”aﬁwvlﬂvlﬂuﬁg@mm%u

I a & < ¥ Y o ° ' &
1wtaa1 30 wn ﬁ]’muuuﬂﬂmuﬂ%uﬂ%adau BLREATWITUAIAINNTUAINFUNIT (1)

USunmanudu  (ninaadenanay (g) — Wnnnalag1Inadal (g))

v R X 100 (1)
(Fa8az) wnunaatInanay (g)

3.3.3 MIaIALSNIIIAINITNIAIZ 1™ ASTM D3174
) ﬁwﬁamg%tﬁa“auﬁqm%gﬁ 105 °C 11281 3 521u9 felTlwanly
g}”m@mm%u ﬁnnifwﬁ"aﬁaﬂﬂg%l,ﬁaw%aumﬁ@LLa:ﬁuﬁm{mﬁfﬂ
(2) ToinmTnaretnIdsznm 1 g laludroazidansouchile niwinlugasiawin
(3) ﬁnﬁaUﬂgs'ﬁl,ﬁaﬁlﬁisﬁamavl,ﬂl,mﬁqmﬂnuﬁ 750 °C 1w 4 Falus
(4) ¥ E888NINNLATLKA ﬁa’lﬁﬂu’lugﬁ”@@mm%mﬂunm 30 w1t 91N ly

TathntniNad T miauaunT (2)

Yot Ghwmsnvesuiuasdisazida (g) - shwminvasdasazfida (g)

o T o . . X 100 (2)
(3088Y) HninaagInls (9)

3.3.4 MyIAIINIUAIITLNLAAITNIAIZ 1% ASTM D3175
() srdrsazdidaldeufigunnil 105°C tduiaan 3 52lag Aelildidulu
daannudu nntusidisazBidanouchdauazduiinimin

o o [l

(2) haatildgs 1 g ldludeafidansourhda anstuinlugasimnin

(3) hhoazBidanladmatnildinigunnd 950 °C lum 7 wid
(@) shiwazBidasanananmnfislildisuludaannadmdunn 30 w1l anuu

2

i ldsaimnnnadinn lasdSunmensszine (Sauaz) Muwialaanauns (3)

YSunmanseine (Sawaz) = shunniimeld Gesaz) — anuTu (Seuay) (3)
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>3 4 L% Q : Qs [ IIA U
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mﬂmi‘n@aauauﬂ'ﬁmaL%@Lwﬁamummgm ASTM 'ldun fnalnusan (Heating

value) (N191331% ASTM D3286) 171434 (Moisture) (A31N1a5311% ASTM D3173) d5anme

11 (Ash) (11@531% ASTM D3174) uaziSunmasszing (Volatile matter) (1105314 ASTM

[

D3175) 8N3NT0LEAINAIIL Laadil

411 n3dbaen

NanIINaRaUFNUaNINTaIWaINIlfanuznlIeagnEaIuuIaIgIn ASTM
PIARNIUNITNGRDY 1 g (WEAIAIANTHN 1) WU AraNNTaulaLYinAY 4,484.98 callg
USunaanudn YSnmlan waz USunmsnsisine winnu 0.18, 2.42 Uaz 97.84% ANNRNAL

wa A? a =3 ::%‘ 0 6 :’ L

HANINARDURNLANIILTaINEIINIEaNz T gNEaMN1A33 1% ASTM sniinlu
MINARI 1 g (LFAIAIANTINN 1) WU A1aNNTawdarinny 4,305 callg USunmanudn
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nﬂ aa & a a < "y o ¢ av o
AMIWN 1 dNUaNTanadsIntdfaanuazinaaNzINtlIe1gn e (ﬂ?m\l&llﬂ'])

518013 AAIZWNATIA  nidae  wWdan [17] LWIAR
d1anusan (Heating value) ASTM D 3286  cally 448498  4305.33
USinmanaiu (Moisture) ASTM D 3173 % 0.18 0.18
Y3unamdh (Ash) ASTM D 3174 % 2.42 2.30
USanmiensssiny (Volatile matter)  ASTM D 3175 % 97.84 97.22

A ::ql/ a A =1 ,:qf L & =
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MINAR8Y 1 g (LFAIAIAI197 3) WU drauTonddnriniy 6,468.14 callg USunas
AuEu USunound wasUSinmansssing Wit 0.09, 5.04 uaz 91.95% laguanisAnu
?Tﬂm”ummmﬁwmuamwmﬂ%'smﬁw"[ﬁw”qﬂﬁ 4 ﬁagﬂ'ﬁ' 7

P wa & a -~ 3 "y o ¢ = [ 1
M1979N 3 a&mm'n”lamaLwaammﬂaamm:maﬂmmmﬂsmanﬂ(nimtmuamma

LK)

a I'4 1 A [
18NII N']m‘sg']%’)lﬂi'lzﬂ nlg taan [17] LNaA
A1RNTD (Heating value) ASTM D 3286 callg 6,812.73 6,468.14
USanmAudn (Moisture) ASTM D 3173 % 0.05 0.09
USinanh (Ash) ASTM D 3174 % 6.19 5.04
USinmsn s (Volatile matter)  ASTM D 3175 % 84.33 91.95

