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1. Introduction

Good supply chain management has tremendous leverage 
on the sustainability of every business [1]. In Managing a Sup-
ply Chain, two challenges must be faced; structural challenges 
with many involved parties (multi-echelon and multi-actors) 
and uncertainty challenges [2, 3]. Both challenges drive 
complexity. Complexity grows as the supply chain’s echelons 
increase, making Supply Chain Coordination essential [4, 5]. 
Supply Chain Management aims to manage chain interest 
trade-offs [6]. If a trade-off exists, then coordination can be a 
means to improve supply chain performance. The most com-
monly used approach to supply chain coordination is through 
information sharing [7]. Information sharing may include 
sharing point-of-sale, delivery schedules, inventory level, and 
demand information. Interactions and relationships between 
system components and their behavior are also essential in 
complex systems to improve performance [8] and gain a com-
petitive advantage [9]. Thus, any improvement can be carried 
out systemically and thoroughly.

The echelons in previous research were mainly in 
two [10–13] and three layers [14–18]. Only a few have built 

four echelons or more in the supply chain coordination mod-
el [19, 20]. Even then, Mathematical Programming approach-
es such as Linear Mixed Integer Programming [21, 22], 
goal programming [23], differential modeling [24], heuristic 
approaches [25, 26], or a combination of optimization and 
heuristics [20], with many assumptions for modeling process 
simplifications. Making it somehow requires much effort 
to apply in the practical world and capture the complex 
system’s actual behavior. However, there has never been 
comprehensive coordination modeling that captures caus-
ative relationships and the behavior between interconnected 
variables along the supply chain. Therefore, this study is 
devoted to developing a complex multi-echelon supply chain 
coordination model and capturing the behavior. Due to the 
complexity and many interactions between components in 
complex multiple echelons supply chain networks, a system 
dynamics approach is the most appropriate [27]. This mod-
eling technique can accommodate fluctuations in uncertain 
conditions that run over time and capture the behavior [28]. 
Multiple echelon Aggregate Andesite Stone (AAS) Supply 
Chain is used as an empirical system with four echelons. 
Moreover, the demand information sharing as coordination.
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The interrelationships between system components 
are critical to improving the performance of a complex 
supply chain system. Thus, any improvement or develop-
ment can be carried out systemically and comprehensive-
ly. The complexity of coordination grows as the number 
of echelons in a supply chain increases. In practice, coor-
dination becomes more difficult to implement in a supply 
chain with more echelons. Through demand information 
sharing, this research attempts to figure out how coordi-
nation can have implications for complex multi-echelon 
supply chains with a modeling approach. The Aggregate 
Andesite Stone Supply Chain is used as an empirical 
model with four echelons. Changes in dimensions and val-
ues per ton of product in each echelon displacement add 
complexity. Total holding cost is not the only consider-
ation. The timely completion of projects downstream is 
also a priority. So the system’s behavior that runs and 
changes over time also needs to be observed. To accom-
modate this complexity, a system dynamics modeling 
approach is used. This modeling technique could cap-
ture fluctuations in volatile conditions that change in 
time sequences. The pattern of model behavior shows that 
demand information sharing in the andesite aggregate 
supply chain is faint, and the “bullwhip effect” occurs. 
The demand information sharing can eliminate this effect, 
reduce up to 73.5 % of total supply chain holding costs, 
and increase the percentage of project completion on time 
downstream of the supply chain. These results provide a 
scientific and practical understanding that although there 
are many obstacles, demand information sharing can sig-
nificantly improve performance in multi-echelon complex 
supply chains and be worthwhile applied
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Every Quarry could supply andesites to more than two 
stone crushers industry in the AAS supply chain. Each 
stone crusher serves various industries: the ready-mix, pre-
cast, asphalt mixing plants, paving-stone, and stockpilers/
distributors. The flow of andesite aggregate is quite long, 
involving many factors influencing its flow, from open pit 
extraction quarry to the final infrastructure product. The 
shape and value per unit product change in every echelon 
shifting, making holding cost per unit in each echelon and 
each industry a divergent value. On the other hand, as the 
primary raw material for end users in the completion of in-
frastructure projects, supply delays mean poor supply chain 
performance. Not only causing fines for delays but business 
continuity in the future can be threatened. Therefore, stud-
ies that are devoted to examining the demand information 
sharing in the complex multi-echelon supply chain, such as 
The AAS, are scientifically relevant. It becomes even more 
critical if uncertainties exist (demand, weather, availability, 
workforce, pandemic, and timing). The result could be used 
as a solution or benchmark for supply chains or industries 
with similar complexity to improve their performances.

2. Literature review and problem statement

Integration and coordination from upstream to down-
stream in the supply chain can improve performance [29, 30]. 
Managing resources across company boundaries in man-
ufacturing companies are becoming increasingly import-
ant [31]. They should be an essential element in the strategy 
to win the competition. However, supply chain coordination 
is also not always in the primary interest of the individual 
members of the supply chain components. As a result, an 
orderly coordination mechanism within the supply chain is 
needed to change the behavior of supply chain components 
to improve supply chain performance [32]. Information 
flow significantly affects the material flow’s smooth behav-
ior [33]. Traditionally, companies operate in environments 
with insufficient information. Partial and periodic purchase 
orders become the primary information channel for sharing 
among components. Strategic Decisions related to the sup-
plies, such as production and storage, have been made based 
on local information at the activity site [34]. This results in 
operational inefficiencies in excess inventory, increased op-
erating costs, and additional coordination costs. Therefore, 
inefficiencies in the supply chain must be eliminated [35]. 
The alignment and coordination of information between 
components are essential to balance supply and demand [36]. 
Coordination and collaboration are the fundamental issues 
of supply chain existence. Much research has discussed 
various forms of coordination with different supply chain 
echelons [37].