8,000 -
5 7000 -
8 ] |
g 6,000 - . 1 1
= 3
Z, 5000 -
£ ]
8 4000 - L |
= ]
= 3,000 -
Ag ]
2 2,000 -
o« |
e 3
S 1,000
0 1
waan (lahwn)  wida (lehwn)  wian ) wia () wWiendaude  wladauda
(1) (te7)

.
szinnuadiBainas

[] i
sufi 4 @ranaipuBazaINgs (callg)

UnAIIUIRY ACU:IAINSSUANAQS UHI3NYIAYINBUULIAQ




] E ” Kasem Bundit Engineering Journal Vol.15 No.2 May-August 2025

0.25 7
9 ]
g 020 -
w -
° -
S o5 ]
T
2 ]
< ]
& 010 -
g ]
=
z 1
S 005 i

0.00 -

waen (ladw)  waa (law)  wWien (wn) waa (w1) wWiendauve wSaaaun
)} (t67)
Uszianzaadaiwda
3UN 5  USamANNTUVBILBAINRY (%)

10 3

. -

:
s T3
B ]
£ 6
2 ;
- E
L= E
g 4
S, ]

12

0 A

waan (ldw)  wla (lhw)  wian eun) waa(w1)  wWiandaurs wiadaurs
(te) (t0)
Uszinnvasidaiwde

s 6 USanannnaaainds (%)

Faculty of Engineering, Kasem Bundit University Research Article




3ronssuAsinuUUrua OR 15 alun 2 wnuNIAU-AYKIAL 2568 ]La]

-
o

g 9 -
5 s E
ﬁ E _[_
E 7 3
@ 3
g 6 - _[_
< 5 o |
£ 4
o E
& 3 -
c i
g 2 -
c E

0 3 L L] L

waan (lhw)  wde (iw)  wWian @) WARA (LK) wWiandaurs  WwAASALN
(t0) (LE)

o
iszinnaadidaings

3UN 7 dSanasassziveadaIngs (%)

mngﬂﬁl 4 ﬁagﬂ‘ﬁ' 7 Lﬁ'aﬁ,’]NamiﬁﬂmmLﬂ%'amﬁﬂuﬁ'ummmgm (LEAIRIANTNIT
4) Wy (1) L%'yaLwﬁdmumﬂLflJﬁanu,azLuﬁmumnuﬁﬂ'ﬁmﬁm”augan’jwhmw%”aumu
¥1A33I% (ASTM D 3286) (da4baikasndn 5,000 calig) fia 6,812.73 LAz 6,468.14 callg
ausey wsnfloinluiSsuisuniuaenasensestnusiiadun wui fenanuiaunganin
dusaurineutamass Neszanm 5,087 callg [18] uaztnusALINNNEAINEZNIIN
NENTLA T Unas AidenIening 4,514-6,588 callg [19] FaiuananuTounleuaa sl
Fuidawasasnamanzan ezl wdamusausis (2) ANANUTUIBILT BN SN
LﬂﬁanmmmLLa:Luﬁﬂmmmﬁﬁmam%uﬁazmiwhmm%umummgm (ASTM D 3173)
(Faslaitinsasay 10) Ao 0.05 uaz 0.09% A1NE1GL AsrnaIANTUA lanaaslwiFuI
Famiaainaminzanfiasi lduiatudaur (uazfldnFMINATTIUNRAA U TN TUY B
dnusauriefitmuaitdsanaenudwliiv 8% [20] Mihitasannenuiudnalagasssed
anufen mifaen Usznaunumnurisidaindsdanuguunn azﬁﬂﬁﬁmsqzyl,ﬁgmw
fanlurumarzweluszninanmsen lng ssnalddainusauilaandias [21]) (3) Usunm
mss:mm:ﬁwmia@hmmﬁ”auimm%aLwaaﬁﬁﬂ%mmmﬁ:mmga v lddaanusanues
L%Enwﬁaﬁvlﬁga Fsnuanisanstedulsinmasevesfana i N Ea Nz
(91.95%) ﬁmgaﬂ'j’]ﬂ%mmmﬁ:mwaal,%aLwﬁadmmmﬂﬁaﬂmmw (84.33%) UAZHIFD
fa@ﬁmwmm:awﬁa:ﬁﬁvlﬂwﬁmmué'ﬂl,l,m (4) Y3nainauunangwinuuadIuiae

' ' = =2 v v & a ' A (<3 a 1A
"I,ums;gamﬂ 20% TINHANIANBITNAULTLNRIT I WINNLLRaNULAzINAANzU NN LT

UnA2IUI9Y ACUI3AINSSUANAQOS UK13NY1AYINBUUIUAQ




]EE Kasem Bundit Engineering Journal Vol.15 No.2 May-August 2025

LEUYINAY 6.19 kaz 5.04% @NA1AU @”\1meﬁlﬁl,ﬁuiﬁﬁ’aaaﬁaqmm:éﬂ%%‘uﬂwmwamLflu

LB OLNRITN DALY

A13WN 4 @1AINTON ANBW USNImwa waz Ysuimansseiie 1Ssuieuny

ANNIAIZIN [22]

18019 ANNIAIZTIN .

. . ST
ANIATZI uuulaien WUDLA
fNA2U30% (Heating value) >3,000 >5,000 callg
USuNauANNTH (Moisture) 20 8 %
USumLan (Ash) 25 10 %
USuaNITzLe (Volatile matter) AIAg GREGRTY! %

5. ajdwanisdnm
am’if{fﬂﬁLﬂumiﬁﬂmmiwﬁ@mué’@Lwiamﬂi'aqmﬁ'aﬁaﬁnnm:mummﬂsgﬂmmu
,Q’ £ 6 = v .:
wWipdng lasnansfnmaaninagyldasi
= wn & a A = =g v & . A
(1) NANIANBFNUANIILTBINAIINLURDNLAZ NNz NI 8N Wl LUdan
u:muLﬂ%'mETﬂﬁLﬁaﬁwmv‘hLﬂm%aLwﬁomué”@LLViaﬁ]:Iﬁ@iwaawu%auﬁgaﬂ'jwLuﬁmmmu
Wisene lasfenanusawyinny 6,812.73 uas 6,468.14 callg MUSIAL
d' a a t&/ a 3 a 1 A
(2) taw T YIunaanudn UIunmaan wasdIunmanisinyg wudn taanuas
m5@1mmmLﬂ‘%ﬂaﬁnﬁﬁwamsmaaua;Jimml@i”mmgmmsmaaumaa ASTM #38213Nn81"2
16497 sunnfanuaziufanzanuunaaL st N e e wle
(3) aaMEINEN LWRan/Nae : udedwaUznas : w1 Wiy 1:0.05 : 0.5 lwaam
' A o ' A & \ { X ) o o &
R ENTLANZFN NI AT LuaaﬁnﬂLﬂuamﬂmuﬁmmsnmugﬂ%LLa:mgﬂvL@@ AINU
3908711697 1A EINAIUTEEINANSILVIN IR LU EI NI DD ALYIILT AL NAILAZLT DL WA
] v 1 dl AI Qs 1 Qs g o v dl Qs 1 1
"memmmgﬂvlﬂ LA BLNN DA TIEIWAU TR IWNINT WA IRLATaIaad U L& 181D
M latitasnaidseanuuiniin bl i lwinasnae waztIsINadagNUANIILTaINEIYIN
va =) l&/ tﬁl J 1 v v ;
IWfiUSinmenuTungsdu uazdmalidanuioudiag
(4) mg;ummmmmmﬁﬁi’a@]mﬁaﬁomnm:mummﬂsgﬂmmmLﬁﬁmﬂ'ﬂﬁm
t&l 1 o | ¥ =) ] = [ £ A | a 1
waamicﬂﬂmsmmm%mwmmua@Lma"l,@ FIDNANNILTUNITRA VD ILFLTZWING
NITUIUNITHAALAD ﬂ'ommmtﬁumﬂ@’lﬁﬁ'umg’mLnﬂminivl@i”ﬁﬂ@i”m wa agn9lsAaNw

AITANHINANIIILATIEAN AT ULATHIAIRATIUNINEAT e AUYY Usenaunuaasl

Faculty of Engineering, Kasem Bundit University Research Article




3ronssuAsinuUUrua OR 15 alun 2 wnuNIAU-AYKIAL 2568 ]Lav?

= av A A A = = an = & o & A @
NIFANTNIUIILATT € LNNLQN Lwaﬂﬂjﬂ"]ﬂﬂﬂ‘mﬁ&lﬂ(ﬂﬂlaﬂLNQ@NﬁTWNLUSUQUﬂH LWE‘J%"IN’]EL?I

Wuardszauunwuds (nudadan)

naanssndsznd
VAVOUA D FVNITIAINIINLATAING ﬂm:mﬂiﬂaﬁqmmﬁmw way 1VITNINS
anzInmaaiuazinalulad s Inossnaagiyassana Aldanuewanzianiud

A A Al acv X
wazLAIaIdaN bl uIdeut

References

[1] Sonsaree S, Boonthum E, Kaewcharoen E, Jaiton W, Lephon W, Wongsiriwittaya M.
Solving poverty through academic service solar drying machine: giant sour tamarind
farmers group Phitsanulok province. RMUTL Journal Socially of Engaged Scholarship
2019;3(2):33-41. (In Thai)

[2] Sonsaree S, Boonthum E, Kaewcharoen E, Lephon W, Wongsiriwittaya M, On-ai K, et al.
The increased benefit of the giant sour tamarind farmers group in Phitsanulok province
by solar dryers. Industrial Technology and Engineering Pibulsongkram Rajabhat
University Journal 2021;3(2):93-103. (In Thai)

[3] Dangton W, Wongniyom A, Premprayoon K, Jeepetch V, Thongyothee S. Effects of
starch and heat on the characteristics and properties of charcoal briquettes. Journal of
Engineering and Industrial Technology, Kalasin University 2023;1(2):1-7. (In Thai)

[4] Nunkong W, Mekkaew K. Charcoal briquettes from coconut coir. Academic Journal of
Science and Technology, Dhonburi Rajabhat University 2023;1(1):1-11. (In Thai)

[5] Jumpatam J, Laorach L, Arayangkun P, Arayangkun S. Study of the optimal ratios and
properties of charcoal briquettes from Bamboo. Agriculture and Technology Journal
2022;3(3):81-93. (In Thai)