The paper [22] studies coordination in two-echelons 
supply chains. The first echelon is the manufacturer (single), 
and the second is the retailer (multi). Developed framework 
and linear mixed integer programming model show that de-
centralized coordination could improve efficiency with dis-
count decisions for different pricing. The study suggests that 
as the overall demand for the product increases, the manu-
facturer should increase the frequency of discount periods 
and the magnitude of the discounts to spread out production 
over a more extended period. But some issues have not been 
accommodated; The study only considers time-changing de-
mand at the retailer level but does not consider other factors 

that may affect demand, such as market conditions or com-
petitors. How the coordination could impact supply chain 
performance or other influences is not discussed in depth. It 
would provide a better impact if these could be considered in 
the model comprehensively.

In the paper [38], even though each one is not discussed 
in depth, more echelons of the supply chain systems are dis-
cussed. It described that collaboration and coordination in a 
supply chain could lead to performance enhancements, risk 
management, and cost savings. The key to successful collab-
oration is that all parties share the costs and benefits. It iden-
tified three key processes; defining cost and benefit parame-
ters through a cost-benefit analysis, classifying cost-benefit 
sharing characteristics into two, three, and multi-echelon 
categories, and categorizing collaboration levels into four 
categories (data, knowledge, information, and cost-benefit 
sharing). It presents cost-benefit sharing scenarios based 
on these processes using Analytical Hierarchical Process. 
It shows that collaboration can lower costs and generally 
increase responsiveness in health facility services. The study 
highlights the importance of fair allocation of costs and 
benefits for successful collaboration in the healthcare supply 
chain. This framework can be helpful for healthcare supply 
chain managers and stakeholders to understand the benefits 
and challenges of collaboration and to develop strategies 
for cost-benefit sharing that can improve supply chain per-
formance. The study in this paper has some limitations; the 
proposed framework is based on a relatively small number 
of case studies, which may limit its generalizability to other 
healthcare supply chain contexts. Additionally, the frame-
work is theoretical in nature and does not provide empirical 
evidence of its effectiveness in practice. 

The paper [39] investigates the use of Kanban systems in 
a multi-echelon pharmaceutical supply chain (MEPSC). It 
suggests that these systems can improve inventory manage-
ment and information sharing within MEPSCs, and provide 
a foundation for innovation in the pharmaceutical industry. 
It presents two main findings: that Kanban systems can 
provide strategic benefits and improve the quality and in-
formation sharing within a MEPSC. They can also allow 
organizations to shift away from traditional “push” delivery 
and logistics systems towards improved strategies. The 
research offers an in-depth examination of various Kanban 
systems developed to address the difficulties and obstacles 
encountered by the original Kanban system. The paper pres-
ents a compelling argument for how implementing a Kan-
ban system can effectively manage inventory and enhance 
communication throughout a multi-echelon supply chain. 
However, it relies on a single case study to demonstrate the 
implementation and benefits of Kanban systems within a 
MEPSC, which may limit the generalizability of the findings 
to other contexts. Additionally, it does not present empirical 
data on the impact of Kanban systems on inventory man-
agement and supply chain performance, which would help 
evaluate the validity of the proposed benefits. The research 
only focuses on using Kanban systems to control inventory 
status in each component rather than considering other po-
tential applications. The Kanban systems operate based on 
predetermined rules or patterns.

The paper [40] presents a well-defined research question 
and addresses it using a novel simulation method based 
on hierarchical colored Petri nets. It provides a clear and 
thorough explanation of the method and how it was used to 
model inventory management in multi-echelons serial sup-
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ply chains. One strength of the paper is that it builds upon 
existing knowledge on the bullwhip effect and inventory 
inaccuracy and situates the research within this context. 
It also provides a comprehensive review of the literature on 
RFID technology and its potential to mitigate the bullwhip 
effect. Using a colored Petri nets base allows for modeling 
complex supply chain dynamics in the presence of inventory 
inaccuracy and RFID technology. But there are a few areas 
that could be improved. One limitation is that it only consid-
ers the impact of inventory inaccuracy on the bullwhip effect 
in RFID-enabled supply chains. It would be interesting to 
see how the results compare to supply chains without RFID 
or with different collaboration strategies. Additionally, the 
study does not present any real-world data, and it may not 
fully capture the complexity of real-world supply chains.

The paper [41] presents a three-echelon model in the 
closed-loop supply chain that optimizes the profits of each 
member: a manufacturer, retailer, and collector. It introduc-
es models for remanufacturing by offering a certain level of 
physical and financial assistance to the collector. It utilizes 
optimization techniques to identify optimal solutions. The 
study finds that through coordination and shared respon-
sibility, the collector’s profit can be enhanced, the perfor-
mance of the supply chain can improve over time and the 
profit of each member of the supply chain increases as the 
percentage of sharing increases up to a certain point. The 
study provides insight into how responsibility sharing can 
improve profitability and reduce an individual’s workload. It 
can be helpful in supply chain industries where the coordi-
nation among the members of the supply chain is crucial for 
the overall performance of the supply chain. Nevertheless, 
the differences between manufactured and remanufactured 
products have not been accommodated in the model. The 
study only considers a single retailer; the model has not con-
sidered multiple retailers and stochastic demand patterns.

The paper [42] proposes and analyses some scenarios 
in which upstream (replenishment lead time) and down-
stream (demand) information are shared simultaneously 
in a two-echelon supply chain with multiple products. It 
minimizes the overall system cost, which includes holding, 
ordering, penalty, and transportation costs, using a central-
ized decision-making process in which the warehouse is the 
decision maker. The developed genetic algorithms success-
fully find the optimal inventory positions at the warehouse 
and allocate quantities for each product to each retailer to 
minimize the system cost. But it only considers centralized 
decision-making, where the warehouse is the decision mak-
er and does not explore the potential impacts of decentral-
ized decision-making on the value of information sharing. 
It would be helpful if it provided more details about the 
specific genetic algorithm used, such as the selection and 
crossover operators, as well as the specific optimization 
objectives and constraints.

The approach proposed in the paper [43] appears to be 
a promising solution for addressing the challenges of man-
aging a decentralized supply chain where the entities are 
independent and do not fully cooperate. Using a bi-level 
model and Nash game strategies at the upper level allows 
for coordination and decision-making in a non-cooperative 
environment. In contrast, optimizing individual objectives 
at the lower level allows each entity to pursue its own 
goals. The numerical analysis and comparison with other 
approaches provide good support for the effectiveness of the 
proposed approach. Overall, the approach proposed in this 

paper represents a valuable contribution to the literature on 
decentralized supply chain management and has the poten-
tial to be applied in practice to improve coordination and 
sustainability in such environments. But this paper may still 
have shortcomings; it assumes an independent body at the 
upper level to coordinate the planning and decision-making 
process. It may not always be feasible in practice, and it is 
unclear how the approach would work without such a body. 
Additionally, the sensitivity analysis only considers a few 
select parameters, and it would be beneficial to see a more 
comprehensive analysis of the robustness of the approach to 
different variations in the model parameters.

The paper [44] addresses a case study to illustrate the 
use of sell-through data in forecasting and evaluates the 
performance of various methods using empirical data. It 
provides a practical example of how sell-through data can 
be used in practice and adds credibility to the conclusions 
drawn. The study suggests that incorporating sell-through 
data from intermediaries can improve the forecast accuracy 
of traditional univariate forecasting methods. It is a valu-
able insight for manufacturers as it can help them build a 
more agile supply chain by improving short-term forecast 
accuracy. One potential area for improvement could be to 
provide more detail on the specific methods used to evaluate 
the forecasting performance in the case study. While it de-
scribes the use of time series methods and machine learning 
techniques, it does not provide much detail on the specific 
algorithms or approaches employed. Additionally, it would 
be useful to have a more in-depth discussion of the potential 
limitations and considerations for using sell-through data 
in forecasting. It mentions that sell-through data may not 
always be available or subject to delay but does not delve into 
these issues in much detail.

The paper [20] presents a mathematical model for an-
alyzing a sustainable and traceable fish closed-loop supply 
chain network, which includes consideration of carbon 
emissions from transportation, production, and warehousing 
activities. The inclusion of carbon emissions in the model 
is also a notable feature, as it aligns with current concerns 
about the environmental impact of supply chain activities. 
The consideration of multiple types of costs, including pro-
duction and traceability, transport, inventory, and emission 
costs, is also a good feature of the model. The potential area 
for improvement could be to provide more detail on the spe-
cific assumptions and constraints used in the mathematical 
model. While it describes the various components of the 
supply chain and the cost factors considered, it does not pro-
vide much information on how these are incorporated into 
the model or how the model accounts for the complexities 
of the real-world system. Furthermore, it does not address 
the potential for variability or uncertainty in demand for 
fish products or the costs of production and transportation, 
which may impact the model results.

Extensive research has been carried out. From the re-
views above, the echelon was studied primarily on two and 
three. Only a few in four echelons were developed for a single 
product without change in shape or value in every echelon. 
Mainly Systems are observed using the mathematical and 
algorithmic modeling approach (Linear Programming, goal 
programming, Genetic algorithm, Petri net graph, Nash game, 
differential model), which is rigid through assumptions. How-
ever, there has never been a study that develops the model for a 
multiple-echelon supply chain that captures the interrelation-
ship and behavior between actors and factors in the product 
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supply chain that changes over time and addresses supply 
chain coordination for differentiated products or changes in 
the type, size, or value in the middle of the flow. 

This study builds the model based on the system dynam-
ics modeling approach. System dynamics are effectively used 
for a system that requires a lot of data management [45]. The 
system dynamics (SD) approach for supply chain modeling 
is widely used. Paper [46] reviews that SD has been used 
as a modeling approach in the supply chain functions for 
distribution, logistics, planning, and sourcing. Paper [46] 
also reviews that based on the supply chain field, SD has 
been applied in Agri/aquaculture, daily tools, automotive, 
biofuels, electronic products, food and beverages, wood-
working, mining, transportation, and utility. This method is 
not new in the construction sector’s supply chain modeling 
approach; it is used to build a green strategy evaluation 
model [47–49], construction supply chain risk [50], circular 
issue [51, 52], and prefabricated construction supply chain 
product [53, 54]. As primary construction materials, Previ-
ous studies of the supply chain of aggregate andesite stone 
products and their derivatives are limited on analyzed the 
network design and production planning with linear mix in-
teger programming. Where the primary outcome is location 
planning [55]. However, System Dynamics has never been 
used to model the supply chain of andesite aggregate stones 
as construction material and overview the coordination, 
especially demand information sharing.

3. The aim and objectives of the study

The aim of the study is to develop ways to reduce dif-
ficulties in a complex multi-echelon supply chain. It allows 
supply chains of the same complexity to use as benchmarks 
or strategic evaluation tools to improve performance.

To achieve this aim, the following objectives are accom-
plished:

− to identify and develop a system dynamics model that 
could accommodate complexity in multi-echelon AAS Sup-
ply Chain and system behavior that changes over time;

− to reveal how demand information sharing on 
multi-echelons of AAS Supply Chains affects total holding 
cost and project completion downstream.

4. Materials and Methods

The System Dynamics model captured the system be-
havior in management science [56]. While the definition of 
dynamic systems, according to JW Forrester [57], is a sim-
ulation methodology used to evaluate complex systems that 
evolve or change over time, primarily in management science 
and modern control theory, through computer simulations.

The stages for developing a system dynamics model are 
as follows [28, 58]:

1. Observation of the entire system observed and Vari-
ables Identification.

This first step seems the simplest, but it is the most cru-
cial step in the system dynamics approach. A researcher’s 
understanding of the observed system is the key to moving 
on to the next stage. Understanding the system’s various 
components and behaviors that change over time stands at 
this stage. Moving on to the next stage is not easy when the 
observed system is not adequately understood.