[6] Surin P, Tumjinda C, Komkirin N, Chaliew A. The production of charcoal briquettes from
waste bamboo shoots. Vacational Education Innovation and Research Journal
2021;5(2):13-20. (In Thai)

[7] Sama A, Lenue N, Jarawae R. The development of briquette from water hyacinth.
Proceedings of the National Conference on Science and Social Sciences, Nakhon Si

Thammarat Rajabhat University; 2017 Feb 13-14; Nakhon Si Thammarat. p. 187-96. (In Thai)

UnA2IUI9Y ACUI3AINSSUANAQOS UK13NY1AYINBUUIUAQ




]E4 Kasem Bundit Engineering Journal Vol.15 No.2 May-August 2025

[8] Wilaipon P, Chareonsawan P, Srihawong N, Menkoed C, Prakobkasikorn P, Kumboon P.
Briquette ratio investigation of charcoal briquette produced from brick-burning-process
residual charcoal. RMUTL Engineering Journal 2019;4(1):43-50. (In Thai)

[9]1 Sookcharoen W, Srasrisom K, Timdang P. The guidelines for development of charcoal
briquettes based on the customer value proposition. Journal of Srivanalai vijai
Humanities & Social Sciences 2023;13(1):1-13. (In Thai)

[10] Susanto A, Yanto T. Biocharcoal briquettes from oil palm shells and empty fruit bunches.
Jurnal Teknologi Hasil Pertanian 2013;6(2):68-81.

[11] Wachaisi A, Sriporaya K, Promcham W, Nuchuay P, Sangchaisri S, Seawsakul K, et al.
Charcoal briquette production process from industrial waste charcoal. Science Journal,
Chandrakasem Rajabhat University 2022;32(2); 87-94. (In Thai)

[12] Madmanang R, Jijai S, Muadchim M, Pradabphetrat P, Kaewmanee J, Yamirudeng K.
The utilization of durian peels and spent coffee grounds to produce briquette charcoal.
Srinakharinwirot University Journal of Sciences and Technology 2023;15(29):249766.
(In Thai)

[13] Yoddamnern T, Yotwinyuwong S. Development of charcoal briquette from the cane
leaves and the bagasse to community enterprise. Journal of Energy and Environment
Technology of Graduate School Siam Technology College 2020;7(2):12-24. (In Thai)

[14] Boonchom K, Chaisompan N. Study of charcoal briquette from longan wood. Naresuan
Phayao Journal 2020;13(2):51-6. (In Thai)

[15] Jirawongnuson S, Charoensuk C. The study on the production of chacoal briquettes
from pomelo peels. Kasem Bundit Engineering Journal 2022;12(1):55-74. (In Thai)

[16] Ruchuwararak P, Tathong P. Charcoal burning, the traditional way of local community
to alternative energy technology. Academic Journal of Humanities and Social Sciences
Buriram Rajabhat University 2014;6(2):52-71. (In Thai)

[17] Sonsaree S, Chorchong T. Thermal performance of agricultural waste materials: A case
study of giant tamarind peels. Proceeding of the 17th Thailand Renewable Energy for
Community Conference; 2024 Oct 28-30; Chiang Mai. p. 26-32. (In Thai)

[18] Puthikitakawiwonga T, Wiangnon J, Sriboonsom P. Production of biocoal from soybean

stalk. Naresuan University Journal 2006;14(3):11-8. (In Thai)

Faculty of Engineering, Kasem Bundit University Research Article




3ronssuAsinuUUrua OR 15 alun 2 wnuNIAU-AYKIAL 2568 ]La5

[19] Phutteesakul R, Suwakantakul A, Kucharrat A. The production of charcoal briquette by
coconut shell and cassava rhizome. Journal of Industrial Education, Srinakharinwirot
University 2010;4(2):18-28. (In Thai)

[20] Wirunphan K, Saiplean T, Jaichompoo P. Production of compressed charcoal fuel from
the waste materials collected after processing Khao-Larm. RMUTL Engineering Journal
2017;2(1):1-15. (In Thai)

[21] Department of Industrial Works. Guidelines and qualification criteria of wastes for
processing into fuel rods and interlocking blocks. Bangkok: Department of Industrial
Works; 2012. (In Thai)

[22] Anantanukulwong R, Chemae R, Sareanu N. Production of charcoal from agricultural

residues. YRU Journal of Science and Technology 2019;4(1):47-53. (In Thai)

HLlgwunaa

LR

HZ8ean319158 AS.E5I6 FOWa3 13T AINTINLATEING
anznalulafgamnnit amIMIALMTAYAYATIATIY 156 Y 5
druanatsguwa 81inaitfios Svndadwalan 65000
email: sorawitsonsaree@psru.ac.th ﬁﬁ]@ﬁuauhmu%ﬂmaﬁﬂu
WRIIUNAUNY BUDIIRaINIATaaaas uaznsdawldsunsunig

AaNNILADY

1 6 aaAa a a
DAYANTEAINI178 N3.3ANT L1239 ﬁ’]“ﬂ’]’l’ﬁ’]ﬂﬁﬂﬁ? AU

D eRp

6

Aneenaasuazinalulad ¥ INeauNTANRUIFIATIN 156 Y 5
druawatoguwa 81inatiied T9ndadsmlan 65000
email: Titiporn_ant@psru.ac.th Ta9uaulasuisanisdunasan