In this study, observations were made starting in the stone 
crusher industry. The data obtained included production mech-
anisms, material supply patterns from quarries, and delivery 
mechanisms of stone crusher products, identifying any matters 
that affect production, product delivery, and material receipt. 
The search continues upstream and downstream. Upstream 
there is The Quarry. Observations were made to capture how 
the stone open pit mining process is carried out, what influenc-
es the quarry production rate and capacity, and how the process 
of receiving orders and andesite stone delivery is carried out. In 
the downstream direction, observations are made by tracing 
where the stone crusher products are sent to end users. The end 
users of this entity are the contractors of various infrastructure 
projects. At the downstream end of the supply chain, the most 
important data to obtain is the monthly demand of aggregate 
andesite or its derivative products, usage rate, and the deadline 
for each infrastructure project undertaken.

2. Causal Loop Diagram (CLD).
Relations among observed variables are shown in this 

diagram. It is positively marked if it has a positive relation-
ship and a negative mark for a negative relationship. This 
arrangement of relationships forms a Loop that can be both 
positive and negative. This Loop is necessary for the system 
dynamics because it reflects the natural system’s behavior. 
When a condition continues to increase, there will be a 
mechanism that counters this condition and encourages a 
decrease, and vice versa.

3. Stock & Flow Diagram (SFD).
This diagram shows the system’s structure with more 

detailed information than in the CLD. In this diagram, the 
identified variables are categorized into auxiliary, rate, and 
level/stock. Flow interaction is also more visible than CLD. 
There are two types of flow, namely, the flow of information 
and material. Material flow is accommodated in stock/level 
with control in and out of rate. In SFD, interactions among 
variables in CLD are transformed into equations inside each 
variable. SFD is The system dynamics model that runs over 
time. In this study, developed SFD is simulated for 3 years 
with monthly timestep. 

4. Model Validation.
The simulation model can be validated by comparing 

the output of several parameters from the model with ac-
tual conditions. It can be done with a statistical approach 
by comparing the similarity of variance and mean of these 
parameters [59]; this is called a model behavior replication 
test [60, 61] added Model parameter tests. In the behavior 
tests, parameter values in the model can be tested in simple 
ways, for example, against historical behavior. The model 
parameters can be validated by examining two interrelated 
variables: comparing the actual logic with the simulation 
outcomes. The simulation results are considered accurate if 
the pattern matches the actual logic.

5. Analysis and Developing Alternative Scenarios in a 
valid model.

After obtaining a valid model, an analysis of the existing 
conditions of the model’s behavior is carried out at this stage. 
Moreover, applying and analyzing some planned scenarios 
or the observed system changes tested at the model level is 
possible. 

In this study, there is no coordination in the initial mod-
el. The alternative scenarios model is carried out by enhanc-
ing aspects of demand information sharing. The demand is 
made into transparent information among industries and 
echelons. The output of the two models is then calculated for 



Control processes

29

the total holding cost and captures the completion time of 
the infrastructure project at end-users.

5. Result of System Dynamics Modeling Approach on the 
Aggregate Andesite Stone Multi-Echelons Supply Chain

5. 1. Developing system dynamics model
5. 1. 1. The aggregate andesite stone supply chain 

(observed system)
Most infrastructure projects include road construc-

tion, bridges, dams, irrigation, and housing, all of which 
require raw materials from aggregate stones supplied by 
the stone crusher plant. The product consists of coarse and 
fine aggregates derived from hard rocks (andesite). All con-
crete-based constructions require andesite aggregate stone 
as a material. For example, when building bridges and dams 
for homes, a mixture of sand (fine aggregate) and gravel 
(coarse aggregate) is needed [62]. Compacting layers on road 
construction projects require Stone ashes. Smoothing the 
road surface requires a mixture of asphalt, stone ashes, and 
gravel measuring 0.5 mm [63]. Thus, the availability of ag-
gregate andesite stones (AAS) becomes vital in supporting 
infrastructure projects in developing countries.

In aggregate andesite and its derivatives, profit from sales 
may not be a priority. Nevertheless, construction projects that 
are completed on time downstream are necessary. It is useless 
at one time; the sales numbers are high. Still, the next time 
it could not be continuous because of the low service level 
of aggregate supply and unable to maintain inter-chain rela-
tionships. Low because it fails to predict downstream needs, 
but when overconfidence saves excess product. It causes high 
opportunity costs and holding costs. This is why this research 
examines how much and how demand information sharing 
affects the behavior of the andesite aggregate supply chain 
along the stream.

The gradual processing of non-renewable materials caus-
es the guarantee of availability needs to be a priority. Sup-
pose there is a delay in supply or low product quality, it could 
hamper the construction of infrastructure projects. As the 
main component, the stone crusher industry must provide 
raw materials on time and in good quality.

The supply chain of aggregate stone is quite complex. As 
shown in Fig. 1, the chains consist of four echelons, where the 
center is at echelon II, the stone crusher industry. The upline 
comes from the stone quarry at echelon I. Furthermore, the 
downline of the supply chain is spread from echelon III to ech-
elon IV. Aggregate stone distributors supply to retailers and 
end-users directly. Ready-mix and precast industries use aggre-
gate stone as bulk concrete dough mixtures. The asphalt mixing 
and paving stone industry is also located at Echelon III. The 
end-user of each sector is at echelon IV of the supply chain. The 
andesite aggregate stone end-users are not close to the possibili-
ty of getting the product directly to the stone Crusher industry.

The entity journey begins from an open pit quarry, boul-
ders obtained from nature in massive size. The process of 
breaking with explosives and/or breakers is carried out so 
that they are of sufficient size to be loaded in the transporter 
and sent to the stone crushers industry. The boulders are 
then crushed by crusher machines until aggregate andesite 
of various sizes and value-added changes are produced. AMP 
Industry and paving-stone require types of stone ash and 
stone sizes of 5–10 mm; ready mix and precast require sizes 
10–20 and 20–30 mm. All produce different new products 
with andesite aggregate as the primary raw material, which is 
then absorbed by the end market. So, entities change in shape 
and value throughout the supply chain stages.