NALN NTIANITANUNRINY ARNT WRITUNAUNYG

Article History:

Received: April 5, 2025
Revised: August 8, 2025
Accepted: August 13, 2025

UnA2IUI9Y ACUI3AINSSUANAQOS UK13NY1AYINBUUIUAQ




]Eﬁ Kasem Bundit Engineering Journal Vol.15 No.2 May-August 2025

MIXED-INTEGER LINEAR PROGRAMMING MODEL FOR PRODUCTION
PLANNING AND LABOR ALLOCATION IN THE MELON FARM
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ABSTRACT

This research investigates the optimization of the melon supply chain, aiming to minimize
production costs through the development of a mixed-integer linear programming (MILP)
model. The framework addresses key inefficiencies in current practices, such as suboptimal
cultivation scheduling, inefficient labor allocation, and excessive reliance on outsourced
workers, by integrating critical decision variables, including planting schedules, harvesting
timelines, and workforce planning. The proposed model enables systematic and data-driven
management of greenhouse farming operations. Computational experiments using Premium
Solver V2023 demonstrate the model’s practical effectiveness, achieving a total production
cost of 134,400 THB, which represents a 10.16% reduction compared to manual planning,
while maintaining production efficiency. These results highlight the potential of mathematical
optimization in supporting sustainable agricultural practices and enhancing decision-making
processes. Ultimately, the framework functions as a valuable decision-support tool for both
farmers and agribusiness managers in optimizing resource allocation and production.

KEYWORDS: Melon Supply Chain, Production planning, Labor allocation, MILP

1. Introduction

Melon (Cucumis melo), a fruit classified within the same botanical group as cantaloupe,
is celebrated for its sweet flavor and distinctive aromatic profile. These attributes have
significantly contributed to its widespread popularity in Thailand. Recent data indicates that
the total area dedicated to melon cultivation in Thailand is approximately 1,761.28 rai (1 rai

= 0.395 acres) [1]. The feasibility of melon cultivation across multiple provinces is largely
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attributed to the adoption of closed greenhouse systems by farmers. These systems enable
precise control over environmental conditions and production variables, thereby enhancing
both yield and product quality.

This research uses data from the Community Enterprise of the Melon Farmers' Group
in Ban Nongkang, Chang Ngam Subdistrict, Nong Ya Sai District, Suphan Buri Province.
The melon production process involves several critical stages, including strategic planning,
cultivation, harvesting, raw material procurement, and labor resource allocation. Labor inputs
are sourced from a combination of in-house farm labor and external contracted labor, which
can be flexibly deployed across all stages of production. The labor allocation problem in
melon farms arises from a shortage of labor during the harvest period, as the melon
harvesting season coincides with the harvest seasons of other agricultural crops that also
require external contract labor, leading to competition for limited labor resources. Given the
interdependence of these stages, effective planning is essential to ensure operational
efficiency. Inefficient planning can result in increased operational costs and reduced overall
productivity, highlighting the need for a systematic approach to production management.

The application of the mixed-integer linear programming (MILP) model represents a
significant advancement in agricultural supply chain optimization. It provides a structured
methodology for addressing challenges related to resource allocation, seasonal variability,
and time-sensitive operations. Furthermore, the model serves as a decision-support tool,
enabling farmers and producers to make informed decisions that enhance both economic
and operational outcomes.

This research applies supply chain management principles to address the complexities
inherent in melon production planning. Specifically, a MILP model is proposed to optimize
the entire production process. Using real-world data from the case study group, the model
integrates key activities such as seed procurement, planting, harvesting, and labor resource
allocation at each stage of production. By consolidating these processes into a unified
framework, the model aims to minimize total operating costs while ensuring that melon

production aligns with customer demand.

2. Related work
Supply chain management (SCM) is a strategic framework that helps coordinate and

collaborate between different parts of the supply chain network. It encompasses the
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movement of raw materials, information, and financial resources, with the primary goal of
meeting customer demand while improving the overall efficiency of the supply chain [2].
Among the tools used in SCM, mathematical models have become key instruments for
solving complex optimization problems. These models have gained significant attention in
academic research because they provide structured solutions to complex challenges,
especially in agricultural food production planning [3].

In agricultural food production planning, mathematical models have been successfully
applied to improve raw material procurement and production processes. For example, in the
walnut processing industry [4], integrated planning frameworks have been developed to align
raw material procurement with production schedules, ensuring that products meet customer
demands effectively. Models have been applied to solve labor allocation problems. For
example, Wishon [5] developed an optimization model for a farm’s growing and labor
acquisition schedules. Similarly, harvest planning has been widely studied in industries with
time-sensitive operations. Sugarcane harvesting, for instance, has been analyzed to meet
the needs of the sugar manufacturing sector [6]. Since sugarcane has a limited harvesting
window, good planning is crucial to reduce operational costs and maximize yield. Similarly,
apple harvesting [7] has been explored to meet year-round customer demand, thereby
ensuring a steady supply of fresh produce. Effective harvest planning not only cuts costs but
also improves the responsiveness and efficiency of the supply chain. A comprehensive
review by Soto-Silva [8] highlights the growing trend of using mathematical models to
address challenges in agricultural supply chains. The findings show the increasing
importance of these models in improving operational efficiency and enhancing sustainability
in agriculture.