Identified variables have a significant role in the flow of 
aggregated andesite stone product entities along the supply 
chain. The main of them in the model are:

1. Andesite production in 
the Quarry.

2. Andesite stone inventory.
4. Stone Crusher produc-

tion rate.
5. Demands for stone crush-

er products.
6. End-user demand of each 

andesite derivative product.

5. 1. 2. Causal loop dia-
gram

This diagram shows the 
relationships between vari-
ables identified as influential 
in the AAS supply chain from 
Quarry to end-user. There are 
at least 22 Loops generated 
with different Loop marks, 
both positive and negative, 
some of which are presented 
in Fig. 2. Since open pit, when 
rainfall increases, it could af-
fect the decrease of produc-
tion capacity in the Quarry 
and the stone crusher, so the 
nature of the relationship is 
negative. One stone crusher 
handles supply to all indus-
tries in echelon III.Fig.	1.	Andesite	aggregate	stone	supply	chain
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As the stockpile of stone crusher products increases, it 
encourages the construction industries to fill their raw ma-
terial storage because there are fears of material shortages at 
certain times, so the relationship is positive. Once the demand 
from the construction industry increases, it lowers the level of 
stone products storages. Everything is driven by demand from 
retailers and infrastructure projects-based end-users.

5. 1. 3. Stock and flow diagram
Interaction and feedback systems can be described by 

functions or equations that produce mathematical functions 
when integrated and sequenced. The equations used in mod-
eling for some stocks are as follows.

The stock of “inventory of quarry andesite stone” with 
units of tons in the t-period (Xt) is influenced by the initial 
inventory in the null period (X0) and the integral of the 
“quarry production” rate in the t-period (Yt) reduced by the 
level of “raw materials deliveries” in the t period (Zt). So 
mathematically described in the form:

( )0
0

d .
t

t t t
n

X X Y Z t
=

= + −∫     (1)

The stock of “crusher stone raw material” in period t(At), 
influenced by the initial conditions (A0) and integrals of the 
“raw materials deliveries” in period t(Zt), minus the produc-
tion rate of each product type i at each period ( ) ,i

tt B  where 
i consists of stone ash, aggregate 05–10, 10–20, 20–30, and 
waste. It can be written as follows:

( )0
0 1

d d .
t i

i
t t t

n m

A A Z B i t
= =

 
= + −  

 
∫ ∫    (2)

The stock of each product type piles i at each period ( )i
tt C  

is affected by each initial inventory status ( )0
iC  and each pro-

duction rate ( )i
tB  and reduced by total demand product i at 

period ( ) .i
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describes mathematically that, at the third echelon, stocks are 
defined as the inventory level of material piles in the precast 
industry, distributors, ready mix industry, Asphalt Mixing 
Plant, and paving stone industry ( :i

tE  stone aggregate inven-
tory level industry i at period t). each affected by the total 
inbound of each i material at period ( )i

tt F  and the total usage 
rate for production in industry i at the same period ( ) .i

tG
Capturing the flow of andesite stone material from the 

Quarry to the end-user in various product forms becomes the 
starting point of modeling. All equations (1)–(4) are inserted 
into each variable in the stock and flow diagram. Andesite stone 
sources are obtained from nature by open mining techniques. 
The stocks and flows model of the chain is shown in Fig. 3. Mas-
sive andesite stones are cleaved by two methods, mechanical 
breaker, and blasting. Since the Quarry is on the surface, each 
month’s production results depend on weather conditions. In 
the rainy season, production is lower than the monthly average. 

The Andesite stone is sent to the stockpiles of the stone 
crusher industry, which are processed into various sizes from 
20–30 mm, 10–20 mm, 5–10 mm, and the most delicate is 
stone ash. The residual products of this process go into waste, 
which is usually a type of stone of low quality mixed with mud 
and soil. Each size of aggregate andesite stone has its market 
share. Dimensions of 20–30 mm are needed as a precast and 
ready-mix raw material, 10–20 mm are required by the pre-
cast industry and distributor stockpiler, 5–10 and stone ash 
are needed by the AMP and paving stone industries. There-
fore, demand for each end-user of the processing industry is 
highly dependent on the weather and annual budget cycle of 
infrastructure projects. Moreover, end customers/users in the 
4th echelon do not have any stockpile of products.

Fig.	2.	Aggregate	andesite	stone	supply	chain	causal	loop	diagram
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5. 1. 4. Model Validation
Validation of each model is a crucial process. This process 

test and ascertain whether the model built can represent the 
actual system. The better the model, the more similar to the 
actual condition of the modeled system. In this study, model 
parameter and Behaviour replication tests carry out for Val-
idation.

In the Model Parameter Test, relationships between vari-
ables in the model are compared with the pattern of relation-
ships in actual conditions. For example, the precast demands 
and aggregate precast uses rate relationship in the existing 
system is positive and in the model; as shown in Fig. 4 above, 
when demand rises, the use of precast aggregate stone also in-
creases. Conversely, aggregate stones in the precast industry 
also fall when demand for precast products falls.