This research aims to develop a MILP model as a decision-support tool for optimizing
melon production planning. The model integrates key processes across the entire supply
chain, including melon seed procurement, cultivation, harvesting, and labor allocation in
melon farming. By combining these processes into a single framework, the model uses real-
world data and seeks to align melon production with customer demand while minimizing total
operational costs. Its primary objective is to reduce costs related to resource utilization, labor

allocation, and logistics, thereby improving the overall efficiency of the supply chain.
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3. Problem description

The melon production planning process is intricate, requiring the involvement of multiple
stakeholders across various stages, including seed sourcing, cultivation, crop maintenance,
and harvesting. The general flow diagram of the melon production process is shown in Figure

1, and the steps involved in the process are described below.

Production farm

xlf,m | ) xl,m cT |

I 1
1 1

I 1

I 1

1 1

| 1

! t,p |

} x?a,m,n :

} v :

1 [rr ]

I

1 1

I .k I

I x4,m,n !

; v :

! HT r» Customer
1 1

L I

Figure 1 The Production Process for Melons on a Farm

The melon cultivation process begins with the procurement of high-quality melon seeds
from suppliers (xf,m ). Farmers germinate melon seeds in seedling trays (SD), achieving a
germination rate of approximately 95%. Once the seedlings reach 10 days of age (xé,m )
they are transplanted into growing beds during the Cultivating stage (CT), within a controlled
greenhouse environment. Ten days after transplantation, farmers prune the branches and
leaves of the melon plants to ensure healthy growth and optimize resource allocation.

Thirty days after pruning, the melon plants enter the flowering stage and become ready
for pollination (x;:f” ). The pollination process (PT) typically spans about 3 days. After
successful pollination, melon plants that have reached at least 75 days of age (xf,;fjsn) are
considered mature and ready for harvest (HT). The optimal harvesting window is within
5 days to ensure peak quality and freshness. To meet customer expectations, the melons
must be harvested at least one day before delivery.

The entire process, starting from the initial germination of melon seeds through to the

final harvesting of mature melons, necessitates the active involvement of both internal farm
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labor (FL) (yf,yé,)é,yf,yéc ) and externally contracted labor (CL) ( y ). Given the multifaceted
constraints inherent in melon production planning, such as resource limitations, labor
availability, and environmental uncertainties, meticulous scheduling of planting, harvesting,
and labor allocation becomes critical to ensuring operational efficiency and maximizing

resource utilization.

4. Mathematical model

The model was formulated as a MILP problem, as described below. It comprises several
key components: indices and sets, decision variables, parameters, constraints, and an
objective function. Each of these components is crucial for defining the problem and ensuring

efficient optimization.

4.1 Model assumptions

This research utilized data collected from the community enterprise of melon growers
in Ban Nong Khang, Suphan Buri Province, Thailand, as a case study. The development of
the model was guided by the following assumptions:

1) The time horizon considered in this study is one year (365 days), with the problem-
solving process starting on the first day of January (t = 1).

2) It is specified that melon seedling cultivation requires 10 days, pollination occurs
when the plants reach 30 to 32 days of age after greenhouse planting, and harvesting takes
place when the plants are between 75 and 80 days old.

3) Each greenhouse can be harvested only once during each harvesting season.

4) At the commencement of the calculation, no Work in Process (WIP) inventory exists

in any process.

4.2 Mathematical Notation

The details of the mathematical model are presented in Table 1.
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Table 1 Mathematical Notation Used in the Model

Indices and sets

teT set of cultivating periods me M set of a group of melon farmers

peP setof pollinating periods neN setof a group of melon greenhouses

ke K set of harvesting periods

Parameters

RaT, germination rate of melon seeds CoT, cost of seeds

RaT, worker rate in the seedlings sector | Co7, cost of seeding

RaT, planting rate per greenhouse CoT; cost of cultivating
RaT, worker rate in the cultivating area CoT, cost of pollinating
RaT, worker rate in the pruning sector CoT, cost of harvesting

RaT, worker rate in the pollinating sector | CoTy cost of farm laborers

RaT, worker rate in the harvesting area CoT, cost of contracted laborers

RaT, melon yield rate DeM* demand of melon in period k

CaF, total number of farm laborers

Decision Variables

xf,m number of seeds planted in period t by famer m

xéym number of seedlings planted in period t by farmer m

xyh, equal to 1 if cultivating in period t and pollinating in period p by farmer m in

greenhouse n and 0 otherwise.

x‘{’);ﬁ)n equal to 1 if pollinating in period p and harvesting in period k by farmer m in

greenhouse n and 0 otherwise.

yf number of laborers working in the seedlings sector in period ¢

» number of laborers working in the cultivating area in period t

W number of laborers working in the pruning sector in period t

Vs number of laborers working in the pollinating sector in period p

Vs number of laborers working in the harvesting area in period k

Vs number of contracted laborers acquired in period t
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4.3 Objective function
The Objective function minimizes is the sum of seeding cost ( C““"8 ), cultivating cost
(CCHltivating y 1 ollinating cost (CTOMME ) harvesting cost (CT™8 ) and Outsourcing cost