The tests were a variance similarity test and an aver-
age similarity test. Using the 2-variance test (Bonett and 
Levene method) for the variance. With hypotheses:

– H0: * 1i

i

σ =
σ

 {Ratio of actual data variance of vari- 

ables i (σi) with the variance of simulation data of vari-
able ( )*

ii σ  is equal to 1};

– H1: * 1i

i

σ ≠
σ

 {Ratio of actual data variance of vari- 

ables i (σi) with the variance of simulation data of vari-
able i ( *

iσ ) is unequal to 1}.
While the average similarity test uses a 2t-sample 

test with hypotheses:
– H0: *

0i iµ −µ = δ  {difference between average actual 
data of variable i (μi) with average simulation data of 
variable ( )*

ii µ  is equal to null (δ0)};

– H1: *
0i iµ −µ ≠ δ  {difference between average actual data 

of variable i (μi) with average simulation data of variable 
( )*

ii µ  is unequal to null (δ0)}.
Both tests use Minitab, obtained recapitulation of p-val-

ue results as shown in Table 2.
In Behaviour Replication Test, Some parameters in the 

model statistically compare to the parameter data at actual 
conditions. The variables compared are shown in Table 1. The 
table presented 36 data (36 months) simulation results and 
actual data for the variable inventory of quarry stone products, 
crusher stone raw materials inventory, stone aggregate material 
inventory in the precast industry, stone aggregate inventory in 
distributors, stone aggregate material inventory in AMP and 
stone aggregate material inventory in paving stones industry.

Fig.	3.	Aggregate	andesite	stone	supply	chain	system	dynamics	model

Fig.	4.	Model	output	graph	of	“precast	demands”	and	“aggregate	
precast	uses	rate”

Table	1

Data	Recapitulation	of	Model	Parameter

Monthly Echelons Inventory (in tons)

No.

Inventory of quarry 
stone products

Crusher Stone Raw 
materials Inventory

Stone aggregate 
material inventory in 
the Precast industry

Stone aggregate inven-
tory in distributors

Stone aggregate 
material inventory 

in AMP

Stone aggregate ma-
terial inventory in the 
paving stones industry

Actual 
Condition

Simulation 
output

Actual 
Condition

Simulation 
output

Actual 
Condition

Simulation 
output

Actual 
Condition

Simulation 
output

Actual 
Condition

Simulation 
output

Actual 
Condition

Simulation 
output

1 2 3 4 5 6 7 8 9 10 11 12 13

1 502.0 500.0 286.5 298.6 36.6 38.7 64.8 73.1 73.3 8.4 9.5 19.7

2 570.0 455.3 294.9 361.8 42.1 53.2 16.6 34.4 36.2 41.2 54.8 104.6
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Of the six variables 
tested, with α=0.05, all test 
results showed a failure to 
reject the null hypothesis. 
There is not enough evi-
dence for the similarity of 
variance to claim that the 
two populations of pairs 
have different variances. 
Moreover, there is no evi-
dence of an average differ-
ence between all variables 
in actual conditions and 
the average simulation re-
sults for the average simi-
larity test. Based on all the 
tests conducted, the model 
is valid. Furthermore, it is 
statistically the same as 
the actual system condi-
tions.

Continuation	of	Table	1

1 2 3 4 5 6 7 8 9 10 11 12 13

3 572.4 533.0 264.0 346.9 14.2 27.1 3.1 60.7 36.9 13.6 2.6 58.7

4 757.1 807.6 641.7 436.7 138.1 82.2 25.8 28.2 144.3 69.0 144.3 69.0

5 692.2 701.0 689.0 482.6 93.2 87.7 6.5 88.9 57.9 75.7 57.9 75.7

6 709.1 860.6 345.1 590.1 72.0 124.0 73.7 13.7 60.5 18.5 60.5 18.5

7 806.4 732.0 572.7 760.4 76.6 126.5 123.7 123.6 77.8 63.5 77.8 63.5

8 603.3 785.9 439.3 714.2 40.6 8.8 98.0 66.1 89.7 50.5 89.7 50.5

9 845.9 731.7 711.8 393.1 91.3 39.0 64.0 142.4 49.2 123.9 49.2 123.9

10 480.1 840.4 321.2 328.2 34.8 46.5 24.5 9.2 49.8 61.8 0.2 82.2

11 484.4 640.8 307.4 350.7 20.9 27.6 24.1 6.9 48.0 13.8 19.9 60.9

12 552.8 721.7 296.1 305.3 35.4 63.8 18.5 63.6 40.3 35.0 14.9 –12.7

13 496.9 578.2 225.2 408.4 18.0 22.2 15.2 43.9 92.8 5.6 13.8 41.1

14 311.9 550.9 294.6 365.1 24.7 5.9 37.4 2.4 55.6 58.7 19.8 71.8

15 565.6 805.6 328.3 297.4 44.1 2.7 34.4 42.5 96.9 47.9 11.8 88.7

16 629.6 873.5 815.8 627.6 104.2 48.6 87.0 76.8 110.1 124.2 110.1 124.2

17 633.2 872.8 689.9 772.0 104.8 128.0 96.7 35.1 51.9 81.5 51.9 81.5

18 651.1 456.0 732.7 495.3 127.1 85.5 71.0 112.6 143.3 115.9 143.3 115.9

19 747.9 673.0 863.2 794.7 46.7 87.1 90.9 81.1 48.1 46.8 48.1 46.8

20 834.3 563.7 376.2 554.4 42.0 113.6 154.0 111.8 73.7 86.0 73.7 86.0

21 754.9 674.1 327.9 565.9 116.4 105.3 121.2 85.0 80.5 54.3 80.5 54.3

22 570.1 486.1 261.9 340.3 23.8 48.5 32.8 100.4 60.6 30.0 25.5 68.6

23 502.4 490.4 322.4 265.2 17.1 16.5 20.5 93.3 84.7 50.8 29.5 6.8

24 559.7 502.5 292.0 328.3 36.8 37.0 32.2 26.9 27.6 38.5 19.5 28.7

25 338.3 375.6 254.6 296.1 34.2 48.9 14.7 85.8 16.9 52.6 21.4 63.7

26 477.3 284.5 257.9 376.7 40.4 17.5 23.3 36.9 96.8 11.0 44.9 20.6

27 464.8 249.8 340.3 325.7 28.6 45.0 81.5 88.7 83.5 20.0 7.4 34.3

28 642.4 334.7 188.7 455.1 47.3 127.6 73.4 99.0 58.3 41.6 58.3 41.6

29 704.3 867.3 485.4 198.1 115.0 109.0 69.7 76.8 63.7 67.2 63.7 67.2

30 542.2 730.1 507.9 298.9 66.7 93.2 57.3 52.6 86.7 113.9 86.7 113.9

31 752.3 662.1 556.6 789.3 97.8 71.7 35.0 121.7 53.1 78.2 53.1 78.2

32 698.0 743.3 757.4 513.7 65.6 140.5 85.4 103.9 90.0 65.5 90.0 65.5

33 850.5 583.2 570.9 578.0 181.0 96.7 89.9 30.1 60.0 108.2 60.0 108.2

34 476.0 542.1 283.4 201.7 35.4 27.2 21.7 46.2 65.0 53.1 22.1 76.8

35 464.2 409.9 263.7 414.8 19.7 53.7 16.2 2.3 31.6 27.3 27.2 13.6

36 570.9 412.4 284.3 226.5 38.1 28.8 4.0 64.5 17.3 46.1 34.4 41.9

Table	2

P-value	recapitulation	of	similarity	tests

No Variables

Similarity Test of Variances (σ) Similarity Test of Means (μ)

P-Value

Result (α:0.05) P-Value Result (α:0.05)Bonett 
Method

Levene 
Method

1
Inventory of quarry stone 

products
0.069 0.052

Fail to reject the 
null hypothesis

0.871
Fail to reject the 
null hypothesis

2
Crusher Stone Raw materials 

Inventory
0.438 0.636

Fail to reject the 
null hypothesis

0.794
Fail to reject the 
null hypothesis

3
Stone aggregate material inven-

tory in the Precast industry
0.955 0.614

Fail to reject the 
null hypothesis

0.74
Fail to reject the 
null hypothesis

4
Stone aggregate inventory in 

distributors
0.859 0.842

Fail to reject the 
null hypothesis

0.196
Fail to reject the 
null hypothesis

5
Stone aggregate material inven-

tory in AMP
0.578 0.599

Fail to reject the 
null hypothesis

0.126
Fail to reject the 
null hypothesis

6
Stone aggregate material invento-
ry in the paving-stones industry

0.674 0.649
Fail to reject the 
null hypothesis

0.116
Fail to reject the 
null hypothesis
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5. 2. Total holding cost and downstream project com-
pletion in demand information sharing of aggregate an-
desite stone supply chain

Time step of the model in “month.” It simulates for 
36 months. The total inventory level recapitulation of each 
echelon at the end of the month is shown in Fig. 5. The initial 
model simulates the AAS Supply chain with no coordina-
tion. Each echelon and its member forecast each demand 
separately. When analyzed at each echelon component of the 
AAS Supply Chain, the higher upstream inventory level is 
available at the end of each month. At Echelon 3, the average 
inventory was 246 thousand tons. Echelon 2 averaged up to 
194 thousand tons. At the most upstream echelon rose again 
to 171 thousand tons. The standard deviation is also higher 
upstream. End users take no material stock strategy at their 
sites. There is no inventory in the 4th echelon.

For cost calculation, if the holding cost per ton of products 
at each supply chain echelon is 2 % per year from the product’s 
price. The average price of items at echelons 1, 2, and 3, respec-
tively, is $100.00, $130.00, and $160.00. Thus, based on the 
simulation results of no demand information sharing between 
aggregate andesite supply chain echelons, as shown in Table 3, 
the total holding cost for 36 months amounted to $ 9,473.45.

If coordination exists, decentralized coordination with 
applied demand information sharing, there must still be 
a safety stock of 5 % at echelon 2 and 3 % for echelon 1 to 
serve the end-user that can pick directly up to each echelon. 
That is why holding costs still must be allocated at echelon 
1 and 2 as shown in Table 3. Then there is the potential to 
reduce the cost of saving the supply chain to $ 2,506.09. For 
industries in echelon 4, critical performance is measured by 
the completion of projects on time. The existence of demand 
for information sharing increased the percentage of projects 
completed on time to 91.92 %. The remaining 8.08 % is likely 
due to other factors beyond AAS supply chain coordination.

6. Discussion of coordination in aggregate andesite stone 
supply chain results

Fig. 3 shows the system dynamics model of the multi-ech-
elon AAS Supply Chain. There are up to 69 variables con-
nected by information and material flow. They are divided 
into three categories; first is “stock/level”, such as “inven-
tory of quarry andesite stone products,” “Crusher Stone 
Raw materials Inventory”, variable inventory of stone crush 
products, and variable stockpile material of the processing 
industry in echelon 3. The second is “rate,” such as “quarry 
production”, “raw material delivery”, and production rate. 
The third is free variable or “auxiliary”. This model is then 
validated to see the similarity of the model’s behavior pat-
tern with the existing system. a model is good when it is 
more similar to the actual conditions. As shown in Table 2, 

the model passed the parameter validation test statisti-
cally. Fig. 4 shows the pattern output of two variables 
that appear to be volatile over three years (36 months) ‒ 
inventory levels up high on the 5th to 8th of each year. 
Inventory levels were lower in the 9th to 4th month of the 
following year. It happened due to an increase of end of 
year demand. Moreover, the rainy season from Septem-
ber until March decreases the production rate in Quarry 
and Stone crusher.

The model output in Fig. 5 indicates the bullwhip ef-
fect phenomenon. This condition occurs because supply 
chain components run independently between echelons 
and within the echelon. There is no intense commu-
nication and coordination regarding product demand. 
Echelon 3 predicts demand from end-users. Based on 
historical data and forecast results, echelon 2 indi-
cates customer demand across echelon 3. At the same 
time, the Quarry in Echelon 1 of the supply chain also 
forecasts the stone crusher line-up at echelon 2. Each 
echelon guessed the real needs of the echelons below. 