(COutsoureing y The total cost of the objective function is defined by Equation (1) as follows:

Minimize:

7 = CSeedmg + CCultzvatmg + CPollmatmg + CHarvestmg + COutsourczng (1 )

The seeding cost is defined as the total of the seeds cost and the labor cost in the

seedlings sector, which can be calculated using Equation (2) as:

CSeeding Cole Z X, +CoTy ny )

teT meM teT

The cultivating cost is defined as the total of the seedlings cost, the cultivating cost, and

the labor cost in the cultivating area, which can be calculated using Equation (3) as follows:

(Cultivating _ COTzZ Z X+ COEZZ z Zxéfm + COTGZyé (3)

tel meM tel peP meM neN tel

The pollinating cost is defined as the total of the pollinating cost and the labor cost in

the pruning and pollinating sectors, which can be calculated using Equation (4) as follows:

(¢ Pollinating _ COT“Z z Z Z xgh  +Coly (z Y5+ Zyﬁ} (4)

tel peP meM neN tel tel

The harvesting cost is defined as the total of the harvesting cost and the farm laborers

cost in the harvesting area, which can be calculated using Equation (5) as follows:

CHarvesting — COTS Z z Z fo’;ﬁ,n + COT6 zyé{ (5)

peP keK meM neN keK
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The outsourcing cost, which is the total cost of contracted laborers, can be calculated

using Equation (6) as follows:

(Ouisourcing _ CoT, Zyg (6)
keK

4.4 Constraints

The required quantities of resources for melon seedling cultivation can be calculated

using constraint Equation (7), as this process requires a 10-day period.
Ra]-ixf,m 2 'x?—rlto ’ vteT,meM (7)

Constraint Equation (8) determines the labor input required in the seedlings sector.

RaTy D ¥, < ViVier (8)
meM

Constraint Equation (9) determines the number of seedlings used daily in the melon

cultivation process.

Xom = R(lT3 Z Z xg’,r’;t,n 5 vteT,meM (9)

peP neN

Constraint Equation (10) assumes that planting greenhouses are not reused.

sz?amn <1;vmeM,neN (10)

tel peP

Constraint Equation (11) determines the labor input required in the cultivating area.

Ranzzzxi%mn y2’ teT (11)

peP meM neN
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The maintenance process for melon plants involves pruning melon branches and leaves
10 days after planting, as described in Equation (12), which determines the labor input
required for pruning.

t=t+10, V

RaTsy; = ys (T (12)

Constraint Equation (13) determines the labor input required in the pollinating sector.

RaTGZZZ)%mn—)q’ peP (13)

teT meM neN

Once melons reach reproductive maturity (30 days), pollination can begin and must be
completed within 3 days. The harvest period for melons is 75-80 days, as defined by

Equations (14) and (15).

Pp<t+32 P<t+32 k<t+80
2 L z 2 pk .
'x3,m,n - x4,m,nﬂvteT,meM,neN (14)
p2t+30 p2t+30 k>t+75
2 : Ly _ z pk .
x3,m,n - x4,m,n > v1,7eP,meM,neN (1 5)
tel keK

Constraint Equation (16) assumes that harvesting greenhouses are not reused.

szfrln{n <L vmeM,neN (16)

pePkeK

Constraint Equation (17) determines the labor input required for the harvesting area.

RaT7ZZZx4mn<y§;vkeK (17)

peP meM neN

The harvested melon yield must meet customer demand, and harvesting must be

completed one day prior to customer pickup, as defined by Equation (18).
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RaTy ) " D it > DeM*; v, (18)

peP meM neN

Constraint Equation (19) determines the maximum labor capacity based on the

availability of farm and contracted laborers.
WAV 45+ V] + 3§ SCaB+ Y5V er peprexst =P =k (19)
Constraint Equations (20) and (21) define the variable types.

t t t .t t .p k _t .
xl,m’x2,m’y1 5 V253, V4 5V55V6 2 0and Integer’vteT,pEP,ksK,meM (20)

t,p Pk .
‘x3,m,n > 'x4,m,n € {0’ 1} > vteT,peP,keK,meM,neN

(21)
5. Case study

The melon production process consists of systematic stages: seedling propagation,
cultivation and maintenance, and harvesting. The supply chain involves intermediaries who
collect the harvested produce for further distribution. The developed mathematical model was
tested using the Premium Solver V2023 [9]. However, the solver encountered computational
limitations due to the excessive number of decision variables and constraints, exceeding its
capacity to derive an optimal solution. To validate the model's accuracy, the researchers

conducted a case study simulation by reducing the production planning horizon (Figure 2)

Demand

0 1 2 3 4 5 6 7 8 9 10
I | I I I I | | I I I
I I I I I I | I I I I
Pollinating Havesting
Cultivating
seeding Pruning