Because historical demand is highly volatile, forcing them to 
use a safety stock strategy with a high inventory level. The 
bottleneck in Information processing occurs when the infor-
mation journey of demand is distorted as it moves between 
echelons leading to increased order variability in the supply 
chain. Forecasting is based on the number of orders and does 
not direct consumer demand. Due to the absence of direct 
access to consumers, producers tend to receive distortions of 
information from the echelons below them. Information or 
data flowing at this supply chain echelon is prone to distor-
tion, resulting in decisions that trigger fluctuations. Thus, 
transparency or disclosure of information between one eche-
lon and another of the supply chain is essential and deserves 
careful attention. As a result, information distortion occurs, 
which leads to an increase in variance from downstream to 
upstream.

From the model’s output in Table 3, it can be understood 
that the bullwhip effect causes multiplying holding costs in 
the upstream direction of the supply chain when there is no 

coordination. One solution 
to minimize the occurrence 
of this phenomenon is to im-
prove coordination between 
supply chain echelons, such 
as demand information 
sharing. In this AAS Sup-
ply Chain model, Demand 

Fig.	5.	Level	of	Andesite	Aggregate	Supply	Chain	Interval	Plot	
Inventory	(36	months	simulation	report)

Table	3

AAS	supply	chain	performance	comparison

Condition
Holding cost (HC) % Projects completed 

on time at echelon 4Echelon 1 Echelon 2 Echelon 3 Total HC

No demand information sharing $ 3,671.97 $ 3,435.86 $ 2,365.63 $ 9,473.45 67.32 %

Demand information sharing $ 44.36 $ 96.10 $ 2,365.63 $ 2,506.09 91.92 %
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information sharing could reduce up to 73.5 % total supply 
chain holding cost. Holding costs at echelon 3 remain the 
same because they capture demand fluctuations from scat-
tered end-users and are very difficult to coordinate. Coordi-
nation emerged between echelon 3 to echelon 2 and echelon 2 
to echelon 1, reducing holding costs. When inventory is zero, 
holding costs can reach zero. Due to the emergence of safety 
stock, there is still storage cost at echelons 1 and 2, but the 
value is minimal according to the allocation.

Table 3 also shows that project completion in 4th echelon 
could increase with coordination. It is because AAS is the 
primary material in infrastructure projects. The main end-us-
ers of this material supply chain are infrastructure project 
contractors, who have a deadline for each work/project. When 
the supply of AAS material is hampered, it is also hampered by 
completion, which leads to late fines that are not small in value. 
When there is no coordination, often when demand increases, 
the goods at the supplier are empty. End-users eventually had 
to delay work or switch to other alternative sources of supply. 
These conditions are not very good for the AAS supply chain 
in business continuity. So this parameter becomes essential 
to consider as the performance of the AAS supply chain. The 
model’s output shows that with coordination, demand infor-
mation sharing from echelon 4 to echelon 1 can increase the 
number of projects completed on time from 67.32 % to 91.92 % 
in 36 months. The remaining 8.08 % of delays could be due to 
other factors besides AAS, such as extreme weather, Lack of 
other non-construction materials, workforce problems, etc.

While coordination is essential in achieving success 
and smooth flow within the supply chain, it is not al-
ways easy to do without a hitch. In reality, in the supply 
chain, various obstacles hinder coordination itself. These 
constraints lead to distortions, information delays, and 
supply chain variability [64]. Therefore, it is necessary to 
have complete accuracy and awareness to make it easier 
to identify obstacles. Among these is the behavior of the 
supply chain itself. The behavior of supply chain actors is 
also a problem that significantly influences the distortion 
of information. These problems are related to the structure 
and communication established between stages or echelons 
in the supply chain. The attitudinal barriers that frequently 
enhance supply chain coordination constraints are [65]; 
Each echelon of the supply chain only sees the results of 
their actions locally and cannot see the impact that occurs 
in later stages. There is a tendency to react to their local 
situation rather than trying to identify the root cause of the 
problems that occur in supply chain flows. Different stages 
of the supply chain blame each other for the fluctuations. 
No echelon of the supply chain learns from its actions over 
time. As a result, they are trapped in a similar cycle, where 
actions taken by one stage create a problem, triggering 
mutual blame. Lack of trust between supply chain partners 
causes actors to be willing to sacrifice the overall perfor-
mance of the supply chain, for example, when information 
available at different stages is no longer shared or even 
ignored due to a lack of trust between one another.

Nevertheless, there are still some limitations in this study. 
Andesite Stone is a natural resource that does not come fast 

in renewability. The Quarry is only opened if the results of 
geological studies state that the andesite reserves are suffi-
cient for at least ten years. Since the model was simulated 
for 36 months, the availability of massive andesite material 
stone of the Quarry in the model is considered unlimited. The 
resource limitation could be examined for the future model. 
Agility evaluation and responsive strategy design of the ag-
gregate stone supply chain or other complex multi-echelon 
supply chains can also be future discussion topics.

7. Conclusions 

1. Marked passed parameter test and behavior replication 
test, a valid system dynamics model has been developed that 
could accommodate complexity in multi-echelon AAS Supply 
Chain and system behavior that changes over time. This supply 
chain model provides an overview of how the system behaviors 
could help AAS supply chain components evaluate strategies at 
the model level. This model could be a benchmark or evaluation 
tool for multi-echelon supply chains in other parts of the world 
and provides additional insight into how demand information 
sharing could improve supply chain performance. Not only 
measured through profit or cost but through the on-time infra-
structure finishing on the downstream industry.

2. The simulation result indicates that if demand informa-
tion sharing between supply chain echelons was robust, the 
AAS Supply Chain total holding cost could be reduced. More-
over, the delay in completing downstream infrastructure proj-
ects can be reduced. Disruptions that occur at the downstream 
echelon have more impact on Supply Chain performance than 
disruptions at the upstream echelon, especially from the total 
holding cost of the supply chain. Therefore, disruption reduc-
tion policies for downstream echelons and strengthening coor-
dination along the supply chain should be prioritized.
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