Figure 2 Melon Production Planning Horizon Timeline
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The following components systematically structure the proposed melon cultivation
framework.
1) Seedling:
- Propagation commences in Period 1 (duration: 1 period).
2) Cultivating:
- Transplanting to greenhouses is conducted upon completion of the seedling stage.
- Pruning is initiated after the plants have spent 1 period in the greenhouse.
3) Pollinating:
- Initiated when melons reach 3 periods of age.
- Must be completed within a 2-period window.
4) Harvesting:
- Permitted once melons attain an age of >5 periods.
- Must be finalized within 2 periods after eligibility.
5) Demand Fulfillment:
- Harvested melons must meet customer demand specifications.
- Harvesting must be completed 1 period before customer pickup.
In this case study, the production planning framework uses real-world data from over
700 greenhouse farms to define the scope and scale of the problem by reducing the number
of decision variables (Table 2), while incorporating key input data and parameters (Table 3)
to ensure the plan meets consumer demand (Table 4). Notably, the reduction in dataset size
for model testing did not compromise the model's performance. The resulting melon
production plan accurately reflects optimal planting and harvesting quantities and fully

satisfies customer demand.

Table 2 Size of the Test Problem

Number of cultivating periods 10
Number of pollinating periods 10
Number of harvesting periods 10
Number of farmers 3
Number of greenhouses 7
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Table 3  Input Data and Parameter Values

Parameter Value
RaT, 95%
RaT, 1/1,040 for worker rate in the seedlings sector
RaTy 800 plants per greenhouse
RaT, 3 workers per greenhouse per day
RaT, 1/3 of the laborers are working in the cultivating area.
RaTy 1 worker per greenhouse per day
RaT, 3 workers per greenhouse per day
RaT; 1,140 kilograms per greenhouse
CaR, 35 workers
CoT; 6 baht per seed
CoT, 1 baht per seeding
CoT, 8,175 baht per greenhouse
CoT, 3,000 baht per greenhouse
CoT; 1,520 baht per greenhouse
CoTy 355 baht per worker per day
CoT; 450 baht per worker per day

Table4 Demand for Melon (kilograms)

k DeM* k DeM*
1 0 6 0
2 0 7 0
3 0 8 3,420
4 0 9 1,140
5 0 10 2,280
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6. Results and discussion

In this study, the researchers employed Premium Solver to compute the optimal
solution. The results of the mixed-integer linear programming (MILP) model were applied to
melon production planning, encompassing cultivation, pollination, fertilization, and harvesting,

as well as labor resource allocation. The detailed outcomes are presented in Tables 5 and 6.

Table 5 Optimized Values of the Decision Variables

xlt,m xé,m t ¢ t » i ,
t,p.k N | | Vs | ys | ¥
m=1 m=2 m=3 m=1 m=2 m=3
1 1,685 0 0 0 0 0 2 0 0 0 0 0
2 0 0 1,685 | 1,600 0 0 2 6 0 0 0 0
3 0 0 0 0 0 1,600 | O 6 2 0 0 0
4 0 1,685 0 0 0 0 2 0 2 2 0 0
5 0 0 0 0 1,600 0 0 6 0 1 0 0
6 0 0 0 0 0 0 0 0 2 1 0 0
7 0 0 0 0 0 0 0 0 0 0|12 ] 4
8 0 0 0 0 0 0 0 0 0 2 4 0
9 0 0 0 0 0 0 0 0 0 0 8 0
10 0 0 0 0 0 0 0 0 0 0 0 0
Table 6 Optimized Decision Variables for Melon Greenhouse Operations
m,n Farmers 1 m,n Farmers 2 m,n Farmers 3
1,1 b =1 2,1 Not selected 3,1 Xt =1
Lt =1 T =1
12 X =1 2,2 Yo =1 3,2 o =1
o =1 o =1 =1
23 X =1
otk =

Remark: The remaining decision variables take the value 0.
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This production planning model provides an effective scheduling approach for melon
cultivation. For example, when presented with a customer demand of 2,280 kg in period
k=10 (see Table 3), the model generates a production plan (Table 4) that involves procuring
1,685 seeds in period t=4 , cultivating 1,600 healthy seedlings by period t=5 , transplanting
them into greenhouses managed by Farmer 2 during the same period (Table 5) using
Greenhouse 2 and Greenhouse 3, conducting pollination in period p=8 , and achieving a
harvest of 2,280 kg in period k=9 . This schedule precisely fulfils the demand while
maintaining the critical one-period buffer between harvest and delivery. A comprehensive
review of the overall production plan confirms that customer demand is fully satisfied,
highlighting the model’'s practical applicability and efficient management of the production
timeline. The optimized total production cost amounts to 134,400 THB, representing a

10.16% reduction compared to manual planning, which incurs a cost of 149,600 THB.

7. Conclusions

This study shows that using a mathematical model can help melon farmers plan their
work better. Instead of making decisions based on experience or guesswork, the model helps
farmers schedule planting, harvesting, and labor use in a more organized and efficient way.
It reduces total production costs by 10.16% and lowers the need for outsourced workers,
which makes farm operations more stable and easier to manage.

The results suggest that even small farms can benefit from using optimization tools.
The model can also be adapted for other crops with similar growing patterns. In future
research, we will focus on expanding the model's scope to include additional components of
the melon supply chain, improving its ability to handle real-life challenges such as weather
variability and demand uncertainty, and developing enhanced scenario analysis capabilities

for various operational conditions.
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